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ITASAT-2: Formation flying maneuver and control
considering J, disturbances and differential drag
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Abstract — Studies have shown that the Brazilian region has
several unique features in its geospatial. In this context, the
ITASAT-2 mission, plans to launch three satellites in formation
flying, in order to improve the knowledge that we have today
about the phenomenology of space plasma. The objective is also
to capture the signal to provide the geolocation service. This work
aims to use simulation and movement control techniques to verify
and evaluate the behavior of the following vehicles using different
phase angles in detachment and rendezvous maneuvers in
relation to the movement of the chief CubeSat considering two
orbital disturbances: the J, term of the gradient disturbance of
gravity due to the inhomogeneity of the Earth and the
disturbance due to the differential aerodynamic drag of the
satellites. For that, the linear model in Cartesian coordinates
called Clohessy-Wiltshire Equations and the optimal control
approach described by the Linear Quadratic Regulator (LQR)
were used.
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. INTRODUCTION

In 1976, optical observations of the ionosphere over the
region of Cachoeira Paulista [1], a city in the interior of the
state of S&o Paulo, under the coordination of researchers José
Humberto Sobral, from INPE (National Institute for Space
Research,“Instituto Nacional de Pesquisas Espaciais”), and
Mangalathayil Abdu, from ITA (Aeronautics Institute of
Technology, “Instituto Tecnoloégico de Aeronautica” in
Portuguese) showed the first indications that the brazilian
region presents singularities in its geospatial environment that
require attention. Later, in 2006, the discovery took place
simultaneously in other parts of the globe by foreign
researchers [2].

Studies have shown that Brazil has several unique
characteristics in its geospace, such as the distinct
configuration of the lines of the geomagnetic field, which have
a high declination (difference between the geographic and
geomagnetic axes), the intense reduction of its magnitude
(Magnetic Anomaly of the Atlantic South) and the frequent
occurrence of large-scale depletion in plasma ionospheric
density, also called plasma bubbles, whose effect occurs most
strongly between October and March, and their frequency
decreases until reaching a minimum around June or July [2].

As a consequence, plasma bubbles can lead to disturbances
that affect the propagation of radio and telecommunication
signals that can cause the interruption or malfunction of
essential communication, navigation, and other services.

Therefore, specifically for the study of the ionosphere,
there are phenomena not yet fully understood by man, but
whose effects can cause irreparable damage. More detailed
development is needed for the temporal resolution of
ionosphere measurements and to advance the understanding of

the nature and evolution of ionospheric structures around the
sunset, related to the space climate.

In this context, the ITASAT-2 project has been proposed
as a space mission in a joint effort by ITA and with the
collaboration of Brazilian research institutions that have joined
the recent technological-scientific efforts made by Brazil in the
scope of development of CubeSats. It is worth mentioning that
the scientific community is very interested in better
understanding the ionosphere, so that the ITASAT-2 space
climate mission becomes a continuation of the ongoing project
called SPORT (Scintillation Prediction Observation Research
Task) [3] - a subsequent mission space climate, the result of an
international cooperation between ITA, NASA and INPE.

In order to improve the temporal resolution of the scientific
data collected, the ITASAT-2 mission plans to launch three
satellites in a formation flying operation, in order to make
possible multipoint measurements of significant quantities of
the ionosphere in much shorter timescales than the orbital
period of a single satellite. The objective of this mission is also
to capture the signal from the formation flying to provide the
geolocation service.

The concept of space missions called formation flying is
defined as a set of more than one satellite whose dynamic
states are coupled through a common control law. At least one
member of the set must track a desired state relative to another
member, and the tracking control law must make use of the
state of at least one of other members [4].

Formation flying has potential applications with emphasis
on the Earth-observing, interferometry, on-orbit service, deep
space, Synthetic Aperture Radar (SAR) and human
exploration. In this context, different space missions using this
approach have been developed since the 2000s. For example,
the mission called TanDEM-X/TerraSAR-X [5] was launched
on June 2010 and its purpose was to capture high-resolution
and wide-area radar images independent of the weather
conditions. The mission uses two satellites in formation flying
that have a unique geometric accuracy that is unmatched by
any other spaceborne sensor. Both satellites are almost
identical and operate in six alternate operating modes for a
wide range of applications in Earth observation. It can also be
highlighted the mission called Magnetospheric Multiscale
Mission (MMS) [6] launched on March 13, 2015 formed by
four identical spacecraft in a variably spaced tetrahedron (1 km
to several Earth radii), with a planned two-year mission
lifetime. Its purpose is to measure magnetic and electric fields
using electron and ion plasma spectrometers, providing high
temporal and spatial resolution.

