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SMALL SATELLITE FORMATION FLYING APPLICATION USING
THE BASILISK ASTRODYNAMICS SOFTWARE ARCHITECTURE

Simon van Overeem∗ and Hanspeter Schaub†

The miniaturization of satellite technology has renewed interest in the use of a
large number of equal-type satellites flying in a formation to achieve a single goal.
This work aims to integrate a formation flying simulation application into the mod-
ular Basilisk Astrodynamics Simulation Software Architecture. This framework
uses a message passing interface to communicate states between discrete modules,
and a state and dynamics engine to propagate the spacecraft states. Prior work only
shows how to use Basilisk to simulate a single satellite. This paper illustrates how
the framework can be used to simulate a set of spacecraft. First, a simulation is
developed that simulates multiple uncoupled spacecraft in Basilisk. After that, a
simulation consisting of two spacecraft using an attitude control algorithm to allow
for formation flying is created. The performance of this simulation is evaluated by
means of the norm of the attitude error.

INTRODUCTION

Due to their small size and modular nature, small satellites enable multi-satellite missions that
are otherwise not possible.1 These multi-satellite missions require the spacecraft to fly in a for-
mation. Formation flying is defined as a set of two or more spacecraft whose states are coupled
through a common control law.2 In particular, at least one spacecraft of the set must track the de-
sired state relative to another spacecraft and the control law has to depend upon the state of this
other spacecraft.3 These small satellites (of equal-type-and-build) flying in a formation can be used
for distributed sensing missions such as signal intelligence missions where multiple satellites can
be used for the analysis of radio frequency (RF) signals and localization of RF emitters.4, 5 Fur-
thermore, these small satellites can be used for Earth science missions in order to understand the
Earth system and its response to natural and human-induced changes as well as planetary science
missions to understand the planets and small bodies that inhabit the solar system.1

Major formation flying mission design challenges are centered on formations consisting of a large
number of equal-type spacecraft. This type of formation requires a tool that is able to simulate the
dynamics and control of spacecraft formation flying in a modular way. In the field of formation
flying simulation, tools such as the Formation Algorithm and Control Testbed (FACT),6 the Con-
trol & Analysis Simulation Testbed (CAST),6 or the Formation Algorithms and Simulation Testbed
(FAST),7 all designed by the Jet Propulsion Laboratory, can be used for simulation of multiple
spacecraft operating in a formation. However, these simulation tools only allow the user to simulate
a limited number of spacecraft and/or formation types. Both FACT and CAST only allow for the
simulation of two spacecraft in a Leader/Follower formation.6 Furthermore, the FAST testbed is
capable to simulate a formation that consists of no more than five spacecraft.7 Finally, Princeton
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Satellite Systems has developed a formation flying simulation module. This tool is able to simulate
an arbitrary number of spacecraft and also consists of a Graphical User Interface for a user-friendly
environment. However, this tool requires a MATLAB license.8 For this reason, there is the necessity
for an open-source modular formation flying simulation application that allows for the simulation of
equal-type-and-build small satellites. The simulation application has to allow for easy expandability
of the number of spacecraft such that it is also possible to simulate formations consisting of a large
number of spacecraft.

This paper demonstrates that two spacecraft, each with its own characteristics such as space-
craft layout, orbital elements, and flight software can successfully perform formation flying within
a single Basilisk simulation instance. The main challenge that entails the integration of a formation
flying simulation application into Basilisk are that datastreams between different modules should
not be confused. Besides that, the simulation has to make sure that a deputy spacecraft is able to
read the state data from the chief spacecraft and adjust its state accordingly. First of all, this paper
elaborates on the architecture of Basilisk. Furthermore, the architectural layout of a formation fly-
ing simulation is discussed together with the characteristics of this architectural layout. Finally, to
validate that the architecture allows for a formation flight simulation, a deputy spacecraft pointing
control module is developed. With the knowledge of its relative position with respect to the chief
spacecraft, this module allows the deputy spacecraft to point to the chief spacecraft.

METHODOLOGY

This section starts with a brief explanation on the architecture of Basilisk while being used for the
simulation of a single spacecraft. After that, the architectural layout for the simulation of multiple
spacecraft in a single simulation instance is discussed. Furthermore, an explanation is given on
the expandability of the multi-spacecraft architectural layout to allow for the simulation of a large
number of spacecraft. Finally, the formation flying control algorithm is discussed.

