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A B S T R A C T

Model-based systems engineering (MBSE) is an emerging methodology not only in the field of spacecraft
systems engineering. The key objective is to store the whole system design in one single source of truth system
model. The continuously maintained and customizable open-source MBSE tool Virtual Satellite developed
by German Aerospace Center (DLR) offers a framework for storing such a system model. Since the open-
source 3D computer aided design (CAD) software FreeCAD has a dedicated Virtual Satellite workbench for
importing the 3D model file generated by Virtual Satellite, it is possible to export the 3D model from Virtual
Satellite, apply changes to it in FreeCAD, and afterwards reimport it in Virtual Satellite. This paper presents a
workflow implementation to conduct automated steady-state and transient thermal analyses using the Virtual
Satellite system model as a basis, utilizing the aforementioned features. Part of this effort was to extend
Virtual Satellite by thermal modeling capabilities, such as material parameters, surface characteristics, thermal
interfaces, boundary conditions and further relevant aspects. With custom Java applications, so-called ‘‘Apps’’,
all aspects of the system model relevant for a thermal analysis are exported from Virtual Satellite and written
to accordingly generated text files. Moreover, the before described 3D model export is used to export the model
to FreeCAD. The FreeCAD Python console, in combination with the finite element method (FEM) workbench,
is used to create a script that executes meshing, application of the boundary and initial conditions, as well
as identification of contacts between parts and application of the specified contact conductance values. The
obtained files form a complete thermal model and can be fed directly into the open-source FEM software
CalculiX for executing the thermal analysis. Then, the result can be processed by an additional Virtual Satellite
App. To account for the space thermal environment an additional feature was added to the FreeCAD script.
The feature uses orbit information obtained from external mission analysis tools to calculate the approximate
combined heat load from Sun, Earth infrared, and albedo radiation at each time point in the specified
simulation time interval. This new workflow allows to execute quick thermal analyses at an early design stage
and therefore opens new opportunities in the evaluation of different system designs, as early as in a concurrent
engineering study. Configuration parameters are provided that also allow more sophisticated analyses in later
development phases, such as custom mesh definition and local mesh refinement.
1. Introduction

Modeling a system allows to manage its complexity better by giving
different viewpoints, utilizing abstraction and linking of dependencies
and constraints. Facilitating model-based systems engineering (MBSE)
additionally enables rapid, low-effort system analyses and is partic-
ularly useful in the early design and development phase of a space
project. Inputs from numerous engineering disciplines influencing each
other have to be combined and aligned in the system design. An MBSE
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single source of truth system model helps by ensuring that all involved
disciplines share the same up-to-date model of the system at any time,
preventing errors being introduced from engineering processes using
outdated data. Especially in concurrent engineering studies, which are
very common for space projects during the earliest development phases,
this is crucial, as it supports an agile like development where the
system design is often iterated in order to find feasible designs. Making
the latest design available to all stakeholders in a central repository
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improves the efficiency of these iterations. With configuration and
version control management, engineers can still decide at which time
the changes are updated in the central system model and a rollback
to past versions is always possible. Concurrent engineering studies and
the corresponding data exchange is further described in [1,2].

One of the involved disciplines is thermal engineering. Its objective
is to find suitable solutions ensuring that temperatures throughout
the spacecraft stay within the ranges of the respective units’ and
components’ operating temperatures. An inadequate thermal design
may lead to overheating or under-cooling and therefore to failures and
potentially to loss of functionality. Therefore, it is important to confirm
the feasibility of a thermal design concept as early as possible. This
prevents not only potential failures, but can also avoid redesigns at later
stages, which may consume a lot of resources in terms of time and cost.

