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Abstract— The ITASAT#2 mission is an upcoming
nanosatellite mission that aims to investigate ionospheric
plasma bubbles and performs geolocation studies using three
formation flying CubeSats. Formation flying missions often
have strict constraints on the geometric configuration of the
satellites’ relative state. In order for the CubeSats to correctly
achieve their desired spatial distribution, the acquisition, or
establishment phase of the mission must be carefully planned
and carried out. With this in mind, the current work aims
to analyze the preliminary AV budget required for the
establishment phase of two possible formation configurations:
the co-orbital String of Beads and the Non-coplanar Oscillator.
In order to do so, the necessary phasing and out-of-plane
maneuvers were analyzed and simulated.
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I. INTRODUCTION

The upcoming ITASAT#2 mission will be composed of
three formation flying CubeSats, with an expected launch
window to occur during the solar activity maximum between
the years of 2024 and 2026. It will operate with three main
objectives: geolocation of signals emitted from a source on
the ground via triangulation, using methods such as Frequency
Difference of Arrival (FDOA) and Time Difference of Arrival
(TDOA)[1]; in-situ monitoring of the ionosphere, focusing on
studying the plasma bubbles that form at altitudes of around
370 km [2]; and technological demonstration of formation
flying capabilities.

Much like many of the previous formation flying missions
preceding it [3], the ITASAT#2 mission will have a strong
focus on a technological demonstration for the coordinated
guidance, navigation, and control of spacecraft. The inter-
satellite relative states have a strong impact on geolocation
accuracy, and so maintenance of their precise configuration is
essential for the accomplishment of geolocation services.

The study of ionospheric phenomena and anomalies, on the
other hand, is of great significance for preserving the integrity
and efficacy of communication infrastructure, such as GPS
signal processing, since accurate models of the ionosphere
and ionospheric plasma do not yet exist for the Brazilian
geospatial region. As such, the mission will be a continuation
of ongoing efforts in the ionospheric modeling, such as those
of the SPORT mission [4], with the overall aim of improving
scientific understanding of the ionospheric environment, with
a particular interest in the equatorial plasma bubbles that form
from sunset electrodynamics processes [5].

Previous and ongoing space missions that involve a
long-term coordinated flight of satellites include the Israeli

SAMSON project, which consists of a cluster of three
CubeSats that aim to demonstrate geolocation capabilities [6];
the TanDEM-X/TerraSAR-X mission, which demonstrated
formation flying as a means of creating a distributed Synthetic
Aperture Radar [7]; the Magnetospheric Multiscale (MMS)
mission used four spacecraft flying in a tetrahedral formation
to study magnetic reconnection in the magnetosphere [8];
and the upcoming Small-scale Magnetosphere and Ionosphere
Plasma Experiment (SNIPE), which also intends to use four
formation-flying satellites to study ionospheric phenomena
[9].

In this context, the current work builds on previous studies
[2][10] to aid in the development of the orbital analysis for
the ITASAT#2 mission. This article is organized as follows: a
brief introduction to Spacecraft Formation Flying is presented,
followed by explanations of the two configurations considered
in this study. Afterward, the methods used for maneuver
analysis are detailed, and finally, the results of the simulations
are presented and discussed.

A. Spacecraft Formation Flying

Spacecraft Formation Flying is a rapidly-developing field of
interest in space applications, allowing for a group of smaller
satellites to act in unison to perform the role that would have
been previously relegated to large, monolithic satellites.

More rigorously, it can be defined as the coordinated flight
of a group of spacecraft whose dynamic states are linked by
a common control law [11].

This allows for greatly reduced costs in mission
development while adding dynamical complexity to the
system. For any specific mission, the satellites’ configuration,
also called their topology, must be carefully chosen in order
to mitigate natural perturbations and achieve the relative
motion that is best suited for the mission’s goals. Coordination
approaches of each topology can be divided into three main
categories [12]:

1) Leader/Follower approaches, where one satellite is
designated as the leader, and the followers have their
relative motion described in relation to it.

2) Orbital tracking, where each satellite’s orbit is tracked
individually.

3) Virtual structures, similar to a Leader/Follower
approach, but with a virtual (fictitious) satellite as the
leader.