Basilisk Astrodynamics Software Architecture

Basilisk is an astrodynamics framework that is able to simulate complex spacecraft systems in
the space environment. The type of space missions that Basilisk can be used for ranges from Earth-
orbiting CubeSats to interplanetary probes. Basilisk is unique in its capability to simulate coupled
attitude and orbital motion to high fidelity with high computational efficiency using a C++ based
dynamics engine, its use of message passing interfaces to provide modularity, and its embrace of
the open source community.9 Besides that, Flight Software modules are written in C to allow these
modules to be easily ported directly to flight targets. Basilisk users interact and develop scenarios
using Python. The Python bindings are auto-generated at build time using the Software Interface
Generator (SWIG) tool.10, 11

The Basilisk framework consists of three components: modules, tasks, and task groups. A mod-
ule in Basilisk is stand-alone code that typically implements a specific model (e.g. an actuator,
sensor, or dynamics model) or self-contained logic (e.g. translating a control torque to a reaction
wheel command voltage). Modules publish output data and receive input data using the publish-
subscribe message passing interface. Modules can receive data as a message by subscribing to
available messages in the Messaging System. Furthermore, modules publish output data as a mes-
sage to the Messaging System.10 To elaborate a little more on this Messaging System an example
is given. Consider a module that outputs a control torque. This control torque data is required by a
module that translates the control torque to a reaction wheel command voltage. In this case, a data
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flow is made possible by the control torque module publishing the data to the Messaging System
with a specific message name. After this is done the command voltage module looks for the same
message name in the Messaging System and uses the linked data as an input.

Tasks are groupings of modules. Each task has an integration rate set by the user which directs
the update rate of all modules assigned to that task. This results in a framework that allows grouping
modules with different integration rates according to the desired fidelity.10

Task groups are the highest level grouping in Basilisk. A task group acts as a silo for tasks and
provides the mechanism for resolving message dependencies between modules (which is done by
making use of the Messaging System).10

Figure 1a shows the general layout of a Basilisk simulation. As can be observed in the figure,
one or multiple task groups can be created each consisting of one or multiple tasks. Each task con-
sequently consists of one or more modules (each module corresponding to the specific update rate
of the task).

a simulation. This feature is particularly useful for enabling
or disabling FSW focused Modules in a Task related to the
simulated spacecraft mode e.g. Safe Mode, Sun Pointing.

Task Groups are the highest level grouping of Basilisk
components. Task Groups act as a container for Tasks and
provide a mechanism for resolving message dependencies
between Modules as discussed in greater detail in Sec. 4.2.
Task Groups can be considered silos of Tasks and the mes-
sages published and subscribed to by Modules within the
Task Group.
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Fig. 2. Basilisk Task Group, Tasks and Module layout.

4.2. Message System

The Basilisk messaging system facilitates the input and output
of data between simulation Modules. The messaging system
decouples the data flow between Modules and Task Groups
and removes explicit inter-Module dependency thus further
supporting the modularity of the Basilisk architecture.

A Basilisk Module reads input messages and writes out-
put messages to the Basilisk messaging system. The message
system acts as a message broker for a Basilisk simulation.

The Basilisk messaging system manages the trafficking of
messages and employs a publisher-subscriber message pass-
ing nomenclature. A single module may read and write any
number of messages. A module that writes output data, regis-
ters the ‘publication’ of that message by creating a new mes-
sage entry with the message exchange. Conversely, a module
that requires data output by another Module subscribes to the
message published by the other Module. The messaging sys-
tem then maintains the messages read and written by all Mod-
ules and the network of publishing and subscribing Modules.

A message is defined by a unique message name, a mes-
sage ID and a payload data structure (typically a C/C++
struct). The messaging system maintains meta-data for each
message in a message header. The message header meta-data
includes a list of allowed message publishers, subscribers,
buffer memory locations and read and write statistics.

The messaging system implements the message storage
as directly managed memory. As shown in Fig. 3(a) a region
of memory is allocated and managed as the message storage
container. The messaging system manages multiple storage
containers, one for each Task Group. The size of the allo-
cated memory for each storage container is determined by the
combined size of the number of created messages, their as-
sociated headers and the number of message buffers allocated
for each message. It is important to note, that all messages are
double buffered in the messaging system. For example, when
a Module writes an updated message to the messaging sys-
tem, the messaging system will alternate writing between the
two buffers. This helps to protect data integrity during mes-
sage writes and facilitates the, albeit rare, use case in which
two modules must write a single message or when Basilisk
operates in a multi-process/threaded configuration. However,
as shown in Fig. 3(a), a Module can declare to increase the
number of buffers for a specific message.

msg n

buffer 1

Msg Storage 1

msg 1

buffer n

msg header

(a) Message system mem-
ory layout

Msg Storage 1

msg 1

msg n

msg n + 1

(b) Message system mem-
ory layout upon new mes-
sage creation

Fig. 3. Basilisk messaging system memory layout and orga-
nization.

A message is created in the message system when a Mod-
ule invokes the call, shown in Listing 4.2, on the SystemMes-
saging singleton instance. This function call takes a unique
message name, the maxSize in bytes of the message payload
struct, the number of buffers into which an entry of the mes-
sage may be written, the type of message payload struct and
the identifier of the module creating the new message. As
demonstrated by Fig. 3(b), the memory allocated is increased
and existing message entries are moved within the allocated
memory to accommodate the new message ‘msg n + 1’.