Since in-depth thermal analyses with simulations are cumbersome
and therefore not often utilized in the fast changing environment of the
earliest project phase, thermal engineers are often restricted to para-
metric approximations for finding an initial thermal design concept.
The first computational models are usually created in phase B, when
the overall design is already advanced to some extend [3]. Phase B is
the third mission phase according to European Cooperation for Space
Standardization (ECSS). It covers the preliminary design of the space
craft and is following the phases 0 and phase A. Phase 0 covers mission
analysis and need identification; phase A, feasibility evaluation and
initial system concept and technical solution definition [4]. In many
cases the effort required for manually setting up a thermal simulation
earlier than phase B would not justify the expected insight. With this
work we intend to improve the thermal design process by enabling
the execution of automated thermal simulations in early design phases
without spending much time on the detailed setup. Therefore, the work-
flow provides thermal engineers with expected spacecraft temperatures,
to support the conceptualization of possible thermal control concepts.

The objective of this paper is to explore the possibilities of coupling
MBSE tools to an environmental analysis tool, in this case thermal
analysis. This is done by conceptualizing and implementing a round trip
workflow that allows conducting automated thermal analyses using a
system modeled in an MBSE tool, such as the open-source tool ‘‘Virtual
Satellite’’. Precisely, this paper

1. shall evaluate if it is possible to create an engineering workflow
that allows to perform automated thermal simulations in early
project phases using data from an MBSE system model.

2. Furthermore, it shall be evaluated how well the automatically
generated thermal model compares to a manually crafted identi-
cal model in order to validate the functionality of the workflow.

All tools required for the workflow should be available under open-
ource licenses.

. State of the art

MBSE tools support different automated analyses. These analy-
es usually focus on functional aspects, interface compatibility, and
ize/mass or power budgets. Environmental aspects are not yet covered
n most MBSE tools, although a first meaningful thermal analysis
an be conducted based on relatively little information, compared to
echanical analyses for example. Especially the amount of geometric

nformation required is quite small. Still, the activities of thermal engi-
eers are often just limited trade-off studies, not using computational
odels in the earliest design phase [3]. More accurate design aids,

uch as thermal simulations, are employed at subsequent stages of a
roject. This is due to the fact that setting up a thermal simulation is
ime consuming. The geometric models and thermal properties from all
ubsystems, units, or components have to be collected and integrated
n one complete model. Then, this composite thermal model has to be
implified and discretized, all boundary conditions have to be applied,
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nd the simulation output has to be evaluated. All of these tasks
are usually done manually. Consequently, it is not efficient to use
these tools in early design phases where design changes are expected
frequently and large parts of the simulation are rendered invalid.

The concept of conducting automated thermal analysis out of an
MBSE system model was implemented in [5] before. However, there
are several differences: One difference is that our work is based on a
MBSE tool that is not focused on thermal aspects, but supports many
other engineering disciplines with a comprehensive system model.
Furthermore, this work focuses on the whole round-trip engineering
from system model to simulation and back to the system model again,
rather than a one-way simulation execution. Finally, our approach uses
open-source tools only for executing the thermal simulation.

Another state-of-the-art approach for exchanging models and mod-
eling data between various modeling and simulation tools is the
functional mock-up interface (FMI). FMI is a tool independent stan-
dard for exchanging dynamic models and for co-simulation. Here the
exchange is realized with a functional mock-up unit (FMU). An FMU
is a zipped file containing the model description in a .xml file, the
implementation in source or binary files and, if necessary, additional
data or resources [6]. As the tools used for the workflow do not
support FMI and have a legacy interface covering parts of the required
interfaces already implemented, the approach was not considered in
this work.

According to the International Council on Systems Engineering
(INCOSE) definition MBSE is the formalized application of modeling
to support the various design, development, verification and validation
activities along all project or product life cycle phases [7]. The objective
is getting away from document-based descriptions of requirements,
dependencies, and interfaces and replacing them with formalized data
models. Without intending this list to be exhaustive, at time of writing
there are two main flavors of MBSE tools with fluent boundaries in
between. Most tools are focusing on one of the two groups, but there
are also tools that include parts of both groups.