In this study, two topologies are presented and analyzed
for the ITASAT#2 mission: the co-orbital String of Beads and
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the Non-coplanar Oscillator. Both follow an Orbital-Tracking
coordination approach, as their relative motion requirements
are simple and can be more easily described by analyzing the
absolute orbital motion of each satellite.

1) Co-orbital String of Beads: In this topology, each
satellite lies on the same orbit, with a small separation in the
mean anomaly. This formation is advantageous for studying
the atmospheric plasma bubbles, but it creates a direction
of collinearity along with the orbital motion, making it
impractical for achieving the mission’s geolocation objectives
[10]. An example of this configuration can be seen in Fig. 1,
with each colored dot representing a satellite.

Fig. 1. Representation of a String of Beads configuration.

2) Non-coplanar oscillator: This formation is similar to
the String of Beads, but one of the satellites has a slightly
different orbital plane, with a small variation in its Right
Ascension of Ascending Node (RAAN), exemplified in Fig.
2, where one can see that there are two satellites in the
same orbital track, and one offset satellite. This allows for
easier triangulation of objects, making it a good formation
for geolocation [10].

Since only the RAAN of the off-plane satellite is changed,
their relative orbits will be Js-invariant in regard to the other
two satellites, minimizing perturbations due to zonal effects
of the Earth’s oblateness [13].

Fig. 2. Representation of a Non-coplanar configuration.

II. METHODOLOGY

Following orbital deployment and the initial commissioning
phase, each satellite must be maneuvered to their desired
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stations in order to accomplish the mission’s goals. This phase
is referred to as the formation establishment phase.

The orbital maneuvers that must be carried out in
order to establish a specific formation depend on the final
desired configuration. For the String of Beads, only in-plane
maneuvering is needed, while the Non-coplanar formation
requires a change to the orbital plane of at least one satellite,
in order to achieve the desired difference in RAAN.

In this section, the methods used to model the establishment
of each topology will be presented.

A. Establishment of a co-orbital formation

The establishment of a String of Beads mainly entails
obtaining the desired angular difference between each
satellite, also referred to as a phase difference. Establishing
this difference involves repositioning the satellites along
the same orbit, which can be achieved by slightly altering
the satellite’s semimajor axis, and therefore changing the
satellite’s angular velocity. This type of maneuver is known as
a phasing maneuver. Since small satellites often have to work
with low-thrust propulsion due to physical and operational
constraints, a continuous-thrust formulation is required for the
orbital maneuvers, rather than an impulsive one.

The methodology for the continuous-thrust phasing used
in this study is based on the simplified analytical model
presented in [14]. The main assumptions underlying this
model are that the orbits are near-circular and that the
altitude does not vary considerably during the maneuver.
These assumptions are satisfied by long maneuvering periods,
which allow for smaller required acceleration values.

The thrust necessary to achieve a given final angular
separation of AM over a maneuvering period of AT depends
on the thrusting period, ¢1, during which the satellite will
experience a tangential maneuvering acceleration, given by
Eq. (1), where 7( is the satellite’s initial orbital radius:

T’oAM
3t (AT — 1)

After this initial thrusting period, the maneuvering satellite
undergoes a coasting period, during which the angular
separation changes according to the difference in angular
velocity. Finally, a second thrusting period re-inserts the
satellite back into its original orbit. Figure 3 illustrates the
overall phasing procedure, where AM; is the final achieved
separation in the mean anomaly.

ey

ae =

AM

AM;

t AT - t; AT

t
Fig. 3. Visualization of the phasing maneuver.

The total AV for the phasing maneuver is given by Eq.
)
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2 ’I’()AM
3(AT —t1)’
And the required AM necessary to achieve a specified

inter-satellite separation (AS) varies with the semimajor axis
(ap), as shown in Eq. (3):

AV = @)

AM = 42 arcsin (AS> 3)
2@()

B. Establishment of a Non-coplanar Oscillator formation

The Non-coplanar Oscillator (NCO) formation requires
both phasing and an out-of-plane transfer in order to place the
offset-satellite in its station, with a difference in the RAAN
(€2) in regard to the initial orbit.