1 SystemMessaging::CreateNewMessage(
2 std::string messageName,
3 uint64_t maxSize,

(a) Task groups, tasks and modules10

dicated in Fig. 1. The Python bindings are auto-generated
at build time using the Software Interface Generator (SWIG)
tool. A typical Module is defined by a header file (.h) a source
file (.c/cpp) and most importantly a SWIG interface file (.i).
The SWIG interface file contains compiler directives, which
at compile time are parsed and determine the class interface
in resulting target language (Python). At compile time three
build products are produced for Module compilation. These
three build products are a library of the Module’s source (.so
or .dll), a Python interface to the underlying library (.py),
and a Python-to-source language translation file (.cxx). The
Python interface mirror the underlying C++ class variables
and functions. The Python bindings allow users to employ
the Module’s functionality within the Python environment
through the typical package import mechanism as demon-
strated below in Listing. 3.

1 from Basilisk.simulation import
reactionWheelStateEffector,
rwVoltageInterface, simple_nav,
spacecraftPlus

Python Interface (SWIG)

Message 
Storage

Sensor Read

Task Group: FSW
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Message 
Storage

Python Environment - Simulation Scenario Scripts

Fig. 1. An example layout of a complete Basilisk simula-
tion where each element of the system has SWIG generated
Python interfaces available in the Python environment.

The modularity enabled by the SWIG generated Python
wrappers results in no compile time or run time dependencies
between one Module and another. This modularity relives
the user from needing any software compile knowledge and
provides the ability to rapidly develop and reconfigure their
simulation scenario solely in the Python language.

4. MODULARITY IN BASILISK

The types of missions that Basilisk can be used to simulate
lay on a spectrum with earth orbiting cubesats at one end
and interplanetary probes and spacecraft constellations at the

other. The hallmark of the Basilisk framework is its highly
modular system architecture. Modular design has been the
guiding principle throughout Basilisk’s development. The re-
sult is that Basilisk implements only two core system com-
ponents, the Basilisk message system and Basilisk simula-
tion controller. These two components are the only compo-
nents required to begin building a Basilisk simulation sce-
nario. Basilisk’s modular design is achieved by three key de-
sign choices. The first is the complete decoupling of model
and run loop dependence. The second design choice is to
use a messaging system approach to managing Module input
and output data and inter-Module data requirements. Finally,
a Dynamics Manager is implemented to manage the fully-
coupled nature of a spacecraft rigid body dynamics.

4.1. Components

Spacecraft onboard computers typically employ real-time op-
erating system which execute algorithms at both a fixed rate
and within a fixed allocation of time. Similarly, a dynamic
simulation employs either a fixed or variable time step in-
tegration of the equations of motion (EOM). Both of these
time rate driven processes motivate the conceptualization of
the core Basilisk components introduced in this section. The
result is a unique flexibility and configurability of a Basilisk
simulation scenario.

Basilisk’s structure is built upon three components. These
components are Modules, Tasks and Task Groups, and they
are depicted in their relationship to each other in Fig. 2.
A Basilisk Module is stand-alone code which typically im-
plements a specific model (E.g. an actuator, sensor, and
dynamics model) or self-contained logic (E.g. translating a
control torque to a reaction wheel command voltage). Mod-
ules receive input data as messages by subscribing to desired
messages available from the Messaging System. Similarly, a
Module publishes output data as messages to the Messaging
System.

Tasks are groupings of Modules. A Task has a set integra-
tion rate which directs the update rate of all Modules assigned
to that Task. Each Task has an individually set integration
rate. As a result a simulation may group modules with dif-
ferent integration rates according to desired fidelity. Further-
more, the set Task integration rate can be adjusted during a
simulation to capture increased resolution for a particular du-
ration. For example an user may increase the integration rate
for the Task containing a set of spacecraft dynamics modules
in order to capture the high-frequency dynamics of flexing
solar panels and thruster firings during Mars Orbit Insertion
(MOI). Yet the integration time step may be kept to a longer
duration during the less dynamically active mission phases
such as cruise.

The execution of a Task and therefore the Modules within
that Task is controlled by either enabling or disabling the
Task. A Task’s enabled status can be toggled any time during

(b) Example of Basilisk simulation10

Figure 1: Layout of Basilisk architecture

Figure 1b shows an example of a Basilisk simulation. These simulations generally consist of two
task groups in order to make a clear distinction between the onboard Flight Software modules and
the specific Dynamics modules. One task group is used to store modules such as actuators, sensors,
and dynamics models. The name of this task group is the Dynamics task group (task group: DKE).
A second task group is used to store Flight Software algorithms. The name of this task group is the
Flight Software task group (task group: FSW). The messaging system makes sure that the published
output data of each module is used as an input by the correct module. However, in order to simulate
a spacecraft formation flying mission, it is necessary to design an architecture that allows multiple
spacecraft to be set up in Basilisk.

