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ABSTRACT

Simulation of a 3U-sized standard platform with four control panels attached to the rear part of the
satellite at an altitude of 300 km was performed in Simulink to verify the feasibility of the aerodynamic
control. The entire controller is composed of three loops: one outer loop and two inner loops. The outer
loop is based on the robust and tested quaternion error feedback regulator to provide the target torque input
for the two inner loops. The inner loops are responsible for actuating the control panels, using the square-
root-based PI controller and a dedicated designed Panel Selecting Method (PSM) to achieve high-precision
attitude control. The inner loop torque generation controller will determine when to switch to either a
PSM or square-root PI controller based on the attitude error measured in the quaternion form. During
the initial phase of the maneuver, the PSM will be in charge of pointing the satellite close to the desired
attitude before the square-root PI controller takes over the control authority to achieve a smooth, steady-
state response. The proposed aerodynamic control method will be compared with other controllers often
used on the CubeSat platform, including the magnetorquer, to analyze the benefits of using aerodynamic
control in various scenarios. Advantages like natural stabilization of the satellite’s attitude in both pitch and
yaw axes using almost zero electricity compared to magnetorquers will be discussed. However, the lifetime
of a VLEO CubeSat is of concern at very low orbit where the atmosphere air density is relatively high, and
the reduction of the lifetime on the given orbit from the increased drag of aerodynamic control surfaces will
be addressed in the present work to discuss the impact of aerodynamic control on the operation of CubeSat
at VLEO. With the results showing a reasonable detumbling time compared to the traditional magnetorquer
at 300 km and a high degree of control accuracy with moderate variations of attitude near the level flight,
the aerodynamic controller and the proposed algorithms are proven to be effective in the applications of
near nadir pointing missions or missions requiring only the fast response of the rolling motion at VLEO
environment. In the last section, some directions of future works will be shortly discussed, which include
data-driven control for handling atmospheric conditions of other planets and the formation flight by using
pure aerodynamic control.

INTRODUCTION

The ever-increasing demand for the low earth ob-
servation mission for relevant applications in many
industries through different remote sensing and
imaging is driving the development of compact and
affordable CubeSat operating at low altitudes for
various benefits,1 and the wide deployment of these
small satellites at LEO will have a significant impact
on increased collision hazard with other spacecrafts;2

therefore, a simple actuator that can permit the
CubeSat to work at lower altitude with controllable
de-orbiting will largely address this issue while pro-

viding multiple advantages compared to satellites at
regular Low-earth-orbit (LEO) altitude range from
600 to 2000 km.3

The very low earth orbit (VLEO), often referred
to as the orbits below 450km,3 features a dense at-
mosphere with a density several magnitudes higher
than the traditional LEO environment. This envi-
ronment reduces the lifetime of the satellite, so as
space debris and uncontrollable spacecraft, ensuring
space sustainability.4 Besides, the remote sensing
application also benefits from a lower orbit, because
of the decreasing distance for imaging.5 However,
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the increased aerodynamic disturbances usually pose
difficulties for traditional satellite attitude control,
including the more severe reaction wheel saturation
and the insufficient control authority provided by
regular magnetic field-based actuators in compari-
son to the increased aerodynamic disturbance.6

Many previous studies have proposed both ac-
tive and passive aerodynamic control methods to
address the issues of traditional control strategies
in harsh environments with strong aerodynamic dis-
turbances.2,3, 7–9

In the early research, passive-type aerodynamic
control by using feathers or rotating control panels
attached at the rear end of the satellites was men-
tioned to stabilize the spacecraft after the ejection
away from the carrier.7,9

Active control methods to reduce the drag and
precisely point the satellite to the desired attitude
are therefore needed for practical applications, and
several works of literature in10 pointed out the fea-
sibility of using feedback control design to actively
adjust the control panels to realize the precise con-
trol.

A variety of control architectures implemented
are based on the quaternion feedback controller as
the outer loop for commanding the required torque
to be actuated by control surfaces, with an inner
loop for rotating the control panels accordingly .3,7, 9

The panel configuration algorithm (PCA) mentioned
in3,7 has a low settling time and overshoot with pre-
cise control of attitude in contrast to the traditional
full-state feedback linear controller like the one pre-
sented in,9 but the PCA has the feature of high-
frequency rotation of control panels even when the
desired attitude is achieved. This is caused by the
nature that PCA only selects a finite number of pos-
sible panel configurations. Hence, it can’t smoothly
adjust the control surfaces like other full-state feed-
back controllers. Therefore, this paper aims to com-
bine the advantages of both sides by incorporating
the square-root proportion and integration (PI) con-
troller and a PCA-based Panel Selecting Method
(PSM) as the inner loop to realize the fast and pre-
cise actuation while removing the high-frequency vi-
bration of the PCA method.

