VIRTUAL TESTBED FOR DEVELOPMENT, TEST AND
VALIDATION OF MODULAR SATELLITES
1

2

1

2

Malte Rast , Andre Kupetz , Michael Schluse , Oliver Stern ,
1
Juergen Rossmann
1MMI

RWTH Aachen, Ahornstr. 55, D-52074 Aachen, Germany, E-mail:{rast, schluse, rossmann}@mmi.rwth-aachen.de
2

RIF e.V., Joseph-von-Fraunhoferstr. 20, D-44227 Dortmund, Germany, E-mail: {andre.kupetz, oliver.stern}@rt.rif-ev.de

ABSTRACT
The iBOSS project [1] (Intelligent Building Blocks
for On-Orbit Satellite Servicing and Assembly)
centers around two key elements: modules consisting
of both, structural and functional elements, and a
standardized 4-in-1 interface for docking, power, data
and thermal interconnection. In this approach, the
classical spacecraft subsystems are converted into
specialized and standardized building blocks. These
building blocks are then used to form a maintainable
modular and reconfigurable spacecraft.
In order to handle the technical complexity and bridge
the gap between technical and economical
requirements and impact, all building blocks and all
derived satellites are first modeled and analyzed in a
comprehensive “Virtual Testbed iBOSS” (VTi). The
VTi combines virtual reality and 3D simulation
techniques, and covers all relevant aspects of on-orbit
assembly and operation.
In this paper, we focus on the VTi and its overall
concept as well as the various aspects covered by the
VTi. This incorporates rigid body dynamics, control
algorithms for satellites, robotic servicing in different
orbits, the simulation of thermal and energy aspects
as well as the simulation of the building blocks
interfaces. Several reference scenarios, like satellite
and servicing simulation or hardware-in-the-loop
(HiL) simulation that combine virtual satellites with
physical building blocks, will illustrate the feasibility
of the VTi approach and its benefits for the iBOSS
ecosystem.
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allows for rapid development.
In order to handle the technical complexity and bridge
the gap between technical and economical
requirements and impact, the iBOSS concept follows
a model-based system engineering approach. Before
production, all building blocks and all derived
satellites are first modeled and analyzed in a
comprehensive “Virtual Testbed iBOSS” (VTi)
which combines virtual reality and 3D simulation
techniques and covers all relevant aspects of on-orbit
assembly and operation. The VTi supports engineers
developing new components and satellites, helps
customers designing new satellites, and gives system
integrators the chance to test the entire satellite. In
addition to this, it eases the communication with
decision makers in government and industry
organizations by incorporating technical and
economic aspects. For all these tasks, the VTi offers
a comprehensive model driven approach with
standardized interfaces for software tools. This allows
for an integration of tools and models, and results in
a holistic consideration of the system under
development in the application scenario (Figure 1).

INTRODUCTION

The classic satellite design approach focuses on
unique solutions which results in single-use-systems.
This leads to high costs for development and possibly
space debris after the satellites lifetime. In contrast to
this, the iBOSS approach replaces the classical
satellite design with a standardized and modular
system concept. Typical classical satellite spacecraft
subsystems are broken down into a set of
standardized building blocks. These building blocks
form a construction kit that allows to build up a
maintainable, modular and reconfigurable spacecraft
with the functionalities of a non-modular one. This
type of spacecraft thereby achieves sustainability,
maintainability, upgradeability, cost efficiency and

Figure 1: Holistic consideration of target system and
application scenario.
Following the iBOSS and the VTi approach, the
future life cycle of a communication satellite based on
the iBOSS design may look like this: based upon the
requirements of the customer, a modular satellite is
generated using a Computer Aided Satellite Design
(CASD) tool [2]. Before going into production, this
satellite model has to pass a virtual system test that is
completely carried out inside the VTi. The entire

virtual satellite flies in its virtual target orbit, so that
aspects like thermal and energy budget of the satellite,
attitude control, integrated sensors and actuators,
internal communication etc. can be analyzed. After
passing this virtual system test, the satellite is
assembled and launched. After several years of
operation, the satellite owner may decide to extend
(e.g. a new set of transponders) or repair (e.g. replace
defect building blocks) the satellite. This
“reconfiguration” is also fully tested and verified
inside the VTi (including RvD and robotic
manipulation).
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RELATED WORK

