FULL LIFECYCLE SUPPORT FOR MODULAR SATELLITE
SYSTEMS PROVIDED BY COMPREHENSIVE VIRTUAL TESTBEDS
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ABSTRACT
Modular satellites provide a sustainable base for
future space systems. Nevertheless, due to their
modularity, these systems quickly become very
complex and arise a challenge for system design and
verification. Virtual Testbeds provide cross-domain
simulation capabilities, allowing to design, analyze,
verify and validate space systems in a flexible and
cost-effective manner. Within this paper, the authors
present a case study, demonstrating the benefits of
comprehensive systems simulation for an early phase
0 mission definition and extrapolate the results to a
full lifecycle support for modular satellite systems.
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INTRODUCTION

Traditional satellite development focuses on unique
solutions resulting in one-of-a-kind single-use

systems with high development costs and long lead
periods, causing space debris at the spacecraft's end
of life. Consequently, novel approaches increasingly
shift those monolithic architectures to standardized
and reusable building blocks and a modular design
with the advantages of maintainability, reduced time
to orbit as well as servicing and reconfiguration
capabilities.
However, modular satellite systems are very complex
due to the number of partly autonomous sub-systems
with dynamic relationships and an increasing number
of possible internal states. It is characteristic for those
kind of systems that small design changes can have
major consequences including the failure of the entire
system in case of critical design flaws. To achieve the
ultimate goal of a simulation-aided lifecycle of
modular satellites, the ongoing iBOSS (intelligent
Building Blocks for On-Orbit Servicing and
Assembly) project uses overall system simulations
contributed by Virtual Testbeds (see Figure 1).

Figure 1: Combining different lifecycle phases through Virtual Testbeds providing comprehensive system simulations

Virtual Testbeds provide a methodology for a
comprehensive and cross-application simulation
framework that allows the analysis of an overall
system in its envisaged operational environment,
covering all relevant aspects in the system’s lifecycle.
Therefore, Virtual Testbeds are equipped with
efficient simulation algorithms ranging from rigid
body dynamics, thermal input radiance, up to the
simulation of various actuators and sensors,
combined with up to date Virtual Reality and 3D
simulation. Applied right from the beginning of a
project a virtual prototype becomes available,
allowing to design, analyze, verify and validate the
system of interest in different simulation scenarios in
a flexible and cost-efficient manner.
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MODULAR SATELLITE SYSTEMS

Nowadays, new concepts for satellite systems are
developed, focusing on reducing costs and time to
orbit. Concepts like CubeSats [1] enable easy access
to space in a cost- and time-efficient manner.
CubeSats, however, cannot provide the same mission
performance as modern satellite systems, which is
why currently building block concepts for satellites
are developed, targeting a standardized base for the
development of future satellites. Just as in the
automotive sector, a standardized building block
concept is projected to reduce cost and time to orbit,
while offering maintenance capabilities and
additionally opening the space market to SMEs and
the integration of COTS components. Examples for
these currently developed modular standards are
Satlets [2] and the iBOSS concept [3].

2.1 iBOSS and iSATs
Modern technical systems significantly feature a
modular design in both, soft- and hardware, resulting
in “smart” system components with a local
“intelligence”. Thus, only the interaction of all
modules provides the desired system functionality.
Following this concept, iBOSS-based satellites
(named iSATs) are structured by modular building
blocks – the so-called iBLOCKS, which are
connected via a standardized 4-in-1 interface, called
iSSI (intelligent Space System Interface). The
mechanical modularity is complemented by a
decentralized software framework, allowing to
dynamically shift and execute control algorithms.
The mechanical, electronic and software modularity
are the key technologies for the development of a
modular satellite system, forming a consolidated and
promising starting point for the future.

2.2 New Mission Phases
Due to its modularity, the developed iBOSS standard
offers reconfiguration capabilities and thereby
facilitates maintenance of satellites, extending
mission lifetime and the classical ECSS phase model
[4]. A new phase M was introduced in [5], describing

the reconfiguration or maintenance of a modular
satellite (e.g. replacing of defect component,
upgrading with new functionality or refueling).
Afterwards a second commissioning and operating
phase E2* is foreseen, facing a longer mission time
or new mission objectives.