The first group of tools focuses on a clear separation between
needs definition and solution design in terms of logical/functional
and physical system architecture. Capella [8,9] with its diagram-based
architecture analysis and design integrated approach (ARCADIA)
method is an example for this methodology.

Due to the goal of enabling quick simulations for MBSE tools,
this paper concentrates on the second group.Tools belonging to the
second group focus on a smooth and seamless integration of analy-
sis/simulation results and iterative design updates to the digital model
data as single source of truth. This concept can be denominated as
‘‘round trip engineering’’ and is also known as ‘‘data driven systems
engineering’’ [10]. Examples are Valispace [11] and DLR’s Virtual
Satellite [12,13]. The latter is an open-source software supporting flex-
ible extensions of the data model, the so-called conceptual data model
(CDM). It is actively used in the DLR’sconcurrent engineering facilitys
(CEFs) and new features and methods are regularly implemented as
described in this paper.

3. Concept

With the ability to verify and validate design changes with an auto-
mated thermal simulation workflow, thermal engineers can focus more
on the development of the thermal design, rather than the evaluation
of recent design changes. This is particularly helpful in the fast-paced
environment of the initial design phase. Furthermore, early analyses
of the system can reveal design flaws that would inevitably cause
significant time delays and cost increases, if spotted at a later stage
of the project.

In order to address the question if it is possible to create such
an engineering workflow a top-level concept has to be elaborated.
There are multiple possible approaches to reach the goal of having a
simulation result with the least possible manual effort. The basis of such

a workflow is always an MBSE tool that contains the system model.
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Fig. 1. Overview of the workflow concept.
The fastest approach would be to directly execute the simulation in the
MBSE software with an integrated simulation tool. However, this is a
very complex task and there are several drawbacks to this. The versions
of the tools would always have to be maintained and it would not be
possible to choose freely which simulation tool to use. Therefore, the
preferred approach is to extract the thermal model from the system
model and provide it to the dedicated thermal simulation tool after the
necessary preprocessing required for the thermal simulation is done.
The preprocessing can either be done using a preprocessor provided
together with the solver, or, with a separate preprocessing tool that
exports the thermal model in the correct format for the solver. Choosing
a preprocessor independently of the simulation tool is another benefit
this approach has compared to the fully integrated approach.

There are multiple ways to process the results after the simulation
was executed. There is the option to visually check the results by
engineers in a postprocessing tool, or in the result files provided by
the simulation tool. More useful would be to have a loop going back to
the MBSE tool, displaying key results from the simulation run directly
in the system model. This requires an application able to automatically
process the results and include them in the system model. This round-
trip would then provide a quick feedback to the engineers, after the
automated simulation process is initiated from the MBSE software.

Fig. 1 depicts the concrete top-level round-trip concept derived for
the workflow. The flow of data displayed in the figure is described in
the following. In order to execute a thermal simulation, a system model
with its geometry and thermal properties is created in an MBSE tool.
The thermal aspects of the system model are then exported as complete
thermal model to an intermediate data format. This data is accessed by
a preprocessing tool which prepares geometry and thermal properties.
The following processing steps have to be applied:

• meshing the geometry,
• setting all boundary conditions,
• applying material and surface properties,
• defining contact conductivities, and
• apply simulation parameters (e. g., static/transient, time steps).

The geometrical shapes in MBSE tools are often modeled as com-
plete predefined bodies such as cylinders or cuboids, which do not have
individual faces or points. This leads to the problem, that the modeling
of contacts between specific faces is not possible. This problem is
solved by enabling the preprocessing tool to detect contacts and the
involved faces on its own. Additionally, the components in contact
with each other have to be defined together with their thermal contact
conductivity in the system model. The defined contacts are exported
together with the rest of the thermal model. The preprocessing tool then
matches the detected contact faces with the contact bodies defined in
255

the system model and applies the respective properties to them.
When analyzing the thermal behavior of space systems, it is also
important to consider the thermal radiation acting on the object in
orbit. For this purpose, the preprocessing was enhanced by the feature
to include orbit data from an external mission analysis tool. The tool
used for this can be freely chosen, the orbit data only has to be
provided in a text file with a specific syntax, containing the information
described in more detail in Section 5.2. This orbit data is then processed
into resulting heat loads that are applied to the individual faces.