Reference [15] provides two ways to induce a change
in the RAAN: continuous out-of-plane thrusting, switching
directions at the line of nodes, or transferring to a drift orbit
where the difference in the natural rate of nodal precession
will result in the desired change in the non-coplanar orbit.
For the first scenario, the AV expenditure can be estimated
as indicated by Eq. (4), where u, ag, ig, and AQ are the
Earth’s gravitational parameter, the satellite’s semimajor axis,
the reference orbit’s inclination, and the desired change in
RAAN, respectively:

AV = 5 sinig|ag). (4)
2 ap

The required A2 depends on the desired inter-satellite
separation. Reference [10] provides a way to calculate this
offset, reproduced in Eq. (5):

AS
ASQ) = 2 arcsin () 5)
2&0
And the required difference in mean anomaly, considering
a circular orbit, is given by:

AM =AS - Knco. (6)

Where the constant factor Knyco depends on orbital
altitude and inclination. For an inclination and altitude of
1o = 50° and hy = 400 km, respectively, its value is:

Kyco =0.185 s -km ™.

In the second method, the difference in RAAN is generated
by exploiting natural perturbations caused by the Earth’s
oblateness. This perturbation is represented by the .J» zonal
term of the spherical harmonics representation of the Earth’s
gravitational potential.

The secular variation of € under the influence of J5 is given
in Eq. (7) for the circular-orbit case, where R, is the Earth’s
equatorial radius [16].

) 2
0= 73R‘3J21 /ﬂ7 CoS 1g. @)
2 ap

And so an intermediary drift orbit can be established, by
varying either the semimajor axis or the inclination of the
satellite with regard to the reference orbit, resulting in a
differential rate of nodal precession. This may be expressed
as the difference between rates of the satellites:
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59 = Qoffset - QL (8)

Equation (8) allows for the computation of the necessary
change in semimajor axis or inclination required to achieve a
given ¢ Q, knowing the precession rate for the initial reference
orbit, Q. In this study, only a change in inclination was
considered for the establishment of the drift orbit, in order
to keep the satellites’ mean motion unchanged.

Furthermore, in order to achieve better fuel balancing
between all satellites, the effort in establishing the drift orbit
can be mitigated by having all the satellites change their
inclination simultaneously, rather than a single one. This
second approach will be referred to as a ”shared maneuver”. If
01 is the change in inclination required for a given differential
nodal precession rate, then Eq. (8) may be rewritten as:

2
_BRey [ [cos (io + 8i) — cos (io — 01) . (9)

08 = 2 ag

This expression can be further simplified as:

50 = 3R2Jy, | L2 sinig sin .
)

With the value for the required change in inclination, the
AV cost for establishing the drift orbit can then be calculated
in the continuous-thrust case as [17]:

AV = /2 2~ 2cos (W&').
ag 2

ITI. RESULTS

(10)

Y

The numerical simulations performed focused mainly on
investigating the effects of parameter variation on the final
AV for each type of maneuver: in-plane phasing and out-of-
plane transfers.

For all phasing maneuvers, the total maneuvering time was
arbitrarily chosen to range from 1 to 10 days, with the thrust
firing duration ranging from 10% to 50% of the orbital period
(T). For the differential nodal precession-based plane change,
the main parameter considered was the drift period, ranging
from 30 days to 2 years.

In order to calculate the desired phase and RAAN
differences, the separation AS must first be set. Table I
lists the desired inter-satellite separation for each of the two
topologies, based on the results of [10] for optimal geolocation
performance.

TABLE I
INTER-SATELLITE SEPARATION

Topology Separation
Co-orbital 343.5 km
Non-coplanar Oscillator 649 km

Table II presents the orbital parameters used in the
simulations, where hg, eg, 49, wg, and €y are the orbital
altitude, eccentricity, inclination, argument of perigee, and
RAAN, respectively.

For the orbital propagation, the J; zonal term was taken
into account, and the satellites were assumed to be initially
coincidental.
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TABLE II
SIMULATION PARAMETERS

Parameter Value
ho 370 km
eo 0
0 51.64°
wo 0°
Qo 0°

A. String of Beads

Figures 4 and 5 show the results of the corresponding
AV and acceleration required for the phasing maneuver,
represented by the color bars, as a function of the maneuver
time and the thrust firing duration. The chosen maneuvering
time was the main driver in AV consumption, with longer
maneuvering times leading to smaller required thrust and AV,
which can be seen from the fact that the region with the
highest AV is in the left-most region of the graph, indicated
by a yellow color. Overall, the AV was no higher than 3 m/s
for the range of values considered.

|

Maneuver tlme (days

Thrust firing duration (% T)
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o

Fig. 4. Simulation results, showing the effects of the maneuver time AT and
thrusting period ¢1 on the required AV'.
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Fig. 5. Simulation results, showing the effects of the maneuver time AT and
thrusting period ¢1 on the required acceleration a..