Figure 2: Extended development timeline (see [5])
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OVERALL SYSTEM SIMULATION

To compete with the interdisciplinary challenges of
designing modular systems, simulation technology is
used more and more. A variety of domain specific
simulation algorithms exist, focusing on certain
aspects of systems, such as dynamics,
thermodynamics, robotics or the testing of control
algorithms. In order to exchange models between
simulation tools, specific toolchains and standards are
currently developed [6].
In the context of the growing amount of toolchains,
simulation infrastructures (e.g. SIMSAT [7],
EUROSIM [8], BASILES [9], VTi [10]) attract
attention, as they are capable of combining various
simulation algorithms to a comprehensive overall
system simulation, trying to reduce the amount of
required tools and thereby accelerate and join the
development process of space systems. These kind of
simulation infrastructures are called Virtual Testbeds.

3.1 Virtual Testbeds and Digital Twins
Virtual Testbeds provide a generic software
framework with universal interfaces for the
integration of arbitrary simulation algorithms.
Thereby, they support domain independent design,
analysis and virtual prototyping of mechatronic
systems in space. Virtual Testbeds are based on a
comprehensive simulation database, connecting all
simulation
algorithms
and
thus
enable
interdisciplinary collaboration in project teams [11].
To execute simulations, Virtual Testbeds must
provide a runtime environment with a pre-defined
simulation scheduling [12].
Digital Twins are virtual images of real world assets,
describing their physical properties, physical
behavior, as well as their communication interfaces to
other Digital Twins or real world assets [13]. Virtual
Testbeds provide the infrastructure to simulate
arbitrary networks of Digital Twins.
In section 3.2 and 3.3 some core simulation
algorithms are presented, that were used for the case
study, presented in section 4.

3.2 Orbital Dynamics
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The orbital dynamics simulation is based on a twobody problem. Two point masses with distance 𝑟 are
attracted to each other, according to their gravitational
force (Newton Gravitation).

In the following section, we present a case study,
demonstrating the usage of Virtual Testbeds for the
lifecycle support of modular satellite systems. As an
accompanying example, we use the upcoming iSAT1 – an earth observation satellite – depicted in Figure
4. Due to the antenna characteristics, the iSAT-1 is
capable of covering the earth surface within a
diameter of 800 km.

𝐹 = 𝑚1 ⋅ 𝑥1̈ = −𝑚2 ⋅ 𝑥2̈ = 𝛾 ⋅

𝑚1 ⋅ 𝑚2
𝑟2

(1)

Regarding the mass of the earth 𝑚𝐸 = 5.972 ⋅
1024 𝑘𝑔 and typical satellites 𝑚𝑠𝑎𝑡 ≈ 1 ⋅ 103 𝑘𝑔 ,
while neglecting the influences of other gravitational
sources (other celestial bodies like the moon), it
results in a one-body problem with its inertia system
located at the center of the Earth. Given the initial
velocity 𝑣0 of the satellite, circular and elliptical
orbits can be simulated. To solve equation (1) a
symplectic Euler integration scheme is applied.

iSAT-1 CASE STUDY

4.1 Mission Context
The iSAT-1 mission combines a tracking payload
with an iBOSS-based satellite platform to form a
space segment, which is intended to extend the
operational small object tracking service from the
international cooperative for animal research using
space (ICARUS) [14].