All this data related to the thermal simulation model is then written
to a format that is accessible to the thermal simulation tool. The
simulation tool executes the simulation based on this data and finishes
by creating an output file. The output file has to be processed further
to display the results of the thermal analysis in the system model.
This concludes the analysis round trip by making the essence of the
simulation results available to the project engineers via the system
model.

4. Tools in the workflow

In this section, we introduce the open-source tools required for the
automated thermal analysis. How the tools are utilized to implement
the workflow is described in Section 5.

4.1. Virtual Satellite

Virtual Satellite is a model-based system engineering tool that is
based on an extensible data model to support the whole life-cycle of
a space system [14]. As shown in Fig. 2, its extension mechanism
is based on the concept of engineering categories that can be typed
by dynamic type definitions [1]. Virtual Satellite’s language extension
environment then generates Java beans for the engineering categories
to simplify model access. Thereby, Virtual Satellite enables to execute
‘‘dynamic’’ Java applications, called Apps, that use generated code
based on language extensions. Apps can be used to add, modify, and
export data from the model.

Virtual Satellite was initially developed to support early-phase con-
current engineering sessions, such as in the CEF in Bremen [1]. How-
ever, its core development branch also targets later project phases. In
contrast to the CEF version, the core version features product structures
with multiple trees for configuration control and explicit modeling
of equipment. For example, as shown in Fig. 2, a reaction wheel is
modeled once in a product tree to specify its equipment properties. In
a configuration tree, this reaction wheel is then instantiated for each
occurrence on the actual system. Each instance can be configured with
e.g., its position and – if necessary – equipment-specific properties, but

inherits the properties from the product tree.
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Fig. 2. Data model extensions defined in concepts are supported by generated Java bean classes that can be used by the App Engine to access the system data model.
4.2. FreeCAD

FreeCAD is a 3D CAD software, which is freely available under
the open source license [15]. It is capable of all main tasks to be
expected from a commercial CAD software and can easily be extended
with so called workbenches. A workbench is a set of tools specially
grouped for a certain task. There is a number of them included in the
standard version of the tool. An existing Virtual Satellite workbench
groups functionality to import and export data to the MBSE tool. It
was originally created for importing a geometrical model from Virtual
Satellite, changing the model’s geometric features in a CAD program
and afterwards re-exporting the changed geometry from the CAD pro-
gram back to Virtual Satellite. The component structure, including the
geometric information of the components, can be exported from Virtual
Satellite in a JavaScript Object Notation (JSON) file. This file can be
imported into FreeCAD using the before mentioned Virtual Satellite
workbench. FreeCAD is also offering a FEM workbench and a Python
console, which are used in the workflow.

4.3. CalculiX

CalculiX is a finite-element analysis tool that accomplishes ther-
mal calculations [16]. It is a free and open source tool which was
developed by Guido Dhondt and Klaus Wittig in the late 1990s and
is still maintained and updated. The CalculiX application consists of
CalculiX CrunchiX and CalculiX GraphiX. CalculiX CrunchiX is used
to execute the simulations and calculations, while CalculiX GraphiX is
capable of pre- and post-processing the simulation data, also providing
a graphical user interface. Since the pre-processing in our workflow
is done with Virtual Satellite and FreeCAD, CalculiX GraphiX is not
required. Although the simulation results are parsed and fed back into
Virtual Satellite, the post-processing of CalculiX GraphiX can be used
to directly visualize it. CalculiX CrunchiX provides multiple solvers to
handle linear and nonlinear mechanical, thermomechanical or thermal
problems.