Currently, in the context of space missions, a
distributed development involving multiple domains
is used in combination with different and mostly
incompatible software tools. This makes it difficult
for a decider to get a holistic view of the complete
scenario (see Figure 2).

construction as well as designing methods for 3D
visualization and simulating small aspects of
complex systems, virtual testbeds are the next
consequent step in simulation techniques. The notion
of a "testbed" originates from the space community,
to test space hardware before the actual flight in
physical setups that replicate mission conditions.
Referring to a virtual testbed, this means to advance a
3D simulation environment, so that it realistically
models all important geometrical and physical
aspects of a complex application. So, virtual testbeds
focus on a holistic system consideration to offer a
comprehensive view of components, algorithms,
systems and processes. As a result, virtual testbeds
are a key technology for the cost efficient
development and validation of robotic space systems.
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VTi CONCEPT

The Virtual Testbed iBOSS (VTi) combines
simulation models for all relevant physical aspects
(like orbital mechanics, multibody dynamics, solar
energy input, etc.) with simulation models of the
satellite components themselves (like building blocks,
mechanical interfaces, sensors and actuators) and
embedded control algorithms (like robot and attitude
control). The main aspects of the VTi are depicted in
Figure 3.

Figure 2: Domain-specific development and
simulation models without overall system integration.
In this context, the term “virtual testbed” has been
used in the past in the context of very different
concepts and architectures [3] [4]. Today, 3D
simulation is widely and successfully used during the
planning and operation of many space missions.
Common simulation systems are ROAMS [5],
3DROV [6] and combinations of standard software
packages like Matlab/Simulink and SIMPACK,
which are exemplarily described in [7]. There also
exist systems designed for particular space robotics
missions [8]. The biggest catch of all these
approaches is the inflexibility to use them in a new
application, because they typically have been
designed for a particular scenario.
Besides such software systems with a strong relation
to space applications, there exists a variety of specific
simulation tools like Microsoft Robotics Developer
Studio [9], the Player/Stage/Gazebo Project [10] or
USARSim [11]. All these cover pretty much the same
functionality range like, robot kinematics, multibody
dynamics or sensor simulation. But these software
systems miss the capability and performance to
simulate complex and comprehensive mission
scenarios.
Thus, after developing methods for modelling and

Figure 3: Concept of the Virtual Testbed iBOSS.
The versatile active simulation database (VSD) is the
core of the testbed. It holds the model data and serves
as a communication hub. Software modules work on
this data and provide task specific services, like
photorealistic rendering, interaction, dynamics and
kinematics simulation, thermal input simulation or
sensor simulation. Furthermore, these modules offer
interfaces to external software tools, e.g. to provide

co-simulation (FMU [12]) or hardware-in-the-loop
simulations (HiL). The concept provides workflows
for parameter identification, validation and
calibration of the algorithms by means of reference
data from real testbeds [13]. The models are based on
specifications of components, satellite layout and
mechanical aspects.
The result is a software system for a comprehensive
simulation of iBOSS satellites. This includes on-orbit
servicing and assembly in the VTi and covers all
phases of the life cycle of iBOSS components and
systems from design and development over decision
support and optimization up to tests on system level.
Using the VTi, the virtual mission can fly long before
the real mission, so that the real mission is not the first
overall system test any more.
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KEY TECHNOLOGIES