ITASAT-2, the second mission of the ITASAT program,
will consist of three identical 8U standard CubeSats, designed
and integrated by ITA. Its development will be based on the
SPORT platform [3], becoming the second mission to use this
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type of platform from the institution. ITA proposes to make
this study using payload composed of sensors for
measurements of the ionosphere with commercial components
and some with its own development.

As the ionosphere is floating in time and in spatial
coordinates, so that the drifting ionosphere can be probed by
multipoint measurements in different spatial and time
coordinates, it is appropriate to consider that the formation
flying of the three satellites has the ability to alter both its
angular separation as well as the separation in along-track
direction by using propellants. However, the main current
challenge for satellite formation flying is the limited resources
of the current sensor and actuator technologies, so it is
necessary to provide a maintenance control of the formation
from an orbital control system for the three satellites of the
ITASAT-2 mission.

In the context of studying the behavior of controllers for
the ITASAT-2 mission and the positioning of the following
vehicles relative to the chief, this paper aims to use simulation
and movement control techniques to verify and evaluate the
behavior of the following vehicles using different phase angles
in detachment and rendezvous maneuvers in relation to the
movement of the chief CubeSat. For that, the relative motion
of a chase spacecraft with respect to a target spacecraft that is
on a circular orbit about a central body, considered a point
mass, was described by the linear model in Cartesian
coordinates called Clohessy-Wiltshire Equations (CW) [7].
The control technique used in this work is the Linear Quadratic
Regulator (LQR) [8] which is a well-known method that
provides optimally controlled feedback gains to enable the
closed-loop stable and high-performance design of systems.

To support the choice of altitude parameters used in the
simulation, it is important to highlight that the expected useful
life for accomplishing the mission is at least 1 year and the re-
entry into the atmosphere (de-orbit) with a significant margin
in fulfilling the requirement for space debris mitigation, which
establishes that in less than 25 years [9] after the operational
mission satellite must re-enter the atmosphere. It is also
important to note that the plasma bubbles begin to rise at an
altitude of 300 km, so the choice of altitude must be adequate
for scientific fulfillment of the mission. Thus, the orbital
requirement of ITASAT-2 requires a circular orbit with an
insertion of nominal orbital altitude in the range of 350 to 450
km.

To meet scientific data in order to guarantee wide coverage
in the equatorial range, which is of interest for observing the
formation of plasma bubbles and SAMA, the mission also
requires an orbital inclination for the satellite in the range of
45 to 55 degrees [3], because it considers, thus, a possible
launch by the International Space Station. Since the satellites
will have low orbits, it is desirable to increase the life of the
mission by reducing the CubeSat drag areas. It is noteworthy,
then, that special attention should be paid to the attitude control
subsystem, as it will have to guarantee the desired note
throughout the operation of the satellite to fulfill the mission.

In addition to the training flight challenges presented, it is
also necessary to consider environmental disturbances that can
induce CubeSats to move away very quickly from each other
if not properly controlled. Then, this paper considers two
orbital disturbances: the J, term of the gradient disturbance of
gravity due to the inhomogeneity of the Earth and the
disturbance due to the aerodynamic drag of the satellites.
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Finally, this paper is divided into: introduction, segmented
methodology in Clohessy-Wiltshire Equations and Linear
Quadratic Regulator (LQR), results and discussion,
conclusion, acknowledgment and references.

Il. METODOLOGY

In this context, this work aims to use simulation and
movement control techniques of the formation flying to verify
and evaluate the behavior of the deputies vehicles in
detachment and rendezvous maneuvers in relation to the
movement of the chief CubeSat considering two orbital
perturbations: the J, term of the perturbation of the gravity
gradient due to the inhomogeneity in mass distribution of the
Earth and the disturbance due to the differential aerodynamic
drag of the satellites.

For that, the linear model in Cartesian coordinates called
Clohessy-Wiltshire Equations and the optimal control
approach described by the Linear Quadratic Regulator (LQR)
were used.