The format of the input data is similar to the input format of
the commercial tool Abaqus. It is text based and consists of three
main parts: The first one is the model geometry as a finite element
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mesh. FreeCAD can generate such a mesh from the geometrical model
stored in Virtual Satellite. The second part is the thermal information,
which is assigned to the geometry of the model. It consists of the
initial temperature, contact conductivities, material properties, surface
properties and boundary conditions. This information is extracted from
the Virtual Satellite model and combined with the geometrical mesh
from FreeCAD. The last part includes the simulation configuration. Here
physical constants, the type of the simulation and the desired output
needs to be defined. A FreeCAD script developed in this work provides
the input files with the valid structure and syntax for the execution of
the simulation.

5. Proof of the concept — implementation

The concept defined in Section 3 was implemented in the course
of this work. For this purpose, the tools described in Sections 4.1, 4.2,
and 4.3 were used. This section describes how the automated thermal
simulation workflow was implemented.

The workflow is divided in three steps. The first step covers the
required modeling of the system and the export of the model from
Virtual Satellite. The second step processes the exported model in such
a way, that it is available in the form of one or more valid input files
for the simulation tool. The third and final step is the execution of the
simulation and the feedback of the results to Virtual Satellite to close
the loop.

5.1. Modeling and export in Virtual Satellite

In order to store the thermal model in Virtual Satellite the ‘‘thermal’’
concept was created. It extends the MBSE data model by thermal
parameters and aspects of the simulation setup. This allows the user to
store all parameters relevant for the thermal simulation in the Virtual
Satellite system model. A list of the properties that are facilitated in
this workflow is provided in Table 1, divided into properties that were
already present in the data model and properties that were added with
the ‘‘thermal’’ concept.

After modeling the system with its thermal properties, the export of
the thermal model is done by two parallel tasks: The geometry and part
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Table 1
Properties used for modeling the thermal model in this workflow. Two properties already existed before.

Property Description Virtual Satellite new/default

Element name and ID Name and unique identifier of the element Default

Element 3D geometry The visualization of the geometry Default

Element mesh size Maximum characteristic mesh element edge length New

Contact mesh size Local maximum characteristic mesh element edge length for
areas of contact

New

Thermal contact Defines a contact between two elements New

Thermal contact conductivity Thermal contact conductivity of contact between two
elements

New

Material:
∙ Name
∙ Thermal conductivity
∙ Absorption coefficient (visible)
∙ Emission coefficient (infrared)
∙ Heat capacity
∙ Density

Defines a material

New

Specific face properties:
∙ Absorption coefficient (visible)
∙ Emission coefficient (infrared)

Defines radiative properties for specific face
New

Analysis setup:
∙ Analysis type (static/transient)
∙ Time step
∙ Total time
∙ Include orbit radiation (yes/no)

Defines general properties for the thermal analysis

New

Boundary conditions:
∙ Temperature (face)
∙ Temperature (body)
∙ Heat flux (face)
∙ Heat flux (body)

Defines boundary conditions for individual elements

New

Results:
∙ Maximum temperature (and respective time step number)
∙ Minimum temperature (and respective time step number)

Shows the imported results of a simulation run
New
hierarchy is exported using the existing ‘‘CAD Export Wizard’’ export
function, creating a JSON file containing the shapes from the model, the
unique identifier of their respective component in the system model and
the part hierarchy. The remaining part of the model is exported using
the Java Apps developed in this work. They access the system model
and write the thermal model data to text files. Most of these files have
to be preprocessed further to serve as valid input for the simulation
tool.

