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Abstract—In recent years, near-Earth space utilization has seen
the emergence of air-breathing electric propulsion as an enabling
technology for long-duration missions conducted at very low alti-
tudes. This work investigates the guidance, navigation, and control
of a 6U CubeSat platform orbiting at altitudes below 300 km and
equipped with an electrostatic air-breathing thruster. The analysis is
conducted in MATLAB-Simulink and is based upon the coupling of
its built-in orbital propagator with the NRLMSISE-00 atmospheric
model, the recently developed ADBSat suite for computing the
aerodynamic forces and torques acting on the platform, and a
simplified performance model relating the propulsive performance
to the inlet atmospheric properties, spacecraft attitude, and thruster
operating parameters. A thrust control law, based on the feedback
from the orbital elements estimated on-board and regulating the
voltage applied to the screen electrode of a reference gridded air-
breathing thruster, is implemented and verified.
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Orbit Control, CubeSat, Very Low Earth Orbit.
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I. INTRODUCTION

OVER the past decade, the prospect of conducting
space mission below 350 km of mean altitude (in Very
Low Earth Orbits - VLEO) gained strong interest from
the space community, as several studies have consistently
shown how reducing the orbit altitude could be advanta-
geous for a wide range of mission applications, including
optical, radar, lidar, and telecommunication missions [1],
[2], [3], [4]. Despite the complex technological challenges
in terms of atmospheric drag, material compatibility with
atomic oxygen, and reduced communication windows, the
potential benefits of VLEO are substantial. These include
improved reconnaissance conditions and link budget,
lower latency, lower required transmit power, and lower
environmental radiation levels. Perhaps, the most interest-
ing feature of VLEO is that it represents an environment
that can be used sustainably, since the atmospheric drag
can remove unpropelled satellites and debris from orbit
in a few days or weeks, hence simplifying the spacecraft
end-of-life disposal and minimising the collision risk with
the existing debris population [5].

Yet, the practical use of VLEO is hindered by the sub-
stantial amount of propellant a propulsion system would
need to counteract the atmospheric drag for meaningful
mission durations. To address the limitations of tradi-
tional space propulsion, air-breathing electric propulsion
(ABEP) emerged as a potentially enabling technology
for VLEO missions. This propulsion method integrates
a rarefied flow air intake, engineered to efficiently collect
the thin atmosphere in front of a spacecraft, with an
electric thruster that ionizes and accelerates the collected
gas molecules. To date, several ABEP concepts have
been proposed and analysed. Numerical investigations on
different air intakes designs were conducted by multiple
research groups, while different approaches to ionize,
accelerate, and neutralize the air propellant have been
proposed and characterized [6], [7], [8]. Thanks to the
development of VLEO flow simulators, the end-to-end
testing of a few air-breathing systems have been per-
formed [9], [10], [11]. Nonetheless, no ABEP prototype
has yet demonstrated the capability to perform full drag
compensation, neither on-ground nor in space.

In parallel, based on the available atmospheric models,
several authors have investigated the aerodynamic be-
haviour of satellite platforms in VLEO and the feasibility
of air-breathing electric propulsion systems. These studies
have primarily focused on platform masses between 100
kg and 1000 kg, available power levels in the 0.3 kW
to 3 kW range, and mission durations of several years
on sun-synchronous orbits at altitudes below 250 km
[12], [13], [14], [15], [16]. From these studies, it became
evident how ABEP propulsion relies on a delicate balance
with platform and mission design. Several factors must
be considered in the design trade-offs, including, among
others, the highly variable flow density and composition,
the area available to collect the atmospheric flow, the solar
array surface and orientation, the need to keep the intake
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aligned with the incoming flow, the constraints of payload
accommodation and operation, the requirement imposed
by the platform power generation capabilities, and the
thruster firing strategy [17], [18].

In general, the difficulties in recreating on-ground the
VLEO environment hindered the technological develop-
ment of the ABEP concept. This highlighted the need
for the in-orbit experimentation of the technology. On
the other hand, the unpredictability and high variability
of the VLEO atmosphere pose significant challenges in
devising realistic, low-risk mission applications. As such,
considering the significantly lower time and resources
needed to design, launch and operate a nanosatellite com-
pared to larger, non standardized platforms, prioritizing
the development of air-breathing nanosatellites appears as
a practical and affordable strategy to pursue the in-orbit
experimentation of ABEP propulsion. Moreover, given
the greater complexity in allocating propellant for drag
compensation on CubeSats compared to larger platforms
where more volume is available for on-board propellant
storage, VLEO nanosatellites would particularly benefit
from a functional air-breathing technology [18].

Based on the above considerations, in this work, we
present a preliminary mission analysis aimed at verifying
the capability of a 6U nanosatellite equipped with an elec-
trostatic air-breathing thruster to maintain a given VLEO
orbit for extended periods. A novel control algorithm,
regulating the voltage applied to the air-breathing thruster
accelerating electrode and aimed at the autonomous
station-keeping of a target orbit, is proposed and verified.
The analysis is conducted within the BREATHE Virtual
laboratory, a numerical environment for air-breathing sys-
tems design, on-ground verification, and in-orbit operation
being developed in the framework of the ERC project
BREATHE [19].

Compared to previous studies in the field, the present
work addresses for the first time in a fully integrated way
the mission analysis of air-breathing platforms in VLEO.
In general, the intensity and variability of perturbations
induced by the residual atmosphere in VLEO strongly
couples system design and mission analysis, making
the development of analysis tools a challenging task.
This is even more critical for platform based on air-
breathing electric propulsion, due to the impact of space
environment on thrust generation and consequently on
power management. To the authors knowledge, in this
research three main innovations have been introduced.
First, a closed-loop integration of complex models has
been achieved, including atmospheric dynamics, aero-
dynamic forces, and attitude sensors, allowing for a
comprehensive assessment of low-altitude, air-breathing
spacecraft feasibility and practical implementation. Sec-
ond, a detailed study has been performed on an air-
breathing CubeSat, exploiting real-world data from com-
mercial spacecraft to explore subsystem interactions and
advancing the methodology. Lastly, we introduce a novel,
autonomous orbit and attitude control approach that uses
real-time feedback to regulate an electrostatic ABEP