Multiple Spacecraft Simulation Setup

Basilisk Layout Options for Simulating Multiple Spacecraft In order to allow Basilisk to perform
simulations that involve formation flying, it is necessary to set up multiple spacecraft along with
their associated messages. There are different architectural layouts for the Basilisk framework that
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allow the simulation of multiple spacecraft in a single simulation instance. The options considered
for the multi-spacecraft simulation are listed below.

Architectural Layout 1: This layout can be observed in Figure 2. This figure shows one task group
consisting of Dynamics modules and a second task group consisting of Flight Software modules.
Resulting in two task groups consisting of the modules for all spacecraft in the formation. Making
use of this architectural layout results in a clear separation between Dynamics modules and Flight
Software modules which gives the user a clear overview. This separation is especially beneficial
in case simulations are performed that include hardware-in-the-loop as making a clear separation
between Dynamics- and Flight Software modules makes it possible to efficiently load the flight
software on the onboard hardware while running the Dynamics modules remotely on a desktop.
However, in case of the simulation of large amounts of spacecraft this architecture can become
somewhat disorganized.

Process 
Interface

Spacecraft 1 Dynamics Task

Dynamics Task Group

Module 1

Module n

FSW Task Group

Spacecraft n Dynamics Task

Module 1

Module n

Spacecraft 1 FSW Task

Module 1

Module n

Spacecraft n FSW Task

Module 1

Module n

Figure 2: Architectural layout 1

Architectural Layout 2: This layout can be observed in Figure 3. This figure shows one task group
consisting of the Dynamics modules and the Flight Software modules for one single spacecraft. Re-
sulting in a task group for each spacecraft that needs to be simulated. A benefit of this architectural
layout is that the structure is very organized as each task group represents a spacecraft. This helps
the user to efficiently arrange the Dynamics- and Flight Software tasks in the simulation. However,
this architecture shows one obvious disadvantage. In case, for instance, two spacecraft need to be
simulated in a formation (two task groups) and the flight software of the first spacecraft has to read
state data from the second spacecraft a problem occurs. Because the dynamics states of the second
spacecraft are updated after the flight software of the first spacecraft is updated, this flight software
reads state data from a previous timestep which is undesirable.

Architectural Layout 3: This layout can be observed in Figure 4. This figure shows that one task
group consists of the Dynamics modules for a single spacecraft in the formation and that another task
group consists of Flight Software modules for a single spacecraft in the formation. This results in a
total of 2n task groups for n spacecraft. This architectural layout provides a clear separation between
the Flight Software tasks and Dynamics tasks of each spacecraft without becoming disorganized.
For this reason, this architecture also makes it possible to efficiently load the flight software on the
onboard hardware. This architecture has the disadvantage that it requires very strict bookkeeping.
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As it is undesirable to update the Flight Software before the dynamics states are updated, it is
important to make sure that each Dynamics task group is updated before the Flight Software task
groups are updated. This requires the user to continuously keep track of the update order of the task
groups.

Process Interface

Spacecraft 1 Dynamics Task

Spacecraft 1 Task Group

Module 1

Module n

Spacecraft n Task Group

Spacecraft 1 FSW Task

Module 1

Module n

Spacecraft n Dynamics Task

Module 1

Module n

Spacecraft n FSW Task

Module 1

Module n

Figure 3: Architectural layout 2

Spacecraft 1 Dynamics Task

Spacecraft 1 Dynamics Task 
Group

Module 1

Module n

Spacecraft n Dynamics Task

Spacecraft n Dynamics Task 
Group

Module 1

Module n

Spacecraft 1 FSW Task

Spacecraft 1 FSW Task Group

Module 1

Module n

Spacecraft n FSW Task

Spacecraft n FSW Task Group

Module 1

Module n

Process 
Interface

Figure 4: Architectural layout 3

Mainly due to the fact that Architectural Layout 2 can lead to data reading timing issues, it seems
to be undesirable to perform formation flight simulations using this architecture. As a matter of
fact, both Architectural Layout 1 and 3 seem to be reasonable options to perform formation flight
simulations. However, the architectural layout of Basilisk for the simulation of a single spacecraft is
most comparable to Architectural Layout 1. Because this paper shows the first progress in formation
flying simulations using Basilisk it makes sense to hold on to this existing architecture as much as
possible. For this reason, it is decided to proceed with layout 1 to create a working formation flight
simulation for this paper.
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Messaging System Modules can receive data as a message by subscribing to available messages
in the Messaging System. The output data of each module in this Messaging System has a spe-
cific message name attached to it. A module that requires input data consequently subscribes to the
corresponding message name and uses the attached data as an input. In Basilisk each module has
a default input- and output message name for the data. In case multiple spacecraft are simulated
at the same time it is unavoidable to duplicate certain modules. This results in a situation where
two modules (of two different spacecraft) write a message to the Messaging System with the same
message name. After that two modules (again of two different spacecraft) subscribe to these mes-
sages to use the data as an input. However, because both message names are identical it is unknown
which data belongs to which spacecraft. In order to make sure that modules receive the correct
input data it is necessary to make them subscribe to the correct message names. For this reason,
the multiple spacecraft simulation architecture requires the user to manually overwrite the default
message names of the input and output data.