The atmosphere affects the satellite aerodynamic
control performance undoubtedly. There are many
atmospheric models available with the most fre-
quently used one being NRLMSISE-00, which lever-
age measurement by satellite, rocket, and incoher-
ent scatter radar, was featured in multiple research
after 2000. Despite the air density of VLEO be-
ing far larger than LEO, the mean free path of the
air molecules is still large compared to the contin-

uous flow where the ratio of this two-length scale
called Knudsen number (Kn) is smaller than 0.01.11

When altitude is higher than 150km, for spacecraft
smaller than 1 meter, the corresponding Kn is usu-
ally greater than 10. This situation is beyond the
scope of either continuum or transition flows, and
the aerodynamic effects are characterized by rarefied
Gas-Surface Interaction (GSI).12 To fully capture
the influence of all gases and types of surfaces in
the space on GSI, some past research even includes
the computation of GSI for each gas, and the results
are summarized in.13

Currently, for the simplification of analysis, most
of the research adopted the Maxwell model for char-
acterizing GSIs.14 The GSI in this model can be
categorized into two types, the diffusive and specu-
lar reflections, and the reasoned that the actual re-
flection in the rarefied gas flow should be the mixing
of two types of reflections depending on the compo-
sition of local flow and the material of the surface at
which flow incidences.15

To investigate aerodynamics control feasibility
for satellites at cubesat scales in VLEO environ-
ments, this work is organized as follows. The aerody-
namic control satellite design section includes the de-
sign and geometry of a 3U cubesat that will be tested
in the simulation. The modeling section introduces
the coordinate definitions, Euler’s equation of mo-
tion, and the Quaternion kinematics. The aerody-
namics effect analysis explains the atmospheric mod-
els used and the aerodynamic forces analysis. Then,
the controller design section investigates the differ-
ent control methods, including passive detumbling
control, quaternion feedback regulator, panel selec-
tion method, square-root PI controller, and switch
design. Simulation results verify that the control
methods proposed in this work are feasible with
acceptable performance for the high-precision and
slow-motion pointing tracking capabilities. Finally,
the conclusion summarizes this work and provides
suggestions for future research with the data-driven
controller.

AERODYNAMIC CONTROL SATELLITE
DESIGN

The aerodynamically-controlled 3U CubeSat
studied in the present work is the modified model
based on several previous works with ”badminton”
like control surfaces-body combination.3,7 The
satellite is composed of two parts: the central body
and four control panels made of solar panels attached
at the rear end of the main body. The rear-mounted
control panels will guarantee the natural stabilizing
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Figure 1: The visual representation of frames used in the work (left) and the geometry design
with the corresponding frame (right)

effect to stabilize the satellite without any control
effort. Control panels are also made long enough to
avoid the blockade effect from the central body is
small during moderate attitude maneuvers. The ge-
ometry of the satellite is shown in Figure. 1. Four
control panels installed have different senses of rota-
tion; control panels 2 and 3 are following the right-
hand rotation convention while the panels 1 and 4
are opposite to it. Each of control panel can rotate
around the rotational axis centered in the middle of
the panels by a range of ±900 with the rotational
rate saturated at 10 deg/sec and the response fre-
quency of 10 Hz. The configuration of the 3U satel-
lite and the corresponding definition for the coordi-
nate system to be discussed in the next section is
also presented as in Figure 1.

MODELING

Coordinate Definitions

This paper adopts three Cartesian reference co-
ordinate systems: the Earth-centered inertial refer-
ence frame (ECI frame), Local Vertical, Local Hor-
izontal (LVLH frame), and the body-fixed frame.
The ECI frame has its center coincident with the
center of mass of the earth, and three axes remain
fixed to the distant stars and the chosen ECI coor-
dinate for simulation is the J2K frame. The LVLH
is defined in such a way that its positive Z-axis al-
ways points toward the center of the earth, and the
Y-axis is parallel to the normal negative orbit while
the X-axis coincides with the velocity vector of the

spacecraft. The body-fixed frame has three axes
fixed along the three principal axes of a typical sym-
metric spacecraft, and the center is at the location of
the center of mass of the given spacecraft. The def-
inition of frames can also be referred to the Figure 1.