system, enabling fully autonomous operation for long-
duration, low-altitude missions where maintaining orbital
stability, minimizing drag, and eliminating operational
delays are essential for mission success. In particular,
while previous studies have explored the technological
challenges of ABEP deployment in VLEO [6], [7], [8],
[18], [20], and proposed various mission scenarios [2],
[15], [13], [16], [21], [22], [23], they lack a practi-
cal implementation of autonomous closed-loop guidance,
navigation, and control (GNC) strategies. Other works
exploring alternative control approaches [17], [24], [25],
[26], [27] differ substantially from our method, as they
typically neglect realistic atmospheric and aerodynamic
modelling, do not incorporate on-board sensor feedback
or filtering, and fall short of demonstrating coordinated
orbit and attitude control using commercial hardware. In
contrast, our work seeks to integrate the key GNC aspects
related to VLEO ABEP-based missions into a unified
framework, establishing a foundation for long-duration,
autonomous air-breathing satellite operations in this chal-
lenging orbital regime. This work relies on available
data sheets of commercial off-the-shelf components for
the main platform sensor and actuators, which constitute
the reference platform design outlined in Sec. IIA. The
methods employed to model the spacecraft dynamics and
navigation are defined in Sec. IIB and IIC. The designed
attitude and orbit controllers are discussed in Sec. IIE and
IIF, while Sec. IIG and IIH details the approach used in
modelling the platform power subsystem and in imple-
menting the full spacecraft model. The stability of the at-
titude controller is evaluated in Sec. IIIA, followed by the
verification of the implemented thruster controller in Sec.
IIIB via long duration orbital propagations. Based upon
these results, Sec. IIIC elaborates on the requirements
applicable to nanosatellite scale air-breathing propulsion
systems.

II. METHODS

A. Reference Platform Design

Owing to its substantial flight heritage, we have cho-
sen Terran Orbital’s Triumph 6U nanosatellite [28] as
a reference platform, envisioning it to embark a minia-
turized air-breathing electric propulsion subsystem. As
schematized in Fig. 1, we define the spacecraft body
frame such that the roll xB axis is parallel to the S/C
longitudinal direction and directed toward the intake inlet
area, the S/C yaw zB axis is directed toward the zenith
pointing S/C solar wing and the pitch yB axis forms a
right-handed orthonormal frame. The body-frame origin
coincides with the geometric centre of the platform body,
which is equipped with two 262 mm x 600 mm solar
arrays capable of providing up to 50 W of power each
in fully-illuminated condition. A mass of 14 kg and a
uniform mass density distribution is considered for the
simplified platform model. The nominal mission concept
of operations (ConOps) foresees activity in circular dawn-
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TABLE I
Technical specifications of the COTS platform components selected for this study.

Item Parameter Symbol Value Unit
Full platform mass MS/C 14 kg

Terran Orbital Triumph CoG position ∆rCoG [0,0,0] m

xBxB inertia IS/C,xx 0.466 kgm2

yByB inertia IS/C,yy 0.432 kgm2

zBzB inertia IS/C,zz 0.139 kgm2

max. solar array power Pmax 100 W

4 reaction wheels wheel inertia IRW 3e-5 kgm2

NanoTorque GSW-600 max. torque per wheel τRW,sat 1.5e-3 Nm

in pyramidal config. max. wheel velocity ωRW,sat 6000 rpm
3-axes magnetorquers dipole saturation per axis mMT,sat 0.3 Am2

GST-600
2 sun sensors 3σ accuracy σSS 2 deg
NanoSense FSS
2 star trackers 3σ accuracy σST 0.03 deg

arcsec Twinkle
3-axes magnetometer 3σ accuracy σMM 5e-9 T

NanoSense M315
3-axes MEMS gyro 3σ noise σω,GY 0.15 deg/s

InvenSense MPU-3300 3σ bias drift noise σb,GY 0.015 deg/s2

bias drift time constant τb,GY 600 s

GPS NovAtel OEM-719 3σ accuracy σGPS 4.5 m

Fig. 1. a) Illustration of the spacecraft-centered
Velocity-Normal-Binormal (VNB) frame. b) Simplified platform CAD
model with nominal solar array orientation and body-frame definition.

dusk Sun-synchronous orbits (SSO), with a fixed solar
array orientation with respect to the body-frame, and in
a nominal attitude configuration such that the xB axis
is aligned with the orbital velocity direction and the zB
axis points away from Earth’s ground. In a dawn-dusk
SSO, such a configuration maximizes the power avail-
able with nominal solar array orientation since the sun
position relative to the spacecraft would approximately
be constantly aligned with the yB body axis. The air-
breathing propulsion subsystem is assumed to have an
intake inlet area Aitk of 0.01 m2 and to occupy the
central 2U of the platform, thus leaving 4U of volume
for the spacecraft payload and the other subsystems. The
platform components relevant to this investigation have
all been selected among available commercial off-the-
shelf (COTS) solutions. In this regard, Table I reports the
specification of the chosen platform sensors and actuators.

B. Spacecraft Dynamics

The spacecraft equations of motion are described with
respect to the Earth-centered inertial (ECI) frame, in
which the xECI–yECI plane coincides with the equatorial
plane of Earth, the xECI axis is permanently fixed in a
direction relative to the celestial sphere, and the zECI axis
lies at a 90° angle to the equatorial plane and extends
through the North Pole. Accordingly, the equations de-
scribing the spacecraft orbital dynamics in the ECI frame
are

ṙECI = vECI (1)

v̇ECI = −µ
rECI

|rECI |3
+ ag + ad +

DECI

MS/C
+

TECI

MS/C
, (2)

where rECI and vECI respectively identify the instanta-
neous spacecraft position and velocity in the ECI frame, µ
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is Earth’s gravitational parameter, MS/C is the spacecraft
mass, ag represents the impact of Earth’s gravity field
harmonics, modeled here as spherical harmonics up to
the 120th degree according to the EGM2008 model [29].
The term ad represents minor perturbations, such as
lunisolar attraction and solar radiation pressure. These
minor perturbations are neglected here because they are
several orders of magnitude lower than the accelerations
induced by the propulsion thrust T and the atmospheric
drag D characterizing VLEO altitudes [30].