Gravity Body Setup Most Basilisk simulations make use of a built-in module that uses NASA’s
SPICE kernels for time-varying planet ephemeris messages.12 However, in case SPICE is used to
set up a celestial body for a simulation that consists of multiple spacecraft with the exact same
initial conditions an offset exists between the inertial position of the spacecraft and the expected
(and correct) inertial position after the simulation is done. This problem is not solved yet, however,
it is assumed that the SPICE module makes use of different ephemeris data for solving the equations
of motion of each spacecraft. For this reason, the gravity body factory class called gravFactory is
used to add gravity bodies to the simulation. The difference between this module and the built-in
SPICE kernel module is that the gravFactory module does not take into account that the ephemeris
of the planets is time-varying, while SPICE does take this into account. Due to the implementation
of the gravFactory module, this problem is solved.

Expandability Due to the modularity of Basilisk and the simplicity of the Basilisk multiple
spacecraft simulation architecture, it also allows for easy expansion of the number of spacecraft
that needs to be simulated. Making use of Architectural Layout 1, a spacecraft in Basilisk is es-
sentially defined as a set of Dynamics- and Flight Software modules. These modules are sorted in
tasks and these tasks are added to task groups. In order to add a spacecraft to the simulation that is
used to simulate spacecraft of equal-type-and-build, all the user has to do is duplicate the tasks in
both the Dynamics task group as well as the Flight Software task group. Finally, it is necessary to
manually overwrite the message names of required input data and published output data in order to
prevent modules reading arbitrary data (as is discussed in the section about the Messaging System
for multiple spacecraft). This results in the possibility to simulate an arbitrary number of equal-
type-and-build spacecraft with each spacecraft having its own characteristics, orbital elements, and
flight software.

Spacecraft Pointing Flight Software Module

Formation flying is defined as a set of two or more spacecraft whose states are coupled through
a common control law. In order to make two spacecraft fly in a formation, it is necessary for one
spacecraft to read state data from another spacecraft and use this state data to control the spacecraft.
In order to demonstrate that a spacecraft in Basilisk has the capability to read data from another
spacecraft and use this data for control purposes a relative pointing control module is created. This
module is intended for controlled formation flying applications where it is necessary to set up at least
a chief spacecraft and a deputy spacecraft. The notations and derivations used for the design of this
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module are taken from the book Analytical Mechanics of Space Systems.13 The goal of this module
is to align a vector defined by the user in the deputy body frame (Ba) with a vector that points from
the deputy- to the chief spacecraft (Nρ). Both vectors are displayed in Figure 5, where the origin
of the inertial frame (N ) is set to the center of the Earth. The Ba vector defined by the user can,
for instance, be the location of an antenna or a camera within the body frame. Possible applications
of the pointing of these objects to a different spacecraft lie in the field of communication as well
as vision-based relative navigation.14 Besides the Ba vector, the module uses the location of the
chief and deputy spacecraft in the inertial reference frame as an input. The outputs of this module
consist of the orientation, the angular velocity, and the angular acceleration of a reference frame
with respect to the inertial reference frame. This reference frame is discussed in more detail later in
this section. The outputs of this module, as well as the spacecraft’s orientation with respect to the
inertial frame, are fed into the attitude tracking error module which calculates the error between the
reference frame and the spacecraft body frame to make sure that the deputy spacecraft body frame
eventually aligns with this reference frame. The alignment of the deputy spacecraft body frame with
the reference frame has to result in an alignment of the Ba vector with the Nρ vector.
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Figure 5: Vector illustrations used for spacecraft pointing Flight Software module.

As is discussed earlier the inputs of this module are the position of the chief and the deputy
spacecraft with respect to the inertial reference frame (Nrchief and Nrdeputy respectively). In order
to find the unit vector that points from the deputy to the chief Eq. (1) can be used.

N ρ̂ =
Nrchief −N rdeputy

||Nrchief −N rdeputy||
(1)

Consequently, a coordinate system is built around the N ρ̂ vector as can be seen in Eq. (2). In this
equation, N x̂, N ŷ, and N ẑ are the normalized x-, y-, and z-components of theR frame written inN
frame components. Furthermore, N ẑinertial represents the z-component in the N frame ([0, 0, 1]T ).
In case N ρ̂ aligns with N ẑinertial different cross products are taken to avoid undefined axes. The
entries in the direction cosine matrix can be observed in Eq. (3). This direction cosine matrix can
consequently be converted to the Modified Rodrigues Parameter (MRP) vector σRN . This MRP
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vector thus describes the orientation of the R frame that is built around the vector that points from
the deputy to the chief (N ρ̂) with respect to the N frame.