Euler’s equation of motion

The rigid body rotation dynamic about the
body-fixed axes with externally applied torque can
be described with the following equation:

Jω̇ = ΩJω + u (1)

where ω is the vector for the angular velocity mea-
sured in the body-fixed axes, Ω is a skew-symmetric
matrix with three elements defined by the angular
velocities, and J is the matrix of the momentum in-
ertia. The matrix Ω is given as follows: 0 −ω3 ω2

ω3 0 −ω1

−ω2 ω1 0

 (2)

Quaternion Kinematics

Although the Euler angle is commonly used in
aviation, the four-element quaternion representation
of attitude is chosen to avoid the singularities from
occurring when the pitch angle is ± 90o. Quaternion
attitude representation can be related to the angular
rates of body-fixed axes by the following equation:

q̇v =
1

2
Ωq +

1

2
q1ω (3)
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q̇1 =
1

2
ωT q (4)

where qv is the vector part of the quaternion contain-
ing three elements of the quaternion vector., and q1
is the scalar part with the scalar-last convention.

The outer loop controller, which uses the quater-
nion feedback to achieve the near eigenaxis rotation
needs another measurement named quaternion error
that is served as the major input for the controller.
Quaternion error, which measures the error asso-
ciated with the current and desired attitudes, is
defined as follows:16
qe
q2e
q3e
q4e

 =


q4c q3c −q2c −q1c
−q3c q4c q1c −q2c
q2c −q1c q4c −q3c
q1c q2c q3c q4c



q1
q2
q3
q4

 (5)

where qc is the desired spacecraft orientation while
qe is the calculated error between the current and
the target attitudes.

AERODYNAMICS EFFECT ANALYSIS

Atmospheric models
To get an accurate satellite lifetime analysis, we

leverage the widely used NRLMSISE-00 atmosphere
model. This model is frequently used to predict
satellite orbit decay and calculate atmosphere loss
for satellite communication. This atmosphere model
gives various air component densities, such as nitro-
gen, oxygen, helium, argon, and atomic oxygen. The
total air density is included in the output. Also, the
application height is across a wide range of altitudes,
from sea level to 1000 km altitude, which is suitable
for satellite lifetime calculation. This model is also
build upon the data collected through past space-
craft and satellite missions.17

Although the NRLMSISE-00 is chosen for the
long-period drag calculation and the lifetime anal-
ysis of the satellite for its high accuracy across a
large range of altitude, the exponential model re-
lates the density and altitude through the following
equation:18

ρ = ρ0exp[−
h− h0

H
] (6)

is used for the real time simulation of control al-
gorithms for its simplicity and computational effi-
ciency. In this equation, h is the current altitude, h0

is the reference altitude of 300 km, and H=50.828
Km is the scaled height while the nominal atmo-
spheric density ρ0 is 2.418e-11 kg/m3.

Aerodynamic Drag and Torque Analysis

For the rarefied GSI where the reflection of gas
molecules on the incident surface are composed of
specular and diffuse molecular reflection, the result-
ing normal force acting on the surface is governed by
the molecular incident velocity and the material of
the surface. The typical reported value of 0.87–9 for
the accommodation coefficient is used in this paper,
and this is the ratio of molecules reflected through
the diffusion with a probability function of cosine.
The surface roughness is critical to the control ef-
fectiveness of control surfaces, as reported in,8 and
the smoother the surface with lower accommodation
coefficients, the more significant the improvement in
the control performance.

The aerodynamic force exerted on the surfaces of
the satellite and the corresponding drag and torque
are mainly influenced by the relative free-stream
velocity of incoming air to the satellite. The ac-
tual relative velocity of the air is the sum of the
orbital velocity of satellite vorbit, the varying at-
mospheric wind velocity vwind, and the averaged
velocity from the rotating atmosphere vrot. To sim-
plify the simulation without loosing the generality,
the atmospheric wind isn’t incorporated in the mod-
eling.3 The resulting relative wind velocity vectors,
therefore, are found with the following expression:

vrel = vorbit + vrot (7)

By assuming the perfect circular orbit with an
extremely small eccentricity, the orbital and the ro-
tating atmospheric velocities can be calculated and
related through the equations below:8,19

vrel =
√
µ/R (8)

where µ is Earth’s gravitational constant of 3.986 ∗
1014 m3

sec2 and R is the orbit altitude plus the mean
radius of earth 6.738∗106m. The following relation-
ship associates the angle β with the orbital path and
the local rotating atmosphere velocity:

β =


π − arctan(dλ/dtdϕ/dt ), if dϕ

dt < 0.
π
2 , if dϕ

dt = 0.