The spacecraft attitude dynamics is described by

q̇ECI2B =
1

2

[
0

ωECI2B

]
◦ qECI2B (3)

ω̇ECI2B = I−1
S/C(τ g + τ e + τD + τT + τ a

− ωECI2B × IS/CωECI2B), (4)

where ◦ is the quaternion multiplication operator and
the attitude quaternion qECI2B represents the spacecraft
body axes orientation with respect to the inertial ECI
frame. ωECI2B is the spacecraft angular velocity relative
to the ECI frame expressed in the body-frame, IS/C is the
spacecraft inertia matrix, τ g is the gravity-gradient torque,
τ e is the torque (here neglected) induced by the minor
perturbations such as solar pressure and lunisolar gravity
gradients, τD is the aerodynamic disturbance torque, τT

is the residual torque produced during thruster firing
depending on the relative CoG-thruster position, and τ a

is the torque applied by the spacecraft attitude actuators.
All torques are expressed in the spacecraft body-frame.

The reference mission ConOps continuously tasks the
platform attitude controller with maintaining the body
axes aligned with the Velocity-Normal-Binormal (VNB)
frame, a spacecraft-centered frame illustrated in Fig. 1a
and defined as

xV NB = vECI/|vECI | (5)

yV NB = rECI × vECI/|rECI × vECI | (6)

zV NB = xV NB × yV NB . (7)

For circular orbits and consistently with the platform
configuration under investigation, the VNB orientation en-
sures the minimization of the frontal area non-contributing
to propellant collection (such as solar arrays) directly
exposed to the atmospheric flow, favorable illumination
condition for the solar arrays, optimal alignment between
flow direction and intake axis, and good ground obser-
vation conditions for the embarked payload. Hence, the
attitude controller is based upon the feedback of the
qV NB2B quaternion, representing the rotation between
the VNB and body frame, and the body angular velocity
ωV NB2B relative to the VNB frame. In the following,
the subscripts will be omitted when referring to the VNB
to body quaternion and angular velocity. The goal of
the attitude control is thus to maintain the condition
q = [1, 0, 0, 0] and ω = [0, 0, 0].

C. Navigation

The nanosatellite is equipped with two sun sensors,
two star trackers, a GPS, a digital gyro, and a set of three
magnetometers measuring the local Earth’s magnetic field
B in the spacecraft body-frame. In addition, an encoder
determines the reaction wheel angular momentum hRW ,
here defined as a four components vector representing
the magnitude and direction of the angular momentum
along each of the four wheels rotation axis. All these
measurements are implemented in an Extended Kalman
Filter (EKF) [31]. In more detail, the sun sensors and the
star trackers are used to determine the attitude orientation
of the spacecraft. For small error angles, each sun sensor
and star tracker outputs the value

y̌SS =

[
1

υSS/2

]
◦ qECI2B (8)

y̌ST =

[
1

υST /2

]
◦ qECI2B (9)

where the notation ˇ indicates a measurement reading
and υ is the measurement noise, here set as a Gaussian
white noise with power σ2

SS and σ2
ST , σ2 being the mean

square deviation defining the measurement accuracy. In
the assumption of statistically independent readings, we
express the associated measurement covariance as a diag-
onal matrix:

ΥSS = σ2
SSI3x3 (10)

ΥST = σ2
ST I3x3, (11)

where I3x3 is the 3x3 identity matrix. Since the mea-
surement covariance of the star trackers is significantly
smaller than that of the sun sensors, the EKF primarily
relies on star tracker data, with the sun sensors influencing
the estimated spacecraft state only in the case of star
tracker failure. In parallel, the GPS, magnetometer, and
reaction wheels encoder output the readings

y̌GPS = rECI + υGPS (12)

y̌MM = B+ υMM (13)

y̌RW = hRW + υRW , (14)

with associated Gaussian white noise υ and diagonal co-
variance matrices Υ with noise power defined consistently
with the mean square deviation of the sensor measurement
accuracy. Moreover, as gyro measurements are typically
affected by a drifting bias noise, the gyro reading is
expressed as

y̌GY = ωECI2B + bω + υω,GY , (15)

where the gyro bias bω is described by a Orn-
stein–Uhlenbeck process [32] with time constant τb,GY :

ḃω = −bω,GY

τb,GY
+ υb,GY , (16)

with associated noise covariance matrices

Υω,GY = σ2
ω,GY I3x3 (17)

Υb,GY = σ2
b,GY I3x3. (18)
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A reduced spacecraft state s, defined as the 16-
elements vector

s = [rECI ,vECI ,qECI2B ,ωECI2B ,bω], (19)

is implemented in the EKF, which every ∆t seconds
updates the estimated spacecraft state variables, denoted
with the notation ,̂ as

ŝ = [̂rECI , v̂ECI , q̂ECI2B , ω̂ECI2B , b̂ω] (20)

based on the prediction and sensor models

ŝ−k = f (̂sk−1,wk−1) (21)

y̌k = g(sk,υk), (22)

where the notation ŝ−k represents the prediction state
variable estimate at time-step k, y̌k is the measurement
output at time-step k, and w and υ are the process and
measurement noise, respectively.

The implemented EKF is based upon the following
prediction model:

r̂−ECI,k = r̂ECI,k−1 + v̂ECI,k−1∆t (23)

v̂−
ECI,k = v̂ECI,k−1+(

−µ
r̂ECI,k−1

|r̂ECI,k−1|3
+ aJ2(r̂ECI,k−1)

)
∆t, (24)

q̂−
ECI2B,k = q̂ECI2B,k−1+

1

2

[
0

ω̂ECI2B,k−1

]
◦ q̂ECI2B,k−1∆t (25)

ω̂−
ECI2B,k = ω̂ECI2B,k−1 (26)

b̂−
ω,k = b̂ω,k−1 −

b̂ω,k−1

τb
∆t (27)

where aJ2 is the acceleration due to the Earth’s J2 grav-
itational harmonic. The prediction model assumes that
the orbit and attitude controller are able to compensate
for the external disturbances, which are thus not directly
modeled in the prediction model. Specifically, in the
EKF prediction model we consider the attitude actuators
to be capable of maintaining the spacecraft body axes
perfectly aligned with the VNB frame, whose angular
velocity relative to the ECI frame is time-invariant for
circular orbits as described by equation 26. Disturbances
to the state vector dynamics are still accounted for by
associating a process noise w to each state variable, from
which a covariance matrix W is constructed.