In this section, we describe some of the key
technologies that are part of the Virtual Testbed
iBOSS. They are fundamental for virtual experiments
to demonstrate the feasibility of the iBOSS concept.
One of the most important aspects is the on-orbit
servicing, which requires an integrated simulation of
the overall multibody system consisting of servicer
and client satellite, its building blocks which are
interconnected by mechanical interfaces, and robotic
manipulators coupling both satellites and servicing
the client satellite. Combined with simulation models
for sensors and actuators, the VTi is used to
implement and test control algorithms for robot and
pose control to achieve a closed loop simulation for
on-orbit-servicing (see Figure 4).
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For example, the components of equal zero in a
non-penetration requirement, or equal the joints target
velocity for a driven joint. The discretized equations
of motion including the resulting constraint impulses
Δ can be solved for an Euler integration step of
the velocities:
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is the mass and inertia matrix and % contains the
external forces, torques, and the gyroscopic term
resulting from momentum conservation. To
simultaneously meet the constraints and the equations
of motion, we insert (3) into (1) and obtain a mixed
linear complementary problem (LCP):
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Here, 89 represents the relative velocity discrepancy
from the reference value in the sense of the target
constraint. The 9 can take values in [ ;<= . . ?9@? ]
according to the constraint requirements. Above
equation can be solved for the tuples ( 9 , 89 ) using
e.g. the Dantzig-algorithm [15].

4.2 Dedicated Model for the Mechanical
Interface between Building Blocks
The close-to-reality simulation of the mechanical
interface required the development of a new
“trajectory constraint”. In order to formulate
constraints that keep rigid bodies on any given path,
we approximate the current path segment as a straight
line, tangential to the current direction (see Figure 5).
The joint constraints are then the same as for regular
prismatic joints, i.e.:

Figure 4: Integrated closed-loop simulation of
satellite and robotic manipulation.

4.1 Multibody Dynamics
The multibody simulation used to solve the equations
of motion of the involved bodies (satellites, building
blocks, interfaces, robots etc.) is a maximum
coordinates formulation using Lagrange Multipliers
[14]. The constraints (e.g. joint mechanism, nonpenetration requirement) of an -body system can be
expressed on the level of velocities ∈ ℝ using
the constraints’ Jacobian as:
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These two lines of
ensure that the point of
reference’s velocity does not have a component in
either direction K or . Thus, the rigid body’s
movement is limited along the line K × .
Effectively, the trajectory joint is a prismatic joint
moving along the specified path with the rigid body
always pointing in the path’s tangential direction.
Due to the numerical integration with step-size ∆ ,
the joint’s point of reference is not exactly on the path.
We find the closest point on the path (minimum
Euclidian distance) by using binary search on a
parameterized version of the path. Finally, a

correctional force (proportional to the distance of the
path, i.e. the current error in position, multiplied with
an appropriate Baumgarte constant) is applied, which
moves the body closer back to the path (Baumgarte
stabilization [16]).

Figure 6: Transfer from low Earth orbit to geo
stationary orbit.

4.5 Thermal Input Simulation

Figure 5: CAD model of the interface on the left hand
side and the resulting trajectory constraints on the
right hand side.

4.3 Robotic Manipulator Simulation
A kinematic planner and a motion control unit have
been developed to simulate robot manipulators
employed for on-orbit servicing. The motion planner
generates a sequence of desired trajectories that the
joints of a robot must follow to successfully complete
a task. For this purpose, a torque-based actuation of
these joints is applied by the motion control unit to
track the trajectories in free space. In case of
physically constrained motion (e. g. in the case of
contacts between robot and environment), the control
unit enables an accommodation of interaction forces
using joint admittance control. To convey insights
into the dynamic behavior of a robot as well as its
efficiency with respect to different performance
indexes such as energy efficiency, the control unit has
been extended with a monitoring module. Details can
be found in [17].

4.4 Orbit Simulation
The elliptical orbit, position and state of a satellite can
be described by the six Kepler parameters [18]. We
provide a module to initialize the simulation that
calculates velocities for all involved rigid bodies
according to given initial orbital parameters. Being
initialized, each body will be propagated by means of
the dynamic rigid body simulation including a
Newtonian gravitation model for the earth attraction
which is numerically stable and sufficiently accurate
for the envisaged applications on a timeline with the
length of multiple days. When exact positioning is
needed, a propagation model for NORAD
perturbation element sets (two-line element sets) like
SGP, SGP4 or SDP4 can be used alternatively. An
example of a simulated transfer into to the geo
stationary orbit is illustrated with the red trajectory in
Figure 6.

Thermal control is an essential aspect of spacecraft
design. In outer space, thermal energy is solely
transmitted by radiation due to the vacuum in space.
A satellite orbiting Earth can gain thermal energy by
direct solar radiant energy, solar energy reflected by
the Earth’s atmosphere (albedo) and thermal infrared
energy emitted by the Earth itself, see Figure 7.