− arctan(dλ/dtdϕ/dt ), if dϕ
dt > 0

(9)

where λ and ϕ indicate the geodetic coordinates of
latitude and longitude. Both λ and ϕ can be prop-
agated easily by using Simulink spacecraft dynamic
block with the function of transferring the inertial
frame coordinate to the geodetic coordinate. The re-
sulting relative velocity vector can then be expressed
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in the following way:

vrel = RLV LH/Body

−||V0||+ ωE ||R||cos(λ)cos(β)
ωE ||R||cos(λ)cos(β)

0


(10)

where RLV LH/Body represents the direction cosine
matrix (DCM) that rotates the LVLH frame to
the body frame, ωE is the Earth’s rotation rate of
7.72 ∗ 10−5 rad/sec, and R is the radius of the orbit
from the center of earth.

With the resulting velocity vector, it’s possible
to find the torque exerted on the satellite by the
aerodynamic forces on each surface. Only the re-
flection mechanism, including diffuse and specular
reflection, is considered in this model. All generated
torque will be enforced in the center of the geometry
of the control surface. The resulting torque by sum-
mation of overall individual torques of all surfaces
is found by the equation below with two coefficients
σt and σn specifying the accommodation behavior
of the GSI:

T = ρ||vrel||2Ap[σt(rm/p ∗ nrel)

+ (σt(vb/||vrel||)
+ (2− σn − σt)nrel · nnormal)(rm/p ∗ nnormal)]

(11)

where nrel is the velocity unitary vector, nnormal

represents the surface normal vector, rm/p is the vec-
tor that connects the center of mass to the geometric
center of the corresponding surface, and σt and σn

is the tangential and normal momentum accommo-
dation coefficient, Ap is as follow:

Ap = H(nrel · nnormal)nrel · nnormalAarea (12)

where Aaera is the surface area, H is the Heavyside
step function that returns 1 when nrel · nnormal ≥ 0
and 0 when nrel · nnormal < 0.

CONTROLLER DESIGN

A total of three controllers for the outer and
inner loops of the control system are utilized to
achieve precise pointing while maintaining a rela-
tively stable panel configuration when the attitude
is converging to a steady state. The passive aero-
dynamic detumbling control will be employed in
the initial phase of the release. As for 3-axis atti-
tude control, the PSM controller will orientates the
satellite to the vicinity of the desired attitude, then
switch to the square-root PI controller for maintain-

ing the desired orientation. The following sections
will introduce each of the controllers used and the
conditions under which a specific controller will be
chosen.

Passive Detumbling Control

To achieve a stable attitude after the initial re-
lease of the satellite with relatively large angular
rates in three axes, the passive aerodynamic control
is used to damp the angular rates in y and z axes in
body frame. In this mode, the four control panels
of the satellite will rotate to θ = 90o , where θ is the
deflection angle of the control panel, to create the
naturally restoring torques that will passively orient
the satellite’s x-axis in alignment with the velocity
vector.

Quaternion Feedback Regulator

The quaternion feedback regulator employs the
quaternion error to determine the torques to be ex-
erted on each principal axis has been proven to have
asymptotic stability.18 This controller serves as the
outer loop for sensing the attitude error and gen-
erating the command input to the inner loop con-
trollers. The three components of command torques
determined by the quaternion regulator in body x,y,
and z axes can be represented as the control torque
vector u through the following equation relating the
control output with angular rates and attitude error:

u = −ΩJω −Dω −Kqe (10)

with the first, second, and third terms for handling
the nonlinear body rate effect, linear body rate ef-
fect, and linear quaternion error, respectively. D
and K are the gain matrices, which can be ex-
pressed as D = dJ and K = kJ , where d and k
are the gains to be tuned. This control algorithm is
frequently used for the slow rotation maneuver and
can achieve eigenrotation if the gains d and k are
tuned according to the method described in16 for
the optimal torque allocation.

Panel Selection Method (PSM)

The backbone of PSM is the PCA first proposed
in,3 and we modified it by relating the selection of
configurations with the body angular rates. This is
the first inner loop controller that takes the input
command from the quaternion regulator and selects
the suitable configurations (deflection angles) of con-
trol panels for generating the torques as close to the
command input as possible.