At each time-step, the filter numerically computes the
state-transition matrix F and the observation matrix H

Fk−1 =
∂f

∂s
|̂sk−1

(28)

Hk =
∂g

∂s
|̂s−k (29)

and updates the predicted error covariance matrix P and
Kalman gains K

P−
k = Fk−1Pk−1F

T
k−1 +W (30)

Kk = P−
k H

T
k (HkP

−
k H

T
k +Υ)−1, (31)

where the measurement noise covariance matrix Υ is
constructed from the noise covariance of the sensors
measuring the spacecraft state s. Finally, the estimated
state at time-step k is obtained by

ŝk = ŝ−k +Kk(y̌k − g(̂s−k ,wk)), (32)

and the predicted error covariance is propagated for the
next estimate as

Pk = (I−KkHk)P
−
k−1. (33)

The remaining navigation variables are not directly
implemented in the EKF but are instead directly related
to the sensor measurement as

B̂ = B̌ (34)

ĥRW = ȟRW . (35)

At each time-step, the estimated spacecraft velocity and
position are used to determine the six orbital elements,
including the semi-major axis â, the eccentricity ê, the
argument of periapsis φ̂, and the true anomaly ν̂ upon
which the propulsion system control is based (see Sec.
IIF). Moreover, the estimated spacecraft state is used to
estimate the attitude quaternion and angular velocity with
respect to the VNB frame, as follows:

q̂ = qV NB2ECI(r̂ECI , v̂ECI) ◦ q̂ECI2B (36)

ω̂ = q̂−1
ECI2B

[
0

ωV NB2ECI(r̂ECI , v̂ECI)

]
q̂ECI2B+

ω̂ECI2B , (37)

where qV NB2ECI and ωV NB2ECI represent the quater-
nion and angular velocity that transform from the VNB
to the ECI reference frames. These are computed using
equations (5)-(7) from the estimated spacecraft position
and velocity in the ECI frame. These values are then
applied to the estimated spacecraft attitude in the ECI
frame to estimate the spacecraft body axis orientation q̂
and angular velocity ω̂ relative to the VNB frame, which
will serve as error feedback for the attitude controller.

D. Platform Aerodynamics

Aerodynamic forces and torques due to the residual
atmospheric gases are the main source of disturbance
in VLEO orbits. In this work, we make use of the
NRLMSISE-00 [33] reference atmospheric database cou-
pled with the recently developed ADBSat suite [34] to
model the aerodynamic disturbances acting on the space-
craft. ADBSat is a software based on a novel implemen-
tation of a panel method which is capable of determining
the aerodynamic properties of bodies in free-molecular
flow. The full spacecraft geometry illustrated in Figure 1,
inclusive of both the platform 6U body and the two high-
power solar arrays, was imported in the ADBSat software.
Consistently with the validation approach presented in
[35], we employed the Sentman GSI model with a wall
accommodation coefficient αW = 0.9 and a wall tem-
perature TW = 300 K, chose 19 January 2015 midnight
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Fig. 2. Computed drag force coefficients along: a) the x-body axis, b) the y-body axis, and c) the z-body axis, and computed torque coefficients
along: d) the x-body axis, e) the y-body axis, and f) the z-body axis, all shown as a function of the angle of attack α and sideslip angle β for

the platform geometry under investigation. The reference spacecraft length and frontal area are set to LS/C = 0.2 m and Af = 0.03 m2.

0°/0° latitude/longitude as reference time and geographic
coordinates, and set the 81-day average F10.7 to 138.1,
the daily F10.7 to 121.7, and the Ap magnetic indices
in the 2.9 to 9.0 range as per ADBSat default settings.
Considering the aerodynamic coefficients dependence on
the flow properties variations to be second-order and in
any case comparable with the uncertainties related to the
other model parameters (such as wall accommodation and
temperature [18], [36]), the drag and torque coefficients
are modeled as a function of the wind angles only,
hence expressing the aerodynamic force and torque in the
spacecraft body-frame as

D =
1

2
CD(α, β)Afu

2
∞

∑
s

n∞,sMs (38)

τD =
1

2
Cτ (α, β)AfLS/Cu

2
∞

∑
s

n∞,sMs+

∆rCoG ×D (39)

where Af is the spacecraft frontal area, LS/C is the space-
craft length, n∞,s is the asymptotic s-species number
density, u∞ is the magnitude of the flow velocity relative
to the spacecraft, Ms is the s-species molecular mass,
α is the angle of attack and β is the sideslip angle. As
ADBSat assumes the center of gravity to coincide with
the geometric center, the last term of (39) represents the
torque due to CoG deviations. The CD and Cτ coeffi-
cients are three-elements vectors respectively quantifying
the drag and torque components along the roll, pitch, and
yaw body axes. The flow velocity relative to the spacecraft

is computed in the body frame as

u∞ = q−1
ECI2B ◦ (vECI + uHW ) ◦ qECI2B ; (40)

where uHW represents the horizontal ionospheric wind
velocity in the ECI frame, estimated using the HWM14
wind model [37]. Accordingly, the wind angles are cal-
culated as follows:

[α, β] =

[
arcsin (

u∞,z

u∞,x
), arcsin (

u∞,y

u∞,x
)

]
. (41)

Typically, horizontal wind speeds range from 50 to 500
m/s, resulting in deviations relative to the spacecraft mo-
tion in the order of 1 to 2 deg. Fig. 2 shows the resulting
aerodynamic coefficients vs wind angles as computed for
the reference platform geometry described in Sec. IIA.