A. Clohessy-Wiltshire Equations

The Attitude Reference frame defines the coordinate
system that the spacecraft's attitude is referenced to. In the
expressions to be presented, the LVLH [9] (Local Vertical,
Local Horizontal) reference system was used whose origin is
determined by the satellite's center of mass. The Z-axis is
oriented in the direction to center of Earth (Vertical Location),
Y-axis is negative to the normal orbit and X-axis is
perpendicular to Y and Z, forming a right-handed coordinate
system (Horizontal Location).

Expressions for the components of the J, induced
perturbing acceleration vector are derived for circular orbits
(eo = 0) by retrofitting a modified set of Clohessy-Wiltshire
equations to the analytical solutions [4]. The established
equations are given by:

L - 2
¥ — 2Myy — 3My x = —3n9%xpi0s + Uy + Dy (L.a)
j +2Mo% = u, + p, (1.b)
L 2 .
Z + (MO + ZHOEO)Z = _
—2p(0)kngysin®(7y)sin(4y) cos(a(0)) +u, +p,  (1.c)

In which x, y and z are the respective relative position
components; x, y and z are the respective relative velocity
components and X, j, Z are the respective relative acceleration
components. The u, , u, and u, are the control acceleration
inputs and p,, p, and p, are the inputs for the external
disturbance exerted by the differential aerodynamic drag.
Finally, « is the phase angle of the formation; p is the relative
position; 7, is the inclination of the chief; n, is the chief's mean

2
motion and the constant k = —1.5/,n, (Z—e) , Where R, is the
0
radius of the Earth and @, is the semimajor axis.
The equations for evaluating the mean drift rates for mean
anomaly and perigee argument are given below for each

satellite in the formation [4]:

MO = M0+M0t (2)
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60 = Wy + aot (3)
where:
- Re 2 2/ —
@o = 0.75 J, (a—o) 1o (5c082(%) — 1) (4)
- 2
i, = n, {1 +075, (%) (3eos?(1y) 1)} (5)
0
Now, define the mean argument of latitude as:
A‘_O = MO + 60 (6)

And the differential aerodynamic drag can be described for
each deputy vehicle by [10]:

— _ P2 1 (4 CB2
Aypy = 2 V Cha (1 CBI) (7)
— _Po,2 1 (1 Cg3
Ayps = > YV Coa (1 631) (8)
where:
__m
Cri = 7 ©)

The relation Cg; is called ballistic coefficient; m is the mass
of the spacecraft; Cj, is the drag coefficient; A is the cross-
sectional area; and the indices 1, 2 and 3 denote target, first
chaser and second chaser, respectively. Lastly, p. is the
atmospheric density and v is the velocity vector relative to
terrestrial atmosphere.

Then the differential aerodynamic drag for the formation
flying is:

P = Aypz +A¥ps3 (10)
The position and velocity vector is created by:
x=[xyzxyz]|T=[xyzv]T (11)

In the formation flying shown in Fig. 1, the chief vehicle 0
is at the center, of an ideal PCO formation at the ascending
node. Follower 1 has @ = 0° and it will require the maximum
fuel to mitigate the effects of differential nodal precession
because it has the maximum &i and §Q = 0. The Follower 2
(a = 90°) will require the least fuel for orbit maintenance, it
presents the maximum &6Q and 8i = 0.

Fig. 1. Chief vehicle and two deputies layout (adapted of [4]).
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Gradually, each deputy will spend equal time in good and
bad locations, thereby balancing the fuel required for
formation maintenance among the deputies.

The variation of the phase angles for each satellite is given
by:

a=a(0)+at (12)

The following reference trajectories are selected to

estimate the control requirements for formation maintenance

[4]:

0.5q _
X, =05 (1 + n—) 2(0) sin(Z,(0)
0

+a(0) + (My + 6)t) + Xpiqs (13.3)
¥r = p(0) cos(Zo(0) + a(0) + (Mo + ©)1) ~ (13.b)
z, = p(0) sin(1(0) + a(0) + (M, + d)t)  (13.)
where:
2
Xpias = = 3120(0) (22) sin@)cos(a(0))  (14)

The reference trajectories require velocities equal to zero,
thus the vector of reference has:

Xy =[x, ¥, 2,000]" (15)
And, the reference controls are:

Uy =0 (16.3)

Uy, = —p(0)ngd cos(4,(0) + a(0) + (ﬁo + a)t) (16.b)

gy ~ 200(@o — @)p(0)sin (Z6(0) + a(0) + (M, + ¢ )t)
+2p(0)knysin®(iy)cos(a(0))sin(dy) (16.c)

It is worth mentioning that radial thrust is inefficient for
formation maintenance near a circular orbit, as shown in
(16.a). Fortunately, the CW model is controllable with only the
along-track and cross-track control components (16.b and
16.c).