This discretized proportional controller will se-
lect a finite amount of output choices from the prede-
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fined output matrix. For each time step in the simu-
lation, PSM will generate a set of possible selections
of configurations for each control surface, and the
deflection angle for each possible choice is propor-
tional to the modified current angular rates through
a constant gainω to be tuned. For each unique angu-
lar rate vector, the modified angular rate ωmodified

can be written in the equation below:

ωmodified = gainω

√
(|ωx|+ |ωy|+ |ωz|)/3 + constant

(13)

where ωx, ωy, ωz denote the angular rates in three
principal axes, respectively. The angular rate-based
gain is used to better determine the suitable torque
according to the current body angular rates and pre-
vent issues such as overshooting when the angular
rate is high despite the small attitude error. Once
the modified angular velocity is obtained, the possi-
ble deflection angle can be found from the following
relation with another constant gainθ:

θmax = gainθ · ωmodified (14)

where ωavg represents the averaged angular rates in
three body axes, and ωmodified is the quantity denot-
ing the processed angular rate and is served as the
input for generating θmax. For each control panel at
a given time-step, three possible angles determined
from above are created as the potential choices for
the output. With four control panels installed, the
resulting 3 by 4 choice matrix stores all the possible
configuration combinations. Therefore, the choice
matrix Θ will take the form:

Θ =


θ11 θ21 θ31 θ41
θ12 θ22 θ32 θ42
: : : :

θ13 θ23 θ33 θ42

 (15)

where θi1 = 0, θi2 = θmax, θi3 = −θmax, i = 1, 2, 3, 4
and j = 1, 2, 3 are three possible angles to choose
from. With a matrix providing 81 possible configu-
rations, the algorithm will then assess which config-
uration will generate the torque closest to the input
command from the quaternion controller. The over-
all decision-making flowchart can be visualized as in
Figure 2. In this figure, Ma is the torque resulting
from the aerodynamic force, Mq is the input com-
mand torque from the outer loop controllers, Merror

is the error torque that will be assessed before the
algorithm determines the proper final torque output
Mout to be used to control the satellite.

Square-Root PI Controller

The square-root type PI controller is imple-
mented to achieve a stable desired orientation that
will take on the inner control loop after the attitude
error is small enough. The nonlinear, square-root re-
lation error for the PID controller has been proven
to be effective in attenuating the overshoot when the
input is too large to drive the system. smoother and
faster.20 Also, if the input signal is too small, the
square-root relationship can properly amplify the in-
put, which can’t be achieved with the traditional
linear input-output relationship. Figure 3. demon-
strates the benefit of square root modification:

Figure 3: Comparison of square-root pro-
cessed input and the traditional linear input

Applying the square root concept into the PI
controller, the equation of control algorithm can be
written as:

uinter,j = Kpj

√
ej +Kij

∫ t

0

√
ej(τ)dτ, j = 1, 2, 3

(16)

where uinter is the intermediate input for the dimen-
sion reduction equation to be presented, Kpj

repre-
sents the proportional gain, Kij is the gain for the
integration term, and j is the free index for three
axes.

Due to the error vector of input being only
a three-element vector [eMx

, eMy
, eMz

] storing the
torque error while there are four control surfaces to
be controlled, an additional equation relating the PI
controller input and the control surface configura-
tion has been added as :
θ1 = −uintere,1 + uintere,2

θ2 = uintere,1 + uintere,3

θ3 = uintere,1 + uintere,2

θ4 = −uintere,1 − uintere,3

(17)
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Figure 2: Decision Making flowchart of PSM controller

in which θ1 − θ4 represent the deflection angles of
each control panel. This equation couples the pitch
and yaw control with the roll control to realize the
demand of four control surface angle selections with
only three inputs from the PI controller.

Switch Design
The quaternion error qe mentioned in Eq.5 is se-

lected as the criteria on when to switch between
PSM and PI controllers. The scalar component of
qe is unitary when the attitude error is 0, and this
characteristic will then be used to determine atti-
tude error quantitatively. The switch logic of the
controllers can be presented as follows:{
if qe < 0.999, Using PSM controller

if qe ≥ 0.999, Using Square-root PI controller

The overall numerical simulation architecture,
including all controllers and models, can be sum-
marized in Figure 4.

NUMERICAL SIMULATION RESULT
AND ANALYSIS

In this section, the focus has been made to four
points: the impact of lifetime using the aerodynam-
ics control, the detumbling performance of the active
and passive aerodynamic control with a comparison
with the conventional B-dot detumbling method us-
ing the magnetorquer(MTQ), performance analysis
on the real-time attitude tracking maneuvers with
two controllers(PSM and square-root PI), and the
improvement over the PCA and PSM by the in-
clusion of switch and square-root PI controller for
maintaining a stable flight.