E. Attitude Actuators and Control

The platform is equipped with four pyramidal reaction
wheels, providing a control torque τRW for attitude
maintenance and maneuvers. At the same time, a set
of magnetorquers provides a torque τMT for reaction
wheel desaturation. In the spacecraft body-frame, the
commanded reaction wheel torque is controlled according
to a quaternion-based feedback [38]:

τRW = −kp,RW q̂0q̂− kd,RW ω̂−
ω̂ECI2B ×CRW ĥRW , (42)

where the three terms in the right-hand side respectively
represents the proportional control with gain kp,RW , the
derivative control with gain kd,RW , and a component
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compensating the gyroscopic torques induced by the
total reaction wheels angular momentum. The latter is
expressed as the cross product of the estimated spacecraft
angular velocity ω̂ECI2B and the instantaneous reaction
wheel angular momentum in the spacecraft body frame,
computed as CRW ĥRW , where CRW is the reaction
wheel configuration matrix. For the case of four reaction
wheels in a pyramidal configuration and in the assumption
of negligible mounting errors, CRW is expressed as

CRW =

−√
3/2

√
3/2 0 0

0 0 −
√
3/2

√
3/2

0.5 0.5 0.5 0.5

 . (43)

The instantaneous angular momentum of each reaction
wheel is computed as

ḣRW = IRW ω̇RW = −C†
RW τRW , (44)

with the initial condition ωRW (0) = ωRW,0 and where
C†

RW is the pseudo-inverse wheels configuration matrix,
IRW is the wheel inertia, and ωRW is a four component
vector representing the angular velocity magnitude and
direction of each wheel along its rotation axis. Wheels
saturation is accounted for by imposing the non-linear
constraints (i representing the i-th reaction wheel)

|ω̇RW,i| <
τRW,sat

IRW
(45)

|ωRW,i| < ωRW,sat, (46)

where τRW,sat is the saturation torque and ωRW,sat is the
maximum rotational speed allowed by design for each
wheel.

In parallel, a controller drives a set of three mag-
netorquers aligned with the spacecraft body axes for
reaction wheels desaturation. The magnetorquers dipole
moment is controlled based on the reaction wheel angular
momentum ĥRW and measured Earth’s magnetic field B̂
expressed in the spacecraft body-frame, as follows:

mMT =
B̂

|B̂|2
× (−kMTCRW ĥRW ), (47)

where kMT is the magnetorquers control gain, which
results into a torque level

τMT = mMT ×B. (48)

Magnetorquers saturation is applied via the non-linear
constraint

|mMT,i| < mMT,sat, (49)

where mMT,sat is the saturation dipole moment.
Accordingly, the total torque τa imparted by the

attitude control system to the spacecraft is

τa = mMT ×B−CRW ḣRW−
ωECI2B ×CRWhRW . (50)

F. Air-breathing Electric Propulsion and Orbit Control

Air-breathing electric propulsion makes use of the
residual atmospheric particles in front of the spacecraft
to produce thrust. A rarefied flow air intake collects and
transmits the particles into the thruster volume, in which
they are ionized and accelerated to high exhaust velocities.
The intake inlet area Aitk occupies a fraction of the
platform frontal area Af , and the asymptotic air mass
flow rate intercepting the intake inlet is

ṁitk = Aitku∞ max(0, cosα cosβ)
∑
s

n∞,sM∞,s, (51)

which significantly depends on both spacecraft attitude
and environmental conditions. Still, only a fraction of the
mass flux is actually accepted into and accelerated by
the thruster, due to the scattering behaviour of the gas
particles with walls in the rarefied flow regime and to
the actual thruster capability of ionizing the gathered flow
before it effuses out from the thruster control volume [39],
[40], [41], [42], [43]. This defines a first fundamental
parameter for quantifying the performance of the air-
breathing propulsion subsystem, that is the flow collection
efficiency ηc and is defined as

ṁthr = ηcṁitk. (52)

ηc is expected to be sensitive to the flow direction relative
to the spacecraft, flow properties in terms of density and
composition, thruster geometry, and operating parameters,
and should thus be determined by complex DSMC and
plasma simulations [44], [45], [46], [47] which are beyond
the scope of this work. In the result section, we present
the impact on the system behaviour for constant values of
ηc ranging from 0.2 to 0.4 [6]. We assume the collected
and ionized mass flow to be extracted and accelerated
though an electrostatic grid system at an exhaust velocity
ue of

ue = γ
∑
s

nthr,s

√
2eϕ

Ms
/
∑
s

nthr,s (53)

where ϕ is the applied acceleration voltage, e is the
elementary electron charge, γ is a parameter quantifying
losses such as poor ion focusing and plume divergence,
and nthr,s represents the s-species number density at grid
extraction. The relation between the flow composition at
intake inlet and at grid extraction will again depend on
complex physical processes [23], [48]. For the purpose
of this analysis, we set a constant value of the thrust loss
parameter γ = 0.9 and consider the two extreme cases in
which no molecular dissociation and full dissociation of
the accepted atmospheric flow occurs, in the assumption
of an equivalent transmission into the thruster of all the
impinging atmospheric species.

Assuming the thruster to be perfectly aligned with
the spacecraft geometric centre and longitudinal axis, the
produced thrust in the spacecraft body-frame is computed
as

T = [ṁthrue, 0, 0], (54)
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with an associated body torque of

τT = ∆rCoG ×T. (55)

The propulsion subsystem power consumption is es-
timated by introducing the thrust efficiency ηT , which
quantifies the capability of the system to convert electrical
power into kinetic power useful to thrust:

P =
ṁthru

2
e

2ηT
, (56)

with typical values of thrust efficiencies ranging between
ηT = 0.1 and ηT = 0.5 for mature electric propulsion
systems [49], [50].

In the proposed platform architecture, the thruster
is continuously operated and the acceleration voltage is
regulated based on the spacecraft position and velocity,
thus orbital parameters, estimated by the GPS. The accel-
eration voltage control directly affects the instantaneous
thrust and power consumption of the propulsion subsys-
tem, and it is regulated according to the following law:

ϕ = ϕ0 +

√
â

µ

 â
cos (ν̂ + φ̂) cos φ̂
sin (ν̂ + φ̂) sin φ̂

T ka(ā− â)
ke(ē− ê)
ke(ē− ê)

+

ki

∫
(ā− â)dt, (57)

where ϕ0 is the voltage offset, ka is the semi-major axis
proportional gain, ke is the eccentricity proportional gain,
ki is the semi-major axis integral gain, and ā and ē are
the target semi-major axis and orbit eccentricity to be
maintained, respectively. A thruster nominal acceleration
voltage ϕ0 = 1500 V and an operating envelope in
the 1000 V to 3000 V range is assumed, translating
into a non-linear saturation constraint for the control
equation above. The proposed control algorithm is defined
consistently with previous investigations on low-Earth
orbit maintenance and formation flying via low-thrust
propulsion [51], [52], [53], [54], where an equivalent law
is used to continuously regulate the in-track thrust level
based on the orbital elements feedback. However, since
both the mass flow rate processed and thrust produced
by air-breathing thrusters are not likely to be measurable
neither directly adjustable, in this work we adapt the same
law to regulate the thruster acceleration voltage instead.