N x̂ = N ρ̂
N ŷ = N ẑinertial × N ρ̂
N ẑ = N x̂× N ŷ

(2)

[RN ] =

N x̂
T

N ŷ
T

N ẑ
T

 (3)

After that, it is possible to calculate the angular velocity of the R frame with respect to the N
frame in N frame components. In order to find the change in σRN a numerical approximation is
used. To find the change in σRN over one single timestep, σRN (tk−1) is subtracted from σRN (tk)
and divided by the timestep (∆t) as can be seen in Eq. (4).

σ̇RN =
σRN (tk)− σRN (tk−1)

∆t
(4)

After that, the angular velocity of the R frame with respect to the N frame in R frame compo-
nents can be computed using Eq. (5) (equation 3.164 in13). All σ components (also the vector ones)
used in this equation are the average between σ at tk−1 and σ at tk. This is done due to the fact that
using the σ components at solely time tk results in incorrect values for ω. The flaw was discovered
due to the fact that for a circular relative motion of the deputy spacecraft with respect to the chief
spacecraft with a known angular rate it turns out that the results from the numerical method fluctuate
around the true angular velocity. Taking the average of σ results in an angular velocity that is in
coherence with values calculated analytically for circular as well as elliptical relative orbits.

RωRN =
4

(1 + σ2)2
[(1− σ2)[I3×3]− 2[σ̃] + 2σσT ]σ̇RN (5)

Using a direction cosine matrix NωRN is calculated from RωRN . Finally, the angular accelera-
tion (N ω̇RN ) can be calculated using Eq. (6).

N ω̇RN =
NωRN (tk)− NωRN (tk−1)

∆t
(6)

The attitude tracking error module calculates the error of the deputy spacecraft’s attitude with
respect to the attitude of a reference frame. For this reason, using theR frame as a reference frame
would result in an alignment of the x-axis of the deputy spacecraft’s body frame with the N ρ̂ vector
instead of an alignment of the vector specified by the user (Ba) with the N ρ̂ vector. For this reason,
an A frame is built around the Ba vector. The vector components of this coordinate system can be
seen in Eq. (7). In this equation, Bẑdeputy represents the z-component of the deputy spacecraft body
frame. Also for this coordinate system yields that different cross products are taken in case the Ba
vector aligns with the z-component of the deputy spacecraft body frame (Bẑdeputy) in order to avoid
undefined axes.

Bx̂ = Bâ
Bŷ = Bẑdeputy × Bâ
Bẑ = Bx̂× Bŷ

(7)
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The direction cosine matrix that consequently maps the B frame to the A frame can be found in
Eq. (8) and is converted to the MRP vector σAB .

[AB] =

Bx̂
T

Bŷ
T

Bẑ
T

 (8)

Thus, up until now, two coordinate frames have been built around a specific vector. TheR frame
around the N ρ̂ vector and the A frame around the Ba vector. So, in order to make sure that the Ba
vector aligns with the N ρ̂ vector, the A frame needs to align with the R frame. However, one of
the inputs of the attitude tracking error module is the deputy spacecraft body frame (B). For this
reason the following computations are performed and illustrated using a 2D example. Note that this
example is given in 2D in order to improve understandability. The calculations performed in the
simulation are done in 3D and are equal to the computations shown in the example (solely an extra
dimension is added to the vectors).

Looking at Eq. (6) the orientation of the N frame can be observed. Besides that, it is possible
to see the B frame and the A frame relative to the B frame. Furthermore, Figure 6 shows the
orientation of theR frame and theR1 frame (noting that σAB = σRR1 by definition). Up until this
point σRN and σAB are calculated. The goal is to align the A frame with the R frame. This is
the same as aligning the B frame with the R1 frame (because σAB = σRR1). For this reason, the
reference MRP that will be used as an output is σR1N and can be calculated using Eq. (9) (because
σBA = −σAB).13

σR1N = σRN + σBA (9)

The angular velocity and angular acceleration stay the same because the A frame is stationary
with respect to the B frame.
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Figure 6: Aligning coordinate systems example.

RESULTS

First, the results of a multiple spacecraft scenario are presented. These results consist of the exact
architecture of the multi-spacecraft simulation as well as plots that show the orbits and angular
velocity of both spacecraft. After that, the results of the spacecraft pointing flight software module
are discussed.