5.2. Processing in FreeCAD

The thermal model, which is now available in the form of the
aforementioned JSON file and a series of text files, has to be processed
further in order to correctly apply the boundary conditions and material
properties. Furthermore, the geometrical shape needs to be meshed to
be able to apply the boundary conditions and materials, and to be
able to execute the simulation at all. The FreeCAD Virtual Satellite
workbench is able to import the geometry file that was previously
exported from Virtual Satellite. As mentioned in Section 4.2 the feature
was already created for a different engineering round trip concept.
However, in the application of this workflow, it is used to transfer the
geometry described by the JSON file to an actual geometric represen-
tation in a CAD software. At this stage, the geometry could be exported
as a regular Standard for the Exchange of Product Data (STEP) file to
be further processed with any standard preprocessing tool.

The presented workflow implementation uses the preprocessing ca-
pabilities of the FreeCAD FEM workbench, meaning that the geometry
is not exported but continued to be processed by FreeCAD. This has two
advantages. Firstly, no additional tool is involved in the processing of
the model, which keeps the complexity of the workflow execution, and
therewith, the proneness to errors, low. Secondly, the FreeCAD Python
console/API can be used to automate preprocessing by scripting the
corresponding operations.
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The FreeCAD console provides access to the geometric features of
the model such as points, edges, and faces of a body. Furthermore, it
allows access to the FEM workbench features, of which the integrated
meshing tool ‘‘Gmsh’’ and the mesh exporter are the most important
ones for the workflow.

A Python script that converts the complete model into a ready-to-use
set of input files for the simulation tool CalculiX was developed for the
presented workflow. The top-level tasks are listed in Table 2. The script
first determines which faces actually are in contact with each other by
facilitating FreeCAD geometrical operations. Since it is not possible to
specify contact faces in Virtual Satellite, the automated preprocessing
has to find the contacts itself. If a contact between bodies is either
not defined in Virtual Satellite, or there is no actual physical contact
detected in the preprocessing, it is neglected. Furthermore, geometric
operations are performed to isolate the actual contact area from the
whole corresponding geometric faces to refine the mesh only at the
specific contact location.

After finding the contact faces, the geometry is meshed according to
the mesh parameters defined in Virtual Satellite. The mesh is addition-
ally refined locally at contact areas if specified in the contact definition
in the system model.

As described in Section 3, in addition to the standard preprocessing
tasks, the script is also capable of reading externally provided orbit data
files, to calculate and apply the approximate orbit radiation influences
as dynamic heat loads. The orbit data files must contain the time (step)
information, the sun vector as seen from the spacecraft, the Earth
vector as seen from the spacecraft, and the intensity of incident solar
radiation as percentage of the maximum solar irradiation. The values
can be exported from a mission analysis tool of choice. The script reads
the data and calculates the actual heat load from direct solar irra-
diation, Earth albedo irradiation, and Earth infrared (IR) irradiation.
In order to do this, the orientation of each individual mesh face has
to be determined. Since at the time of the script development there
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Table 2
Top level tasks executed by the FreeCAD preprocessing script.
Task Description

Identification and definition of thermal
contacts

The script identifies contacts between parts and (after meshing)
applies the corresponding contact boundary condition with the
conductivity value defined in Virtual Satellite.

Meshing The script uses the Gmsh tool in FreeCAD to mesh the geometry
according to the parameters specified in Virtual Satellite
(including also local mesh refinement for contact areas) and
exports the mesh to CalculiX input format.

Assignment of node/element sets Mesh groups are created for the individual objects, faces and
areas of contact in order to facilitate the application of
boundary conditions and properties by grouping the
corresponding nodes and elements into sets.

Application of properties/boundary
conditions

Application and export of the material properties, heat fluxes,
initial/fixed temperatures, and radiation properties to the
corresponding node/element sets.

Calculation and application of additional
heat fluxes from space radiation sources

Optional feature that calculates solar, Earth albedo, and Earth
infrared heat fluxes from externally provided orbit data.
was no feature available in FreeCAD to unambiguously determine the
orientation of mesh faces, this had to be implemented in the script by
exploiting the predictability of the ordering of the nodes that form each
element and their respective coordinates. In addition, the obstruction of
each element face is determined by checking for intersections between
the normal vector of a face and any other element. The script then
calculates the resulting heat load factor for a face for each time step.
Afterwards, the resulting factor is multiplied by the solar constant and
applied to the face as face heat load. The same processing is done with
the albedo and Earth infrared factors and their respective constants.
The loads are then added up for each face and written into the input
file for the heat flux boundary conditions.