G. Electrical Power Subsystem

A complete modelization of the electrical power sub-
system, inclusive of detailed solar arrays electric and
battery management models, is beyond the scope of this
work. Considering the very short eclipse duration, in the
order of a few minutes, characterizing dawn-dusk SSO
orbits, we assume the battery management system to be
capable of ensuring battery survival and nominal opera-
tion of the propulsion and the other platform subsystems
during eclipses. At current stage, we thus limit ourselves
to estimate the power available from the solar arrays
during orbit propagation and compare it to the power con-
sumption of the air-breathing propulsion system, verifying

the thruster compliance with the platform power budget.
The power PSA produced by the solar arrays is estimated
as

PSA = ceclPmax max(0,nSA,B · n⊙,B) (58)

where Pmax = 100 W is the available power in full
illumination condition, nSA,B = [0,−1, 0] is the solar
array normal in the spacecraft body-frame, n⊙,B is the
relative sun position versor in the spacecraft body-frame,
and cecl is a conditional multiplier set to 0 during eclipse
and to 1 otherwise. The sun direction relative to the body
frame is determined from the sun ephemeris r⊙,ECI , as
follows:

n⊙,B = q−1
ECI2B ◦

[
0

r⊙,ECI−rECI

|r⊙,ECI−rECI |

]
◦ qECI2B . (59)

Similarly, the cecl conditional multiplier is computed from
the known spacecraft position and sun ephemeris relative
to the ECI frame, using the approximation of a cylindrical
shadow model and oblate ellipsoid Earth.

H. Model Implementation

We implemented the air-breathing spacecraft model
in Matlab/Simulink. The first-level model architecture,
shown in Fig. 3, is structured upon a spacecraft dynamics
and orbit environment submodel connected to the other
submodels accounting for navigation, guidance, control,
actuators performance and aerodynamic disturbances.

The orbit environment submodel is based upon the
built-in Matlab spacecraft dynamics block, which solves
for the spacecraft orbit and attitude motion as detailed in
Sec. IIB. Given the initial orbital elements and attitude
orientation, platform mass properties, and time-varying
body forces and torques, the spacecraft dynamic block
outputs the spacecraft state in terms of spacecraft position
rECI , velocity vECI , attitude quaternion qECI2B , angu-
lar velocity ωECI2B , and UTC simulation time. These
variables serve as input for the implemented NRMLSISE-
00 atmospheric model [33], the HWM14 horizontal wind
model [37], the IGRF-13 magnetic field model [55], and
the DE421 Sun ephemeris dataset [56].

The spacecraft state and Earth’s magnetic field are
provided to the navigation submodel, which implements
the Matlab built-in EKF programmed as described in Sec.
IIC. The navigation state and guidance set-point are then
transmitted to the control subsystem, which computes the
commanded ABEP voltage, reaction wheels torques and
magnetorquers dipoles.

From the received control commands, spacecraft state,
and environmental properties, the actuators submodel
computes the angular momentum of each reaction wheel,
the actuators body torques, and the ABEP thrust and
power consumption as outlined in Sec. IIE and IIF. In
parallel, the disturbance submodel makes use of the input
spacecraft state and atmosphere properties to evaluate
the drag and torque acting on the platform. The two
are computed according to (38) and (39), where the six
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Fig. 3. Model implementation in Simulink.

force and torque coefficients are evaluated from a look-
up table constructed based on the ADBSat simulation data
depicted in Fig. 2.

Finally, the loop is closed by summing up the resulting
actuators and aerodynamic forces and torques, providing
them as input to the spacecraft dynamics & orbit envi-
ronment submodel.

III. RESULTS

A. Attitude Control and Stability

We simulated the spacecraft attitude behaviour for an
EKF sample time of ∆t = 1 s. In this regard, all sensors
used (see Table I) are compatible with a 1 Hz update
rate according to their datasheets [57], [58], [59], [60],
[61], [62], [63]. The attitude control gains were manually
tuned until control stability was reached for a vast range
of initial and environmental conditions, resulting in the
setting kp,RW = 3e-3 Nm, kd,RW = 1.8e-3 Nms,
and kMT = 8.7e-4 s. As an example, Fig. 4 shows a
maneuver aligning the spacecraft to the VNB frame from
an initial body orientation congruent to the ECI frame.
The simulation is performed for a dawn-dusk SSO orbit
with a mean altitude of 250 km, setting ωRW = 0 RPM
as initial condition for the four reaction wheels. After
about 600 s, q ≈ [1, 0, 0, 0] and both the wind angles are
brought to zero with a pointing accuracy in the order of
0.15° rms.

For the same simulation, Fig. 5 shows the evolution of
the reaction wheels angular velocity, magnetorquers com-
manded dipole, and attitude actuators power consumption.
The latter is implemented in the form of look-up tables
(LUTs) derived from the information available in the
actuators datasheet, such as PRW = LUT (ωRW , τRW )
and PMT = LUT (mMT ). The power consumption has
a sharp peak in the initial few seconds as the reaction

wheels are exerting the maximum torque level. The an-
gular velocity of each reaction wheel remains well below
the 6000 RPM saturation limit, gradually reducing its
angular momentum thanks to the effect of magnetorquers
desaturation.

The tuned attitude controller was always stable for
different initial attitude and orbit conditions in the 200
km to 300 km altitude range. However, these results apply
to the ideal case of a symmetric platform with uniform
mass density, which results in an almost zero residual drag
torque in nominal attitude. In reality, platform appendages
and CoG deviations with respect to the geometrical center
can significantly increase the residual aerodynamic torque
as per equation 39. In this regard, we simulated a few
cases for different initial altitudes and CoG deviation
along the yB axis. Coupling with the orbital control
is included through the disturbance torque produced by
the thruster as per equation 55 and according to the
control law defined in equation 57. For a 4.5 hours period
propagation, Fig. 6 shows the resulting mean disturbance
torque, mean attitude actuators power consumption, and
mean rms pointing accuracy.