3.3 Thermal Simulation
The thermal simulation is based on a thermal input
simulation [10] and an integrated nodal model. The
thermal input simulation calculates the input radiance
to the iBLOCK surface, taking into account the direct
solar radiant power 𝑃𝑠𝑜𝑙𝑎𝑟 as well as the albedo
𝑃𝑎𝑙𝑏𝑒𝑑𝑜 and infrared radiance 𝑃𝑖𝑛𝑓𝑟𝑎𝑟𝑒𝑑 from earth.
𝑃 = 𝑃𝑠𝑜𝑙𝑎𝑟 + 𝑃𝑎𝑙𝑏𝑒𝑑𝑜 + 𝑃𝑖𝑛𝑓𝑟𝑎𝑟𝑒𝑑
= 𝑆 ⋅ 𝐴𝑠𝑜𝑙𝑎𝑟 + 𝐴 ⋅ 𝐴𝑎𝑙𝑏𝑒𝑑𝑜 + 𝐼 ⋅ 𝐴𝑖𝑛𝑓𝑟𝑎𝑟𝑒𝑑 (2)

4.2 System Design
The iSAT-1 space segment consists of the ICARUS
antenna payload and an iBOSS satellite bus built up
of several iBLOCKs. To support the systems
engineering through comprehensive simulations, a
functional Digital Twin of the to be developed iSAT1 was created. Figure 4 shows an initial 3D model of
the satellite.

The thermal input simulation uses a render-based
approach to determine the illuminated surfaces
𝐴𝑠𝑜𝑙𝑎𝑟 , 𝐴𝑎𝑙𝑏𝑒𝑑𝑜 and 𝐴𝑖𝑛𝑓𝑟𝑎𝑟𝑒𝑑 . The mean solar
power density for a given orbit is given by 𝑆, the
mean albedo power density is given by 𝐴 and the
mean infrared density is given by 𝐼.

Figure 4: 3D Model of the iSAT-1 Satellite System
(top-front view)

Figure 3: Incident radiant power inputs for a satellite
in low earth orbit
Provided by a project partner, a nodal model
simulates the internal temperature distribution. The
integration is based on the Functional Mockup
Interface (FMI). Both simulation algorithms are
coupled by the means of equation (2).

To simulate the satellite in its envisaged environment
a virtual space environment was implemented inside
the Virtual Testbed. Figure 5 (left) shows how the
satellite virtually is set to a circular low earth orbit and
the right image of Figure 5 illustrates the same
constellation but from the satellite’s point of view. In
the first case, the earth provides the inertial coordinate
system. In the second case, the spacecraft provides it.
Even during a simulation, the user can easily switch
between those views.

4.3 Orbit Selection
A very important aspect of the mission analysis is the
determination of the optimal mission orbit since the
selection of a specific orbit directly influences i.a. the
satellite's thermal budget and earth surface coverage
time - a key property for the observation service that
the satellite should provide. Due to its modular
structure, the iSAT-1 is designed for an on-orbit
assembly. Thus, the main assemblies will be
preassembled on earth and brought to the ISS via
supply capsules (e.g. Progress spacecraft). After fully
assembly on the ISS the ready-for-use satellite will
separate and transfer to its final mission orbit.
To satisfy operational safety requirements of the ISS
and iSAT-1, a minimum clearance between their
respective orbits is required. A separation in their
orbital phase only (while keeping the same
inclination and height) is considered not acceptable
because of the remaining collision risk in case of
failures in the attitude and orbit control system. On
the other hand, transporting the satellite to an orbit
with a different inclination would require a costly
amount of extra propellant since the propellant need
for an inclination change is very high. Consequently,
an orbit with the same inclination as the ISS orbit but
different altitude is selected for the iSAT-1.
Considering the configuration of the payload antenna,
providing the position tracking service on earth
surface within a circular area with a radius of 400 km
around the satellite’s current geo-position, different
orbit heights influence the coverage time via different
orbital period times. With an increasing altitude the
time for a full orbit increases as well, which
influences the shape of the ground track, especially
the overlap between tracks of subsequent days. To
analyze the altitude’s impact on the coverage time,
the Digital Twin of the iSAT-1 was simulated within
the Virtual Testbed using the advanced rendering
technique (modelling the tracking geometry) and the
rigid body dynamics engine (realizing the orbit
dynamics). Figure 6 exemplarily shows how the

coverage evolves over time for different altitudes of a
circular orbit with an inclination of 51.6° (ISS orbit).