Simulation Setup
To demonstrate the feasibility of aerodynamics

control and the impact of aerodynamic control sur-
faces on the lifetime reduction, we propagate the
satellite in a simplified orbit with zero eccentricity
and inclination, the orbit elements are listed in Table
1. For the circular orbit, with a constant altitude,

we can assume the air density is invariant during
the propagation for simulations except for lifetime
analysis. In the lifetime simulation, the altitude is
allowed to vary as the orbit decays in its height. On
the other hand, for equatorial orbit, the effect of a ro-
tating atmosphere would be ignored, which reduces
the complexity of the simulation. Notably, the orbit
element listed in Table 1 will be applied through-
out the work. The values for the moment of inertia
were based on the CAD data of in-development 3U
Cubesat at NCKU.

Table 1: CubeSat Configs and Kplerian Orbit
Elements

Items Values

Moment of inertia(kg · m2) Diag[0.0067;0.033;0.034]

Eccentricity: 0

RAAN (deg): 97

Argument of periapsis (deg): 0

True anomaly (deg): 315

Semi-major axis (Km): 6683.14

Table 2: Simulation Parameters for each Case

Detumbling Maneuver

Initial angular rates (rad/sec) [0.6, -0.5, -0.4]

Initial attitude in LVLH (quaternion) [1; 0; 0; 0]

Max magnetic moment for B-dot case (A · m2) 2

Max simulation tolerance 0.001

Control panel configuration (deg) [90; 90; 90; 90]

Real-Time Attitude Tracking Maneuver

Initial angular rates (rad/sec) [0, 0, 0]

Initial attitude in LVLH (1-2-3 Euler angle) [0, 0, 0]

Desired x-axis attitude (deg) 6(σ(t − 50) − σ(t − 400))

Desired y-axis attitude (deg) 4(σ(t − 400) − σ(t − 50))

Desired z-axis attitude (deg) 5(σ(t − 50) − σ(t − 400))

Max simulation tolerance 0.0001

As for initial condition of simulation setup, a
summary is listed in Table 2. The assigned angular
rates for the detumbling case are based on the pre-
vious simulation setting20 to cross-validate our work
with the reported results. The max magnetic mo-
ment of the MTQ is determined by referring to the
regular cost-off-shelf MTQ rods used on CubeSat-
class satellite. Four control panels are set to 90o in
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Figure 4: Simulation Architecture With Controllers and Models

the passive detumbling case to ensure a maximized
stabilizing effect around the straight flight condition.
While in the detumbling task with active control, all
four panels are allowed to move freely in the range
of −90o to 90o.

All initial angular rates are defined to be zeros
in the attitude tracking case, and the attitude is
expressed in the 1-2-3 convention of Euler angles
for easy reading. For generality, a command signal
are designed to go back and forth of the zero state,
serving a common pointing task in the orbit. The
command signal can be expressed in two step func-
tion in this work as list in Table 2.

Lifetime Analysis
Lifetime is an important measurement of a satel-

lite’s mission design, and a significant reduction
of lifetime can occur if the control panels aren’t
properly adjusted to lower the frontal area during
nominal operation. A simple simulation of lifetimes
for cases where all control panels are in 90o and 0o

representing maximum and minimum drag in our
satellite configuration, respectively, is conducted to
understand the impact of panel configurations on
the lifetime. Figure 5 shows the altitudes of perigee
and apogee for each case, and the apogee and perigee
curves overlap due to the 0 eccentricity in our set-
ting. Significant lifetime reduction happens when
the satellite is in the maximum drag configuration
that causes the deorbit to occur within 60 days. In
the minimum drag configuration where all panels
are parallel to the velocity vector, the lifetime is
estimated to be 1.5 years, and both values are in
good agreement with the previous research efforts.7

Figure 5: Time trace of altitude for Cube-
sat at 300km orbit with maximum(upper one)
and minimum (lower one) drag configurations

Detumbling Comparison
Most satellites operating in the LEO environ-

ments use the MTQ and the corresponding B-dot
algorithm to stable the initial chaotic motion before
switching to the reaction wheels for attitude track-
ing. The MTQ will use the geomagnetic field and the
magnetic polar created by MTQ rods to slow down
the angular rates in all three body axes. On the
VLEO, where the air density is hundreds of times
higher than regular LEOs, either active or passive
the aerodynamic control methods have the poten-
tial to stable the spacecraft in a reasonable period.
Therefore, a simulation comparing the performance
of both control strategies is performed.