Clearly, the higher levels of disturbance torques as-
sociated to lower altitudes and larger CoG deviation
imply an increase in power consumption and some loss
in pointing accuracy. Most importantly, as soon as the
orbital-averaged value of residual disturbance torque is
greater than the control authority of the magnetorquers
(in our case, in the order of 1e-5 Nm at maximum
dipole level along each axis), the reaction wheels will
eventually saturate. Then, the attitude controller fails and
the spacecraft dynamics devolves into chaos. To prevent
saturation and loss of attitude control, the spacecraft
must thus minimize the residual disturbance torques,
with a sufficiently high margin allowing to cope with
uncertainties in space weather conditions. For example,
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Fig. 4. Evolution of a) body torque, b) attitude quaternion, and c) wind angles during a maneuver aligning the spacecraft to the VNB frame.
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Fig. 5. Evolution of a) reaction wheels angular velocity, b) magnetorquers control dipole, and c) actuators power consumption during a
maneuver aligning the spacecraft to the VNB frame.
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Fig. 6. a) Mean disturbance torque, b) attitude actuators mean power consumption, and c) rms pointing accuracy depending on mean operating
altitude and CoG deviation with respect to the platform geometric centre. Blank data points represents attitude control failure.

Fig. 6 illustrates that with a CoG deviation below 1
cm, the spacecraft consistently maintains robust attitude
control within the entire 200–300 km altitude range. In
this regard, considering nominal operation at 250 km,
only very extreme space weather events (typically lasting
no more than a few days) would increase atmospheric
density to levels similar to those found at, e.g., 200 km,
where mean density is approximately five times higher
than at 250 km. As such, attitude control safety margin
translates into a requirement on the maximum allowable
CoG deviation. Additionally, as the ABEP system does
not use propellant stored on-board, the spacecraft’s CoG
position is expected to remain stable over its operational
lifetime, further supporting long-term control stability. On
the other hand, in case a sufficiently safe stability margin

could not be achieved (such as for missions below 200
km of altitude or for highly asymmetric spacecraft mass
and geometry configurations), a thruster-based reaction
control system or other means, such as passive or active
aerosurfaces, must be used to desaturate the on-board
angular momentum-exchange devices.

B. Orbit Control and Stability

Maintaining a VLEO orbit for extended periods rep-
resents a technical challenge, since the atmospheric drag
affects significantly the motion of the spacecraft, leading
to a rapid orbit decay. As a reference, Fig. 7 provides
the altitude, atmospheric species number density, and
longitudinal drag force evolution for a reference unpro-
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Fig. 8. a) ABEP processed mass flow rate, b) control acceleration voltage, and c) spacecraft longitudinal forces during a three-orbits
propagation period.

pelled spacecraft in a dawn dusk SSO orbit. For this
and further analyses, we consider a reference orbit with
an initial inclination of 96.5 deg, an initial semi-major
axis of 6621 km, corresponding to a mean altitude of
about 250 km, and an initial eccentricity and true anomaly
set to zero. The initial UTC time is set to the 18th of
April 2012 at midnight, which for a 6 am orbit results
in an initial RAAN of 296.4 deg. The initial time was
selected to allow for a 3-year propagation period from
2012 to 2015, capturing solar activity during the peak of
Solar Cycle 24 [64]. This period aligns with moderate
solar activity, which serves as a representative mean
for this analysis. Transients in space weather have been
accounted for by linking the NRLMSISE-00 atmospheric
model to the F107 81-day average, F107 daily, and Ap
magnetic indices observed during the selected propagation
period. These parameters have been extracted from the
CelesTrack database [65].

As Fig. 7 shows, without thrust compensation, the
atmosphere density and drag exponentially increases in
time due to the rapid orbit decay. After about two weeks
of propagation, the mean altitude is reduced from 250
km down to less than 170 km. From the same initial
orbit, we verify the behaviour of the implemented thruster
controller. In particular, we set the guidance submodel to
target an orbit raising of about 10 km, corresponding to
a target mean altitude of about 260 km. We consider an

intake collection area of 0.01 m2, a collection efficiency
ηc = 0.33, and a thrust efficiency ηT = 0.33, evaluating
afterwards (through the sensitivity analysis presented in
Sec. IIIC) the minimum value they shall have to en-
sure long-term orbit maintenance and compliance to the
platform power budget. The orbit controller proportional
gains were manually tuned to the values ka = 1e-5
V/m/s and ke = 1e9 V m/s. The integral term was set
to ki = 1.16e-8 V/m/s, meaning that the acceleration
voltage is increased or decreased at a rate of 1 V per
day per km of semi-major axis deviation with respect to
the targeted one. For the case of full dissociation of the
processed flow, Fig. 8 shows a detail of the mass flow
processed by the thruster, control acceleration voltage, and
resulting drag and thrust forces for a three-orbit periods
duration. The total atmospheric mass flow and applied
voltage respectively oscillates between 1.07 and 2.18
µg/s and between 1405 and 2517 V over the propagation
period.

While the behaviour highlighted in Fig. 8 implies
the need to develop a highly flexible ion thruster, which
represents a significant technological challenge, we can
appreciate how the implemented control logic seems
effective in ensuring a long term orbit maintenance. In
particular, Fig. 9 shows the system behaviour during an
orbital propagation of three years, comparing the two
extreme cases of no flow dissociation and full dissociation
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Fig. 9. Evolution during a 3-years orbit propagation period of a) semi-major axis, b) eccentricity error, and c) control voltage for the two
extreme cases of full dissociation and null dissociation of the gathered flow. For null dissociation: evolution of d) mass flow rate processes by
the thruster, e) drag and thrust forces acting on the platform, and f) ABEP power consumption and power available from the solar arrays. For
full dissociation: evolution of g) mass flow rate processes by the thruster, h) drag and thrust forces acting on the platform, and i) ABEP power

consumption and power available from the solar arrays.
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Fig. 10. Mean ABEP power consumption for drag compensation vs
altitude and ηcηT ranging between 0.01 and 0.3.

in the thruster discharge. Due to the very low resulting net
force, the platform slowly performs a 10 km orbit raising
throughout a period of about three months. After that, the
orbital elements are maintained with high precision. As
shown in the detailed view of Fig. 8b, the acceleration
voltage significantly oscillates in line with the orbital
period to keep the orbit eccentricity low. The mean value
of the acceleration voltage is lower for the case of full
flow dissociation as the thruster will accelerate a lower
molecular mass flow, which for the same acceleration
voltage results in higher thrust levels and power con-
sumption compared to the case of null dissociation. Still,
we can appreciate how the implemented controller seems
robust to the uncertainties in both orbit environment
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Fig. 11. a) Air-breathing thruster operating mass flow rate vs mean altitude and collection efficiency. b) Maximum achievable neutral density
in the thruster control volume vs altitude and intake compression ratio. c) Acceleration voltage needed for drag compensation vs altitude and

collection efficiency, in the hypothesis of null flow dissociation.

and thruster discharge characteristics. The average power
consumption during the orbit maintenance phase is well
below the one available from the solar array.