Figure 6: Progress of the Surface Coverage for
different Orbit Altitudes
During the first orbits (the period times of the
displayed orbits are 𝑇450𝑘𝑚 = 1.56 ℎ , 𝑇500𝑘𝑚 =
1.58 ℎ, and 𝑇550𝑘𝑚 = 1.59 ℎ), the relative coverage
grows almost linear, increasingly retarded by the
more and more frequent occurring crossings with
previous ground tracks. After 24 hours, the growth for
the 550 km orbit suddenly drops because the current
ground track and the one of the previous day have a
large overlap resulting in a very small gain of
coverage per further orbit. Other orbits show a fewer
overlap, which reduces the coverage time.
Notwithstanding the above, the relative coverage for
all of these orbits is limited to 82.11% due to the fact,
that the satellite cannot reach latitudes above 51.6°
because of the chosen orbit inclination 𝑖. Considering
the geometry of the tracking antenna, the maximum
trackable latitude is increased by 3.6°. Thus, iSAT-1
is able to cover the earth’s surface between ±55.2°,
corresponding to a relative coverage of 82.11%.

𝐶𝑟𝑒𝑙 =

𝐴𝑆𝑝ℎ𝑒𝑟𝑒 − 2 ⋅ 𝐴𝑆𝑝ℎ𝑒𝑟𝑖𝑐𝑎𝑙 𝐶𝑎𝑝
𝐴𝑆𝑝ℎ𝑒𝑟𝑒

(3)

Figure 5: Visualization of the Satellite’s Orbit in the Virtual Testbed (left) and Animation of the Satellite’s orbital
movement from the Satellite’s point of view

𝐶𝑟𝑒𝑙 = 1 − 2 ⋅

𝜋(𝑎2 + ℎ2 )
4𝜋 ⋅ 𝑅𝐸2

𝐶𝑟𝑒𝑙 = 𝑠𝑖𝑛(𝑖) ≈ 82.11%

(4)
(5)

The time until the satellite reaches the maximum
relative coverage is called coverage time. Figure 7
shows the non-linear effect of the orbit altitude on the
coverage time as a result of the numeric simulation.

Inside the range of low earth orbits the remaining
atmosphere influences the spacecraft’s speed and
height significantly. With a decreasing altitude, this
perturbing effect increases. Consequently, a satellite on
a lower orbit is forced to reboost more frequently. In
case of the iSAT-1 the propellant demand for 8.5 years
of station keeping at an orbit below ISS would require
tank volumes, which cannot be accommodated in the
modular iSAT-1 configuration without major
complications. Thus, an orbit height of 450 km is
selected for the mission orbit. This orbit also satisfies
the ISS’ safety requirements for collision avoidance.
For an orbit higher than the ISS, it is necessary to
provide a height separation of minimum 20 km,
because the orbital decay of the iSAT-1 due to
atmospheric drag is approximately 1 km per 10 days
(assuming worst-case atmospheric density at solar
maximum). This would leave sufficient reaction time
in case of system failure. Table 1 provides the final
orbit parameters of the chosen mission orbit.
Table 1: Selected mission orbit for the iSAT-1

Figure 7: Dependence of the coverage time on the
orbit altitude with a fix inclination

There is a zone around 575 km height where the orbit
ground tracks on subsequent days are very close to
each other so that full coverage of the earth between
the accessible latitudes would take very long (more
than 10 days). Lower orbits provide much better results.
Between 360 km and 470 km altitude, the time to reach
95% of the maximum coverage becomes less than 50
hours (around 2 days), because the ground tracks of
subsequent days have just a small overlap (see Figure
8). However, at an orbit height around 425 km the time
to reach the remaining 5% of the coverage increases
again. Therefore, there are two local minima inside the
relevant range, one at an altitude of 390 km and one at
450 km. To decide between those two candidates
further aspects must be considered.