The stability and control properties character-
ized by the restoring pitching and yawing moments
require a naturally stable flying object to maintain
the velocity vector aligned with the body x-axis. To
have such properties, the control panels should cre-
ate a negative pitching torque when the pitch angle
is positive, and vice versa. The same principle also
applies to the yawing motion, and the following Fig-
ures 6 and 7 show the effect of attitude with respect
to the stabilizing torques, which illustrates that the
resulting torques will always push the attitude to the
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origin (pitch=yaw=0o).

Figure 6: Stabilizing pitching torque at dif-
ferent pitch and yaw angles

The symmetricity of plots is the result of zero
inclination and eccentricity of orbit such that the
pitch angle is equivalent to the angle of attack and
yaw angle is the same as sideslip angle in the avia-
tion terms.

Figure 7: Stabilizing yawing torque at differ-
ent pitch and yaw angles

Figure 8 shows the commonly utilized pitching
moment versus pitch angle in analysis the contrac-
tility of aircraft to demonstrate the natural stability
of the CubeSat. This data is the center slice of the
surface plots in previous figures. Because of the sym-
metricity of our model, the case holds the same for
the lateral stability conditions.

Figure 9-11 show the detumbling performances
of three cases: MTQ B-dot law method, passive
aerodynamic control, and active aerodynamic de-
tumbling to nadir pointing. The conventional B-dot
method with MTQ rods can deaccelerate all three
angular rates close to zero after an hour as shown

in Figure 8, which is a reasonable period for typical
CubeSat in the VLEO environments.20

Figure 8: Stabilizing pitching torque at dif-
ferent pitch angles

Figure 9: Body angular rates in three princi-
pal axes with B-dot law method

Figure 10: Body angular rates in three prin-
cipal axes with passive aerodynamic detum-
bling
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In Figure 10, the passive aerodynamic detum-
bling case, when compared with the B-dot method,
takes more than 50 times longer to stabilize the
spacecraft for the insufficient restoring torques,
which is generally not acceptable for most LEO
CubeSat design. Moreover, only the pitching and
yawing rates can be dampened as described before
due to the guaranteed stability only in axes perpen-
dicular to the velocity vector. Despite the mentioned
issues, it can still serve as the last resort to main-
tain a controlled flight in case all controllers aren’t
working.

To address the issues including long detumbling
time and no control over rolling motion associ-
ated with the passive control method, active control
method is used to stable the satellite as shown in Fig-
ure 11. The active aerodynamic controlled detum-
bling method demonstrates that its performance is
comparable to the conventional B-dot method with
detumbling times being less than an hour for y and
z axes rates, while it will take a longer time to
dampen the x-axis angular rates at 2.5 hours. No-
tably, doesn’t like the B-dot method that can only
reduce the angular rates to small but finite rates with
no attitude tracking capability, the active aerody-
namic control not only decrease angular rates in all
three axes to zero, but also ensure the a precise nadir
pointing orientation can be achieved simultaneously.
These traits show that the active aerodynamic con-
trol can effectively take on the roles of MTQ and
eliminate the need for a second attitude control sys-
tem for detumbling task.

Figure 11: Body angular rates in three princi-
pal axes with active aerodynamic detumbling

3-Axis Real-Time Attitude-Tracking

This section demonstrates the precise attitude-
tracking capability of active aerodynamic control,
which is one of the most important functions of

any attitude-control system, allowing a satellite to
accomplish critical tasks. In most scenarios of
attitude-tracking tasks, the desired attitude is a
function of time and space. In our simulation, we
set up the time-varying steps functions to represent
such scenarios with the final attitude going back to
the original nadir pointing orientation. By using
this setting, it’s possible to better illustrate how the
control algorithms are switched between PSM and
square-root PI, with the goal of proving the stabil-
ity of response during the switching process. The
unique behaviors of each controller can also be con-
cluded at different stages of flight.

To show that the active aerodynamic control can
precisely follow the moderate attitude commands,
Figure 12 presents the reasonable settling times of
responses and the corresponding desired attitude in
Euler angles. It will take around 5 min to com-
plete one attitude-varying cycle, which is sufficient
for most ground communication or large-area imag-
ing tasks. With the controller modes distinguished
by red and blue, we can conclude that the PSM is re-
sponsible for the transition phase between different
attitudes, while the square-root PI will take over the
control once the attitude is stabilized and maintains
a constant attitude flight.