For what concerns the uncertainties in the thruster
discharge behavior, we see that the mean ABEP power
consumption is comparable among the null and full
dissociation case, with the latter case showing a greater
spread in the power profile. Along with the dissociation
process, additional sources of uncertainty in determining
system performance relate to complex space weather
phenomena, which can cause deviations in atmospheric
density and composition from the conditions simulated in
this work. Typically, space weather uncertainties lead to
mean flow density fluctuations of approximately ±50%
over timescales of a few weeks or months [64]. Although
significant, Fig. 9 demonstrates that the implemented
orbit controller effectively manages these large flow prop-
erty variations, successfully reaching and maintaining
the target orbit. However, this comes at the cost of
increased propulsion power consumption during periods
of higher flow density. In extreme space weather events,
such as major solar flares or geomagnetic storms, the
satellite could temporarily allocate additional power to
the propulsion system to sustain the target orbit. Nonethe-
less, detailed simulations to optimize power management
strategies under such conditions remain an area for future
investigation. In this regard, additional mission-specific
requirements such as eclipse duration for different target
orbits, power available to recharge the battery during
sunlight periods, and payload/telecom power consumption
and duty cycle must be taken into account to fully
explore the capabilities of air-breathing satellites. These
factors, including the flexibility of battery operation, will
be considered in future work to verify optimal power
management during peak demand scenarios.

C. Air-breathing Propulsion Requirements

As apparent from the long-term propagation presented
in the previous Section, the ABEP system will eventu-
ally provide an average thrust level equal to the drag
acting on the whole platform when maintaining a target
circular orbit, resulting in a mean net force of zero.

Depending on the mean power that the platform could
allocate to propulsion, this poses a strict requirement
on the minimum collection and thrust efficiencies the
propulsion system should guarantee, as well noted in
the analysis presented in [18]. For our reference Cube-
Sat platform, and considering orbit-averaged atmosphere
properties, Fig. 10 provides an estimation of the mean
ABEP power consumption needed for drag compensation
vs collection and thrust efficiencies. Fig. 10 shows how,
for a given power constraint, the efficiency requirement
is significantly relaxed when orbiting at higher altitudes.
On the other hand, higher altitude operation implies the
need to operate at very low mass flow rates and to ionize a
very low density neutral flow, which poses a technological
challenge. In particular, the neutral flow density that could
be achieved in an air-breathing thruster will depend on the
compression level the intake could passively or actively
achieve, such as:

nn = ritk
∑
s

ns,∞, (60)

where nn is the neutral density in the thruster control
volume, and ritk is the intake compression ratio. Com-
pression values in the 30-300 range have been typically
reported in the recent literature [6]. Accordingly, Fig.
11 plots the operating thruster mass flow rate and num-
ber density as a function of mean operating altitude,
collection efficiency, and intake compression ratio. Fig.
11 also estimates the acceleration voltage needed for
compensating the drag, which is affected both by the
altitude dependant propellant composition and collection
efficiency. For h = 250 km and ritk = 150, a maximum
neutral density nn = 2.75e17 m−3 could be achieved,
which is indeed about two orders of magnitude lower that
the one typical of mature electric propulsion devices such
as Hall thrusters or ion engines [17].

Moreover, depending on the required mission lifetime,
the higher the altitude the lower will be the actual
advantage of using air-breathing propulsion compared to
traditional electric propulsion. For our reference platform
geometry, about 138 kNs of total impulse would be
needed to compensate the drag for a 5 years mission
duration at 200 km of altitude, which reduces to 34.1
kNs and 10.7 kNs at a mean altitude of 250 km and 300
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km, respectively. This may be compared with the total
impulse, in the order of 5.5 kNs, that a highly performing
iodine-fed propulsion system can to date provide to a
CubeSat.

IV. CONCLUSION

In this study, we presented a preliminary mission
analysis of an air-breathing 6U nanosatellite. Using a
GNC simulation framework that couples high-fidelity
atmospheric and aerodynamic models representative of
the VLEO environment with simplified models of the on-
board sensors and actuators, the simulations demonstrated
the potential of air-breathing electric propulsion to extend
the lifespan of low-altitude missions. Through the imple-
mentation of a control law regulating the voltage applied
to the thruster accelerating electrode, our reference 6U air-
breathing CubeSat was able to maintain a target VLEO
orbit with high precision for the full three years duration
propagation, even under two completely different operat-
ing regimes in terms of assumed flow dissociation level
in the thruster discharge.

However, our study has some limitations that require
further investigation. First, the proposed control logic
necessitates the development of highly flexible thrusters
capable of operating at very low propellant pressures and
across a wide range of acceleration voltages, which may
exceed the current technological capabilities. Addition-
ally, the impact of atmospheric variability driven by solar
activity, geomagnetic disturbances, and other transient
space weather phenomena should be more thoroughly
assessed. This includes extending the analysis beyond the
selected three-year propagation window by incorporating
historical space weather data, as this can significantly
influence atmospheric density and composition at VLEO
altitudes, with direct consequences on the propulsive
performance and orbital stability of the air-breathing plat-
form. In this regard, future research will focus on imple-
menting more advanced plasma and rarefied flow models
to better describe the complex physical processes involved
in air-breathing discharges. Additionally, efforts will focus
on developing optimal power management strategies that
account for large uncertainties in space weather, realistic
payload and telecommunications power consumption and
duty cycle, as well as battery management constraints.
In-orbit testing of an air-breathing CubeSat will then be
crucial to validate any simulation and refine the design
parameters for optimal performance in the highly dynamic
VLEO environment.

In conclusion, while this preliminary analysis high-
lights the significant potential of air-breathing electric
propulsion for small-scale VLEO spacecraft, several chal-
lenges must be addressed to advance the technology.
Particularly, the development of highly-flexible, high-
performing thrusters together with the in-orbit experimen-
tation of the concept will be essential steps toward the
practical implementation and widespread adoption of air-
breathing nanosatellites.
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