Figure 8: Ground track for an orbit at 450 km height

Orbit Eccentricity

0.0

Orbit Inclination

51.6°

Orbit Altitude

450 km

Time for Full
Coverage

57 h 40 min
(2.4 days)

Figure 9 shows three points in time of the rendered 3D
animation during the simulation run inside the Virtual
Testbed. The first moment visualizes the coverage of
the earth surface after nearly 2 hours (approximately
one orbit). Darker areas are not covered yet by the
iSAT-1. After one day, around 60% of the accessible
latitudes are already covered, and the last moment
shows the maximum possible coverage for this orbit
after approximately 3 days.

4.4 Thermal Analysis
Since all modules of the satellite show a certain
structural autonomy, it becomes necessary to
exchange and transport thermal loads through
individual modules. Therefore, each iBLOCK is part
of the spacecraft’s thermal network that ensures to
relocate varying thermal loads so that every module
satisfies its thermal constraints. Consequently, the
dimensioning of the thermal budget becomes more
complex. Usually it is not sufficient to consider only
assumed static peak values. A mode-depending
analysis that distinguishes between different
operational modes of the satellite gives a more
detailed view. However, only steady state values are

Figure 9: 3D visualization of the evolving surface coverage for the selected mission orbit
considered. By contrast, the simulation in the
comprehensive Virtual Testbed allows a timeresolved, detailed analysis of complex scenarios,
including normal operation maneuvers as well as
critical exceptional cases and failure modes,
including peak loads as well as the transient behavior
of the dynamic system.
Another benefit of the Virtual Testbed is the required
effort. Emulating those scenarios in physical
mockups is usually sophisticated and sometimes even
nearly impossible. Furthermore, those mockups only
allow a very limited number of test cycles compared
to the increasing number of possible internal states.
Using a Virtual Testbed it becomes easy to run a great
number of experiments that at least help to determine
and select important test cases that subsequently can
be analyzed in physical mockups.

Figure 10 shows the result of a thermal simulation for
the network formed by all six iBLOCKs of the Front
iBLOCK Assembly. The model is initialized with the
same temperature for all iBLOCKs to analyze the
dynamic transient behavior while transitioning into
the steady state. Up to now no internal heat sources
are considered. Furthermore, the virtual time is set to
July, when the distance between earth and sun
reaches its maximum. As one can see, the transient
behavior ends after around 24 h. The remaining cyclic
ups and downs represent the different lighting
situation during each orbit (cooling down while
moving through the shadow of the earth and heating
up when directly lightened by the sun).

For the iSAT-1 a hybrid thermal strategy was
developed, distinguishing between all central
assemblies and the Front iBLOCK Assembly. In
order to achieve a good thermal decoupling of all
central assemblies from the solar panels, their rear
sides are insulated with Multi-Layer Insulation (MLI).
In contrast to this, the Front iBLOCK Assembly
remains open so that their thermal input will vary
widely over orbit (orbital variation) and season
(yearly variation).
Figure 11: Comparison of the steady state daily
temperature range for the iBLOCKs of the Front
iBLOCK Assembly at different seasons

Figure 10: Transient behavior of the temperature for
the iBLOCKs of the Front iBLOCK Assembly

Figure 11 summarizes the orbital fluctuation range of
each iBLOCK and compares them to those of an
equivalent simulation timely located at January, when
the distance between earth and sun reaches its
minimum. As expected the temperatures of all
iBLOCKs is higher in January, because of the lower
distance at the beginning of each year. Furthermore,
it shows that the orbital fluctuations are slightly
greater than those resulting from season. Figure 12
provides the mean temperatures for the iBLOCKs of
the Front iBLOCK Assembly after all transient
processes have been decayed.

hardware update as well as the optimization of robotic
servicing trajectories regarding minimal energy
consumption and minimal base disturbance (see
Figure 15) [15].