Multiple Spacecraft Simulation Scenario

In order to verify the multiple spacecraft architecture in Basilisk, a scenario is created that sets
up two uncoupled 6 degree of freedom spacecraft orbiting the Earth. This scenario shows future
users how the setup of a multiple spacecraft simulation scenario is different from a single spacecraft
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simulation scenario and proves that it is possible to set up several spacecraft each using their own
flight software algorithms. The main difference lies in the architecture of the simulation as can be
observed in Figure 7. This figure shows the architectural layout of the two Earth-orbiting spacecraft
scenario. It can be observed that according to the design decisions made two task groups are present,
a Dynamics task group and a Flight Software task group. Furthermore, the Dynamics task group
consists of a Chief Spacecraft task and a Deputy Spacecraft task respectively to store the modules.
This scenario consists of two spacecraft (spacecraftObject) for which e.g. the location of the center
of mass, the mass, and inertia tensor can be defined independently. Furthermore, the scenario
includes a device that is able to determine the position, velocity, attitude, and attitude rate of the
spacecraft (simpleNavObject), and a set of reaction wheels (rwStateEffector). Finally, the Earth is
added to the scenario as a gravity body using the gravFactory module and affects both the chief-
and deputy spacecraft. Furthermore, the Flight Software task group consists of four tasks, two tasks
for the chief spacecraft and two tasks for the deputy spacecraft. The two tasks for each spacecraft
form the flight software algorithm and the reason for dividing the modules over two tasks lies in the
difference in integration rate for each module.

Process 
Interface

Chief Spacecraft Task

Dynamics Task Group

spacecraftObject Chief

rwStateEffector Chief

simpleNavObject Chief

FSW Task Group

Earth Gravity Field

Deputy Spacecraft Task

spacecraftObject Deputy

simpleNavObject Deputy

rwStateEffector Deputy

inertial3DPoint Task Chief

inertial3D Chief

trackingError Chief

mrpFeedback Task Chief

mrpFeedbackRW Chief

rwMotorTorque Chief

inertial3DPoint Task Deputy

inertial3D Deputy

trackingError Deputy

mrpFeedback Task Deputy

mrpFeedbackRW Deputy

rwMotorTorque Deputy

Figure 7: Basilisk multiple spacecraft simulation architecture

Figure 8 presents the simulation data flow diagram of the scenario. In this scenario, two space-
craft (each with a uniquely defined initial position, velocity, attitude, and attitude rate) have to align
their body coordinate frame with a reference coordinate frame defined by the user (also uniquely de-
fined for each spacecraft). The orientations of these reference frames are defined by the user through
the inertial3D modules. After that, the trackingError modules receive the orientation and angular
velocity of the spacecraft body frames as well as the reference frame orientation and calculates the
error. This error is consequently converted to a required control torque using the mrpFeedbackRW
module. This data is fed into the rwMotorTorque module to convert the control torque to the re-
quired reaction wheel speed. This speed is finally fed to the reaction wheels of each spacecraft
(rwStateEffector). The change in angular velocity of the reaction wheels eventually has to make
sure that both spacecraft come to rest and align with the user-defined coordinate frames.

Figure 9a shows the orbits of two spacecraft orbiting the Earth. In this figure, the dotted lines
represent the shape of a full orbit, while the red lines show the propagation of a spacecraft over
the simulation period. It can be observed that the orbital elements of both spacecraft are different.
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Furthermore, in Figure 9b and Figure 9c it is possible to see the change in angular velocity for both
spacecraft. It can be observed that both spacecraft have a unique set of curves due to the different
initial attitude and attitude rate.
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Figure 8: Simulation data flow diagram for multiple spacecraft simulation scenario
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Figure 9: Multiple spacecraft simulation results
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Spacecraft Pointing Flight Software module

This subsection describes the results of the Flight Software module developed to allow a deputy
spacecraft to point to the chief spacecraft. To test this control module, a scenario is created in which
two spacecraft fly in a Leader/Follower formation in an elliptical Earth-orbit. This subsection starts
with the simulation data flow diagram, which shows how the modules are connected to each other.
Furthermore, the pointing error is discussed in order to evaluate on the accuracy of the module.

Simulation Data Flow Diagram The simulation data flow diagram of the spacecraft pointing
flight software module can be observed in Figure 10. This simulation data flow diagram shows the
Flight Software task group on the left side and the Dynamics task group on the right side. Besides
that, the tasks added to all task groups and the corresponding modules can be observed. For the chief
spacecraft, there are no flight software tasks added to the Flight Software task group. However, there
is a task added to the Dynamics task group for the chief spacecraft. This Dynamics task consists of
the chief spacecraft (spacecraftObject chief) and the simpleNavObject which is able to determine
the position, velocity, attitude, and attitude rate of the spacecraft. For the deputy spacecraft, two
tasks are added to the Flight Software task group. The Spacecraft Pointing task consists of the
spacecraftPointing module that is discussed previously. It can be observed that this module receives
input data from both the chief- and deputy spacecraft simpleNavObject. The attitude, attitude rate,
and angular acceleration of the reference frame as well as of the deputy body frame with respect to
the inertial frame are used as an input for the TrackingError module of the deputy. The relative error
of these two frames is consequently used as an input for the deputy mrpFeedbackControl module
(which is a part of the MRP Feedback task). This module calculates the required control torque
which is used as an input for the externalForceTorque module. This module can be seen as an
invisible hand that is able to apply torques to the spacecraft in order to change the attitude.