Figure 6 shows the final separation obtained after
simulating the phasing maneuver using the analytical method
presented. It is clear that using this methodology, longer
maneuvering times guarantee more accurate results, closer to
the desired separation of 343.5 km, indicated by the horizontal
line.
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Fig. 6. Simulation results, showing the effects of the maneuver time AT on
the final achieved separation AS.

B. Non-coplanar Oscillator

Analysis of the NCO formation’s establishment was divided
between the in-plane phasing maneuver and the out-of-plane
maneuver.

1) Phasing  maneuver: ~ The  phasing  maneuver
requirements for the NCO formation differ between
both maneuvering satellites. The offset satellite has a
corresponding desired phase difference given by Eq. (5),
which leads to a smaller required mean anomaly difference
in comparison to the co-orbital maneuvering satellite.

Figures 7 and 8 show the resulting AV and required
acceleration for the phasing maneuver of the offset satellite.
The phasing AV for the offset satellite is low, due to a smaller
required phase difference.
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Fig. 7. AV requirements for the phasing maneuver of the offset satellite.
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Fig. 8. Acceleration requirements for the phasing maneuver of the offset
satellite.

Figures 9 and 10 show the resulting AV and required
acceleration for the phasing maneuver of the co-orbital
satellite. While the AV values associated with the phasing
maneuver of the co-orbital satellite are higher, they do not
exceed 6 m/s.
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Fig. 9. AV requirements for the phasing maneuver of the co-orbital satellite.
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Fig. 10. Acceleration requirements for the phasing maneuver of the co-orbital
satellite.

2) Out-of-plane transfer: Generating the necessary change
to the orbital plane of the offset satellite via propulsive means
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is prohibitively costly in terms of the required AV, resulting
in a required change in velocity of around 900 m/s.

For the case of establishment of a drift orbit for
the differential nodal precession-based plane establishment,
Figures 11 and 12 show the correspondence between allowed
drift time and the required AV for establishing the drift orbit,
for the single-maneuvering satellite and the shared maneuver
cases, respectively. Each color bar represents the change in
inclination needed to achieve the drift orbit.
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Fig. 11. AV requirements for establishing the drift orbit.
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Fig. 12. AV requirements for establishing the drift orbit using a shared
maneuver.

Considering a maximum acceptable drift time of one year,
Figures 13 and 14 show the required AV for the establishment
of the drift orbit, for the single-maneuvering satellite and
shared maneuver cases. The corresponding values of 28.9
m/s and 14.4 m/s show that the maneuvering costs can be
essentially cut in half by performing a shared maneuver.
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Fig. 13. AV requirements for a one-year drift orbit.
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Fig. 14. AV requirements for a one-year drift orbit based on a shared
maneuver.

IV. CONCLUSION

In this study, the establishment of two formation topologies
for the ITASAT#2 mission, the String of Beads and the Non-
coplanar Oscillator, were analyzed in terms of the required
orbital maneuvers.

The phasing maneuver, required by both topologies, was
shown to be not considerably expensive in terms of AV
expenditure, with it depending mainly on the allowed
maneuvering time: longer maneuvering periods led to lower
AV and thrust requirements.

The non-coplanar transfer required by the NCO formation
was found to be prohibitively costly if performed via
propulsive means, requiring upwards of 900 m/s of AV.
However, it was also shown how this cost may be mitigated
by exploiting natural perturbations caused by the Earth’s
oblateness: establishment of a drift orbit in which the
differential nodal precession will naturally lead to the desired
difference in RAAN can cut down the required cost, especially
when the shared maneuver approach is used. The main fuel-
consumption driver, in this case, is the allowed drift time,
with short periods leading to an exponentially higher cost for
the establishment of the drift orbit, since the corresponding
inclination change becomes larger.

A proposal for future work involves the optimization of the
drift orbit for AV minimization, with simultaneous changes to
the semimajor axis and inclination, and incorporation of other
perturbations, such as differential drag and solar radiation
pressure as a means of controlling the relative maneuvering
of the satellites.
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