Figure 12: Comparison of the steady state mean
temperatures for the iBLOCKs of the Front iBLOCK
Assembly at different seasons

4.5 Future Lifecycle Support
So far, we demonstrated how Virtual Testbeds can
support the mission definition and check against the
requirements. It is obvious that Virtual Testbeds will
support the ongoing development of the iSAT-1 as
well. Parallel to the development process a more
detailed Digital Twin becomes available, allowing to
analyze the iSAT-1 system in more detail. The
analysis of the thermal budget, regarding electronics
heat and thermal control system, as well as the
analysis and verification of distributed software
architecture and attitude determination and control
system are conceivable applications. Another aspect
is the Assembly, Integration and Test (AIT) of a fully
designed satellite. Since AIT activities become more
challenging when working on a system of systems in
distributed teams, Virtual Testbeds will help to
prepare and schedule test plans as well as the design
of the Mechanical and Electrical Ground Support
Equipment (MGSE, EGSE), illustrated in Figure 13.

Figure 14: Application of a Virtual Testbed to plan an
on-orbit servicing maneuver

Figure 15: Comparison of the energy consumption of
two different robotic servicing trajectories
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CONCLUSION

This paper presents a simulation-based approach
towards a full lifecycle support for modular satellite
systems. The feasibility of this approach is
demonstrated by simulating and analyzing various
mission orbits and aligning them with the mission
requirements applied in the mission definition study
of the upcoming iSAT-1 space mission.
Figure 13: Proposed AIT support by Virtual Testbeds
Especially in the new introduced phase M and E2*
(see section 2.2) Virtual Testbeds have the potential
to provide significant benefit. They allow planning
and optimizing a servicing process virtually, meaning
before it is executed (see Figure 14). This way the
influence of the servicing to the overall systems
behavior can be analyzed safely. Such analysis
include the influence of a new appended iBLOCK to
the thermal budget of the satellite, the analysis of new
mission performance and characteristics due to an

The qualification of modular satellite systems is an
important issue in today’s development of space
systems. Components of modular systems will be
qualifiable according to today’s standards, but due to
the fact, that a modular system might consist of
various amounts of components and subsystems in
arbitrary topologies, a modular satellite will not be
fully qualifiable according to the ECSS standard.
Virtual Testbeds and Digital Twins are a sustainable
base for overall systems simulations and thereby
provide capabilities for simulation-based functional

verification and validation of modular satellite
systems, which might prospectively be used for the
qualification of these systems.

[4] ECSS-M-ST-10C Rev. 1, “Space project
management - project planning and implementation”,
2009

Thus, the importance of simulation technology and
Virtual Testbeds for the development of modular
satellite systems will increase steadily. The
applications of Virtual Testbeds will not end with the
launch of a modular satellite. Regarding the servicing
capabilities, these servicing processes can be planed,
optimized and simulated within a Virtual Testbed.
The influence of a satellite reconfiguration to overall
systems behavior can be analyzed and new mission
objectives can be examined.

[5] Kupetz A, Schluse M, Rossman J (2017) Novel
Development Methodologies using a Holistic Virtual
Testbed for Modular Satellites In: Proceedings of
International Astronautical Congress 68th (IAC),
Adelaide, Australia

In terms of simulation-based verification, we are
currently working on combining Virtual Testbeds
with hardware in the loop test benches, to be able to
perform early integration and validation test of
already existing hardware components. Additionally,
another important point concerning the emerging
trend of simulation-based verification and validation
is the fusion of Model-Based Systems Engineering
(MBSE) approaches and Virtual Testbeds. A fusion
of MBSE and simulation technology is expected to
have a huge impact on the future development of
modular satellite systems.

[6] Sebastiao N, Di Nisio N (2008) A New Standard
for Simulation Model’s Portability and its
Implementation in Simulus, In: Simulation for
European Space Programmes (SESP), ESA/ESTEC
[7] Whitty J (2010) Real Time Distributed
Simulations Using SIMSAT 4.3, In: Proceedings of
Recent Advances in Space Technologies 3rd (RAST),
Istanbul, Turkey
[8] Eurosim, available at:
http://www.eurosim.nl/about/overview/index.shtml
(accessed: 18th April 2018)
[9] Salas Solano S et al. (2014) BASILES: A
common simulation platform to promote models and
simulation reuse, In: Proceedings of 13th
International Conference on Space Operations,
Pasadena, California, United States of America
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