Figure 7: Incident radiant energies for a satellite in
Earth orbit.
The VTi allows to simulate these incident radiant
energies (radiant flux) for satellites in Earth’s orbit,
emitted by the aforementioned thermal sources.
Therefore, we have developed a render-based
approach that determines the illuminated surface area
of a satellite and computes the incident radiant flux in
real-time, utilizing the parallel processing power of
GPUs. The total amount of incident radiant flux
NOP<QR; arriving on the surface of a low Earth orbiting
satellite is summed up as follows:
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Where NOU is the albedo power NOV the infrared power
and NOW<;RX the solar power with the solar
constant ab 1371 h ⁄ij . Y is a material
dependent solar absorption co-efficient. ]^l is the
surface of the projection of the effective radiated

surface for each summand. [ is the amount of albedo
arriving at a satellites surface nearby Earth’s orbit
(around 30 % of the direct solar energy). \ is the
light direction. ` is the infrared irradiance in low
o
Earth’s orbit and can be approximated by 250 q . In
p
case that the satellite is in the Earth’s shadow total
power reduces to NOV (equation (7)).

4.6 User Interaction
One important aspect for a virtual testbed is an
intuitive user interface that covers interaction and
data processing for visualization. The point-andclick-like user interaction offers the user an intuitive
way to move and rotate elements and to rearrange a
satellite layout on-the-fly with the help of contextsensitive metaphors.
During a simulation, the user may need detailed
information for a particular building block. Therefore,
we offer the possibility to overlay additional
information for each satellite part by means of
interactive billboards (see Figure 8). A selected
building block is highlighted with a blue frame
around that block. The blue billboard shows
information about that building block (name and
icons with status information) and allows for
interacting with the building block. For example, the
first icon illustrates whether the building block is
active. The user can click on this icon to activate or
deactivate the building block manually during a
simulation. If a building block is deactivated, the grey
icon is colorized and a red cross metaphor appears on
every face of the building block (lower right corner of
the satellite in Figure 8).

Figure
8:
Interaction
telecommunication satellite.

with

a

Figure 9: Workflow for scenario modeling.
The system offers several possibilities to integrate
external CAD data (using formats like VRML, IGES
or STEP). After importing a 3D file, logically
associated component parts are identified. All
geometric parts that belong to a logical part of an
object are grouped together and managed as
independent objects belonging to a parent object. This
allows for an easy access to each part of the object.
During this step, defect polygons can be repaired and
complexity can be reduced where necessary.
Simplified substitution geometries are created, which
are used for the multi-body simulation.

virtual

This short example illustrates just one of the
extensive visualization and interaction possibilities of
the Virtual Testbed iBOSS during a simulation.
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MODELLING VIRTUAL MISSONS

To create virtual mission scenarios, the VTi offers an
intuitive and comprehensive workflow to easily
create new components up to complex scenarios.
Figure 9 illustrates the workflow to construct the
model of a modular satellite.

Figure 10: Comprehensive model library
For a better management of these models, they can be
stored in a model library that contains models of
different complexity like building blocks or robot
arms as well as complete satellites. Figure 10
illustrates the model library that supports the user in
creating individual satellites (e.g. using external

Figure 11: Screenshot of the VTi software environment.
layout specifications) up to complete servicing
scenarios with the help of predefined servicer
satellites.
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APPLICATIONS

The described concepts and technologies have been
integrated into a comprehensive simulation software
framework. Figure 11 shows the software during an
on-orbit servicing scenario. On the left hand side
there is a tree view of the model database and a dock
window to edit parameters of a selected element in
the database. In the center, the render window shows
the current scenario while underneath the model logic
can be adjusted. On the right hand side there is the
model library on top and a reconfiguration plan with
the next actions of the scenario underneath.
The integration of the key technologies and the
workflows for modelling, allows the VTi to be used
for detailed simulation experiments on the one hand
and complex applications analysis (like optimizing
complete mission scenarios) on the other hand.
Next, we discuss three different application scenarios.
In each of these scenarios, the user can interact with
the model to test the impact of manipulations for that
particular scenario. This provides important feedback
that goes beyond a classical simulation run.