B. Linear Quadratic Regulator (LQR)

LQR is an optimal control technique in which allows to
operate the dynamic system at minimal cost based on a linear
approximation of a dynamical system of the form [8]:

X =[A]x+ [B]lu a7
where [A] and [B] are matrices of appropriate dimensions.

The control law for u is obtained in this approach in (17)
by minimizing the following performance index [8]:

7 =05 [, (x"[Q]x + xT[R]x) dt (18)

where t; is the final time and the matrices [Q] and [R] are
parameters used to penalize each state or control action
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differently, thus determining the action of the controller. Both
matrices are semi-definite positive and square.

For an autonomous system, constant weight matrices, and
t; —oo, the minimization of (18) is achieved by the following
control law:

u=—[K]x (19)

where [K] = [R]™![B]T[S]x and [S] satisfies the Algebraic
Riccati Equation [11]:

[ST[A] + [A]"[S] — [SI[BI[R]*[B]"[S] + [Q] =0  (20)
whose solution is positive definite if the pair ([A], [B]) is
controllable and the pair ([A], [Q]%®) is observable [11].
Positive definiteness of [S] guarantees closed loop stability,
i.e., asymptotic stability of the system:

x = ([A] - [B][KDx (21)

Important to note that radial thrust is inefficient for

formation maintenance near a circular orbit [12][13].

Fortunately, the CW model is controllable with only the along
track and cross track control components.

Hence the six-dimensional error vector, e = x — x,,
satisfies:

ux
e= [A]e + [B] uy - uyrl (22)
Uz — Uygr
where,
-0 0 0 1 0 0
0 0 0 0 1 0
0 o0 0 0 0 1
- 2 -
[A] =|3M, o0 0 0 2M, of (23)
0 0 0 —2M, 0 0
. 2 .
0 0 _MO _Znoao 0 0 0
81 =[] (22)
3x3

I1l. RESULTS AND DISCUSSION

First, for the simulation, a PCO-type orbit with an altitude
of 400 km and a 45° inclination is considered. The simulation
time considered is four orbital periods of the formation flying
(4T). The movement to be controlled is the distance between
the deputies vehicles and the chief satellite initiallyat p(0_) =
1 kmto p(0,) = 6 km at the start time, creating a detachment
maneuver and, after two orbital periods p(2T) =3 km, a
rendezvous maneuver.

It is important to note that the three satellites are considered
to be 8U CubeSats of equal mass, 10.5 kg each. And the cross-
sectional areas are the same in all directions for 8U type
satellites, i.e., 0.04 m2. It is also considered here that all
satellites are three-axis stabilized in attitude.

Lastly, the Earth’s atmospheric density is computed
according to the U.S. Standard Atmosphere Model [14] up to
an altitude of 400 km and the drag coefficient is set equal to
2.2. The initial conditions of the simulation can be found in
TABLE I.
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ITA, 29 a 30 SET 2020

TABLE I. INITIAL CONDITIONS OF THE SIMULATION

Parameter Value
A 0.04 m?
a, 6378.14 + 400 km
Cp 2.2
&y 0
Ty 45°
J2 0.001082
m 10.5 kg
M, 0°
[N 0°
p(0_) 1km
p(04) 6km
p(2T) 3km
Doo 216.65 kg/m3

In Fig. 2, the space of along-track, radial and cross-track
coordinates in 2 and 3 dimensions can be observed for the
Follower 1 with initial phase angle of 0 degrees and the
Follower 2 with 90 degrees.