Figure 12: Time traces of desired and actual
attitudes represented in Euler angles

To clearly illustrate how the controller modes are
switched according to the different flights phases,
Figure 13 shows that by using the scalar part of
quaternion error as a threshold to determine which
mode to choose, the controllers can be switched
properly to cope with current flight phase with no
confusion of mode selection observed.
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Figure 13: Time traces of attitude error and
the modes being used

Each controller features unique aforementioned
behaviors for their responses in terms of attitude
and panel rotation. Because both controllers can
converge to the desired attitude with little errors,
we will investigate their difference through the time
trace of the control penal rotation, as shown in Fig-
ure 14. Attention should be made to the transition
between each mode, and for the first such event oc-
curring at t=50 sec, the mode is switched imme-
diately and the control panels almost saturate for
the first few seconds into the transition to provide
enough torque. Following that, the panels start to
fluctuate and don’t reach a stable response before
transitioning to the square-root PI controller for sta-
ble flight. Upon switching, the response becomes
smooth and stable in a short time until 100 sec later,
the mode changes again. Around t=650 sec, when
the mode is switched back to the PI for stable nadir
pointing, there is a prolonged period in which the
fluctuations persist several hundred seconds there-
after, and this unstable state will eventually disap-
pear.

Now that square-root PI controller is proven to
have a smooth response to minimize the power con-
sumption when the satellite is in stable flight. Figure
15 is focused on the case with only using PSM to em-
phasize that PSM can’t reach a very stable steady
state response for it only has a finite 81 combina-
tions of rotation combinations to choose from, and
the main distinction can be drawn by observing the
period from t=300-400 sec and compare with the
Figure 14. For CubeSat with limited battery ca-
pacity and a long nadir pointing mission profile, the
ever-lasting fluctuation can cause huge unnecessary
power waste; therefore, the inclusion of square-root
PI controller is important.

Figure 14: Time traces of control panel rota-
tional angles and modes used

Figure 15: Time traces of attitude error and
the modes being used

Figure 16: Time traces of attitude error and
the modes being used

To ensure that the resulting torques are following
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the command input, Figure 16 shows the comparison
between the command torque from the quaternion
error regulator and the actual torque resulted from
control panels. The actuating torques for both y
and z axes are following nicely with the input torque
command, while in the x-axis the resulting rolling
torque is much smaller than the command input
when both y and z axes torques are relatively large,
which can be attributed to the saturation of control
panel’s rotational limits. And in the active detum-
bling case where the slow response of the rolling rate
is also associated with the saturation, which implies
that larger control panels should be fitted to address
this issue.

CONCLUSION

With the simulation results presented, the
present work demonstrates the feasibility of using
aerodynamic-based control architecture to conduct
the precise attitude-pointing task and the respon-
sive detumbling control. Due to the nature of dense
air in the VLEO environments, the estimated life-
time is much shorter in comparison with satellite in
LEO, and the impact of large drag can be reduced
by minimizing the frontal area in nominal opera-
tion. Settling times of detumbling for aerodynamic
control methods indicate a similar performance to
the B-dot method with MTQ rods when correctly
actuated. The results also show that even in the
worst scenario, when all control panels malfunction,
the natural restoring torque can still ensure the two-
axes stabilization. For the active attitude pointing,
the aerodynamic control system also demonstrates
its ability to adjust moderate attitude in an accept-
able time.

The newly proposed combined control algo-
rithms, featuring both PSM and square-root PI con-
trollers with the switch, prove to be effective in re-
moving the high-frequency panel fluctuations and
enhancing the pointing performance by reducing the
attitude error for the steady-state response. Switch
design based on the quaternion error as the argu-
ment can effectively choose the proper control meth-
ods for the fast and smooth attitude response.

This work, in continuation with preceding works,
again proves that the deployment of purely aerody-
namically actuated satellites in VLEO environments
can achieve control tasks traditionally handled by re-
action wheels and magnetorquers and therefore re-
duce the system complexity and weight of the atti-
tude control system. The simulation framework can
serve as the foundation for the future development of
relevant work and give an overview of the estimated

performance of aerodynamic control on 3U cubesat.
Undergoing future works, including the data-

driven-based control algorithms to handle the un-
certainties associated with the changing atmospheric
conditions at different altitudes and even on other
planets like Mars. Other proposed developments
will discover the possibility of using pure aerody-
namic control to conduct the formation flight that
is usually realized through a minimized thrusters on
suitable for CubeSat application.
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