6.1 Energy Impact on Solar Panels
The first scenario addresses the solar energy input
onto the solar panels for a particular satellite layout.
The user can choose the orbit, the orientation of the
satellite and plot the energy input for each solar panel
over time. This offers the possibility to check for selfocclusion, like a particular position of an antenna may

throw a shadow onto a solar panel for a particular sun
direction. This scenario is illustrated in Figure 12 (the
dark blue parts of the right solar panel show the selfocclusion). The user can test different layouts on the
fly to find a suitable solution for his needs.

Figure 12: Self-occlusion on the right solar panel.

6.2. Satellite Reconfiguration
The second scenario focuses the evaluation of a
reconfiguration scenario. Here, the task is to
exchange a defect satellite building block by means
of a special servicer carrying a replacement building
block. In this scenario, the servicer may have docked
at the client satellite and is equipped with a robotic
arm to exchange the defect building block.
By defining a start and a target configuration, an
external tool [19] calculates a reconfiguration plan.
This reconfiguration plan consists of a set of atomic
actions that transfer the satellite into the target
configuration (see Figure 13). Each step of the
reconfiguration plan can be inspected and
manipulated on the fly to test and optimize the
process.

Figure 13: Creating a reconfiguration plan.

6.3 Hardware-in-the-Loop Demonstration
The VTi allows for a smooth transition from purely
virtual test scenarios to system tests with real
hardware. The benefit is that hardware components
can be tested in the context of full application
scenarios, e.g. feeding simulated sensor data to the
on-board control unit and applying commands to the
dynamical simulation model. We call these mixed
setups of real and virtual components “hybrid
testbeds”.
For a first laboratory demonstrator, our partners from
Technical University Berlin (TUB) set up an array of
building blocks: two full hardware blocks, one
computing unit with one interface and several other
computing units (see Figure 14). This array was
reproduced in the VTi (see Figure 15).

Figure 14: Hybrid testbed hardware setup by
Technical University Berlin

Figure 15: Hybrid testbed in the VTi.
Building blocks and interfaces display housekeeping
data of the real hardware (state of the mechanical
interface, contact sensors, optical CAN-interface,
inner and outer voltage and state of the power switch).
Mechanical and electrical interfaces can be
commanded from the VTi.
From the laboratory scenario, we extrapolated to a

rendezvous and docking scenario. The hardware
setup stayed the same, but was extended with more
virtual building blocks to create a complete satellite
executing an RvD process (see Figure 16). During the
rendezvous, we intentionally disabled the hardware
interface control unit between the IMU building
block and the rest of the array. Without the IMU data,
the pose control could not continue the rendezvous
process. The neighbour block recognized the failure
and switched on the optical CAN interface (OCI),
which serves as a backup data interface. Through the
OCI, the neighbour block could regain access to the
IMU data, such that after about 10 seconds, the pose
control could continue the rendezvous process.

Figure 16: Hybrid testbed – RvD scenario with
intentional failure and recovery
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CONCLUSION AND FUTURE
WORK

In this paper, we presented the “Virtual Testbed
iBOSS” (VTi) that has been successfully used for the
development, verification and testing of virtual
iBOSS missions. The testbed integrates data and
algorithms for different domains and makes the
overall system accessible for all stake-holders like
engineers, researchers, managers, etc. and serves as a
central knowledge base. It allows for collaborative
work, so that all parties involved can work together
on one holistic model, the VTi. The VTi allows for an
efficient access to methods, simulation and
experimentation results, already in early development
stages, and for a gradual substitution of virtual
components with their real counterparts.
Our next steps are to provide standardized workflows,
e.g. for decision support and optimization during the
development
process
and
simulation-based
characterization,
qualification/verification
and
validation before and during the hardware realization.
At the same time, we work on improving the accuracy
of the contact and thermal simulation. Our ultimate
goal is to provide an end-to-end complete mission
support from the first design decision over
reconfiguration and life-extension to the end of the
satellite lifecycle.
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