The beginning of the movement is marked by a red
asterisk. It is possible to observe that for all followers the
correction movements from 1 km to 6 km begin in the same
coordinates due to the instantaneous positioning error related
to the ideal state identified by the LQR controller, reaching 6
km using the angle nominal phase of each satellite.
Subsequently, at the time of two orbital periods, the followers
satellites perform a rendezvous maneuver to reach 3 km of
relative position.

It is possible to verify that the existence of different phase
angles in the formation flying causes the followers satellites to
enter different positions in the orbit with greater p, therefore it
is important to consider the possibility of maneuvering at
different times for each of the satellites.

y [km]
(=)
*
A
z [km]
[=]

Follower 1

AN / Follower 2
5 _/ 5
4 2 ] 2 4 4 2 0 2 4
% [km] x [km]
5 e ~ ~ IS,
/ _\‘\ N 5 . / rj“"'\
/ o ~ 7 T
=3 | / AN z ///? } /
20 [ A = 0 /S
~ N /o Pl P
AN 5 f L e
\ T A 5 \\\\ — / L
-5 — 0 \‘“-.\_,_ 2 0 2
5 0 5 . )
y [km] x [km
y (k] fem)

Fig. 2. Along-track, Radial and Cross-track coordinate in 2 and 3 dimensions

The Fig. 3 shows the behavior of the X, y, z coordinates as
a function of time for all followers. It is possible to observe the
decrease in the positions in x, y and z when going from 6 km
of relative position to 3 km.

Fig. 4 shows the control acceleration of the three
components, as a function of time. Finally, Fig. 5 shows the
velocity increments as a function of time.
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T
I Follower 1|
N/ Follower 2 |/
N7 1

x [m]

Follower 1 consumed 6.2161 m/s of Delta-V and the Follower
2 consumed 5.5608 m/s. So, as expected, a phase angle of 90°
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y [m]

z [m]

Orbital Periods
Fig. 3. X, y, z coordinates as a function of time.
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Fig. 4. Control acceleration, u, as a function of time.
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Fig. 5. Speed increments, delta-V, as a function of time.

Looking at Fig. 4 and 5, it is possible to notice that
Follower 1 requires, at the beginning of the simulation period,
a greater performance of the signal from controller u, and
consequently a greater amount of impulse with respect to
Follower 2, as shown in TABLE 2.

The total Delta-V consumption of the Follower 1 to
perform the detachment maneuver was 11.4948 m/s and the
Follower 2 was 8.4853 m/s. For the rendezvous maneuver, the

./ )| tends to decrease the consumption for carrying out the
L maneuver.
35 4
TABLE Il. DELTA-V ANALYSIS.
Delta-V of Delta-V of
Followers detachment rendezvous Delta-V Total
maneuver maneuver
1(a=0° 11.4948 m/s 8.4853 m/s 19.9801 m/s
2 (@ =90°) 6.2161 m/s 5.5608 m/s 11.7769 m/s
Total amount 17.7109 m/s 14.0461 m/s 31.7570 m/s

After carrying out the both maneuvers, the controller only
becomes corrective, in order to compensate for the orbital
disturbances existing in the nominal movement of the
formation flying, so the control signal and the impulse tend to
zero. So, the LQR controller proved to be efficient for
controlling formation flying maintenance and performing
maneuvers.

IV. CONCLUSION

The LQR controller applied to the linear model in
Cartesian coordinates called Clohessy-Wiltshire Equations
proved to be efficient to control the CubeSats' distance
maneuver and also to maintain the required training position
despite the disturbances of the J, term of the gradient
disturbance of gravity due to the inhomogeneity of the Earth
and the disturbance due to the differential aerodynamic drag of
the satellites.

It was also found, as expected, that the phase angle of the
following satellites directly interferes in the consumption for
carrying out the formation flying maneuvers.

This paper was intended to contribute to the conceptual
project of the ITASAT-2 mission by providing controlled
maneuver analysis that should be studied to enable the
acquisition of data relating to plasma bubbles and the
geolocation service.

As a future work, we propose the development of LQR
control of the same maneuvers covered in this paper. However,
in addition to the CW model already presented, a technique
that describes relative movement using Quaternions will also
be used. It is a non-linear propagation method without
singularities from the orbital elements of the formation
vehicles.

In this way, it will be possible to compare the feasibility
(advantages and disadvantages) of each movement simulation
approach, in terms of the accuracy of the positioning of the
satellites during the mission, in addition to the computational
time required.
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