Pointing Error In Figure 11a, Figure 11b, and Figure 11c the normalized attitude error of the
deputy spacecraft body frame with respect to the reference frame can be observed for a simulation
timestep of 1s, 0.1s, and 0.01s respectively. First of all, it can be observed that due to the initial
state of the deputy spacecraft (a tumble), the error behavior shows an irregular pattern up to a
simulation time of about 10 minutes for each simulation timestep. The error consequently decreases
and plateaus. It can be observed that the error decreases with decreasing timestep. In case of a
timestep of 1s, the maximum error after convergence is in the order of 10−6 while for a timestep
of 0.1s and 0.01s the order of the error decreases to 10−7 and 10−8 respectively. Furthermore, it
can be seen that the error in Figure 11a shows periodic behavior as the period of the elliptical orbit
is equal to 97 minutes. However, there is a clear distinction between the three graphs observable.
Where Figure 11a shows a smooth increase and decrease of the error and Figure 11c practically
plateaus (even though a very small increase in error can be observed around 100 and 200 minutes),
Figure 11b shows a capricious pattern after convergence. This essentially means that even though
the orbit of the deputy spacecraft relative to the chief spacecraft is periodic, the error does not match
this behavior.

Due to the fact that a numerical method is used to calculate the angular velocity as well as the
angular acceleration of the chief spacecraft relative to the deputy spacecraft, the error does not
decrease to the magnitude of the machine error. In case the angular velocity is calculated analytically
or an improved numerical method is used, the error is expected to decrease as well. However, it
needs to be noted that the scenario displayed is a scenario under perfect conditions. It is expected
that factors such as reaction wheel jitter and sensor inaccuracy play a significant role and may
overshadow the errors that come from the spacecraft pointing module.
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Figure 10: Simulation data flow diagram for deputy spacecraft pointing control module
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Figure 11: Relative pointing module coordinate system alignment attitude error norm.
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CONCLUSION

From the analysis of the graphs, it can be concluded that it is possible to perform a formation
flying simulation using the Basilisk Astrodynamics Simulation Software Architecture. Due to the
fact that different tasks are used for different spacecraft as well as the use of unique message names
between modules for each spacecraft it is possible to set up a multi-spacecraft simulation in a mod-
ular way. Besides that, in order to increase the number of spacecraft for a formation consisting of
equal-type-and-build spacecraft it is only necessary to duplicate the tasks in both task groups and
make use of unique message names. This can lead to the simulation of tens of spacecraft at the same
time.

Furthermore, Basilisk allows the exchange of data between different spacecraft by designing a
flight software control module that is able to read the spacecraft’s own state data as well as data
from different spacecraft. This leads to a control module that allows a deputy spacecraft to point a
vector at the chief spacecraft with errors that decrease with decreasing timestep (after convergence).
However, it needs to be noted that the spacecraft in the scenario are able to read the state data directly
from a different spacecraft. In reality, the state data needs to be communicated by either making use
of an inter-satellite link or a ground station, introducing another error source. The error behavior of
this module also changes with decreasing timestep. As the orbital period for this formation is equal
to 97 minutes and the chief and deputy spacecraft fly in a Leader/Follower formation, the distance
between the two spacecraft increases and decreases periodically, resulting in a change in pointing
error. Even though the error decreases for a timestep of 0.1s relative to the error for a timestep of 1s,
the error behavior looks irregular. However, eventually decreasing the timestep even more results in
an asymptotic decrease in error down to a factor of 10−8.

Finally, it needs to be taken into account that for the evaluation of this formation flying control
module ideal conditions are assumed. So in case external factors are taken into account, the error
will increase.

RECOMMENDATIONS

With the goal to further improve on this research, future work may include the following set of
items.

Even though the setup that is created for the simulation of multiple spacecraft allows for easy
expansion of the number of spacecraft, it is required to keep good track of the names of the tasks
and modules as well as the message names. For a large number of spacecraft, this can be a very
time-consuming job. For this reason research into a method to more easily set up multiple spacecraft
can be very beneficial for future users.

This research mainly focuses on the setup of multi-spacecraft simulations using Basilisk. How-
ever, in order to perform simulations using thousands of spacecraft, it may be very useful to do
research on the increase in runtime with an increasing number of simulated spacecraft.

For the spacecraft pointing module, ideal conditions are assumed. Further research on the effect
of adding external factors to this module increases the legitimacy of it.

The behavior of the relative pointing module for a timestep of 0.1s shows an irregular pattern. For
this reason, further research should be conducted to test and improve the robustness of this pointing
algorithm.

Finally, the type of formation flying that is simulated only allows for control of attitude. The ad-
dition of a formation flying station keeping control module is the next step to making the formation
flying simulation application more complete.
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