5.3. Simulation and import of results

All generated input files are referenced in one main input file
in their respective order. This main input file and all other input
files referenced therein are then provided to CalculiX to execute the
simulation. CalculiX generates a number of output files, one of which
contains the information about all the temperatures at the different
nodes at each time step. It also contains the heat fluxes to the FEM
elements.

To close the loop of the workflow, the results have to be imported
back into Virtual Satellite again. This is done by another Virtual Satel-
lite application which reads the simulation output file, obtains the
temperatures, and writes the maximum and minimum temperatures of
each element of the spacecraft into newly created analysis results ele-
ments. This way, a quick check if the temperature exceeds the specified
allowed operating temperature can be executed for each element.

6. Results

6.1. Validation

To enable the use of the workflow in space projects, it has to be
verified that all Virtual Satellite exporters and Python script functions
result in a valid model. For this purpose, the results obtained with them
have to be checked for validity, meaning to check if the thermal model
being created by the workflow matches the actual system model defined
in Virtual Satellite.

The validation logic was to build a model in Virtual Satellite,
process it with the workflow, and compare the simulation results
with a model created manually in the graphical user interface (GUI)
of a commercial thermal analysis tool. This way, all the automated
258
Fig. 3. Geometric representation of the validation model.

preprocessing functions of the workflow would be tested against the
preprocessing in a commercial tool. Since the provided workflow allows
to do two different types of simulations, static and transient, at least
two simulation models are required to check all functions. Of particular
interest was to check the correct application of the contact boundary
conditions for the thermal contacts between the components, since the
automation of these conditions required by far the most effort during
this work. The geometric model used for this validation is shown in
Fig. 3.

The obtained results showed that, as expected, the largest deviations
occurred in the contact areas. The relatively coarse mesh, without local
mesh refinement showed a maximum deviation between the automated
simulation and the reference simulation of around 0.581K. The maxi-
mum and minimum temperatures obtained for the whole model were
around 314K and 294K, respectively. The deviation occurred close to
the area with the highest temperature at a rather narrow contact area
between a component with a volumetric heat flow boundary condition
and one without any heat flow. Slightly increasing the number of nodes
locally, by the means provided in the workflow, already decreased the
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Fig. 4. Meshed validation model with green sun vector.

Fig. 5. Display of the solar irradiation intensity on each mesh face. Note: The visual
representation is not accurate for faces next to body edges.

maximum deviation from 0.581K (21,744 nodes) to 0.132K (24,491
nodes), with the highest deviation occurring in the same region as
before. The use of a further refined mesh reduced the maximum error
to 0.084K (34,815 nodes).

The result for the validation of the dynamic simulation was a
maximum deviation of 0.052K, even with the relatively coarse 24,491
nodes mesh. The validation of the orbit radiation feature could not be
performed within the scope of this work. Still, the correct application
of the corresponding heat flux boundary conditions was already part
of the other models, and the visualization of the solar intensities on
each mesh face shows good accordance with respect to the vector of
the incoming light (see Figs. 4 and 5). A full validation of the workflow
and all its functions requires more effort, which was not possible in the
limited time frame.

6.2. Outlook

During the conceptualization and implementation of this workflow
some aspects were discovered that would either improve the results
or decrease the execution time. Since this work was mainly conducted
as the main author’s Master’s Thesis with strict time limitations, these
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improvements could unfortunately not be applied. Nevertheless, some
of the ideas are presented in the following.

6.2.1. FreeCAD Boolean function execution time
The execution of FreeCAD scripts is generally quite fast. Execution

times of a couple of seconds for models with around 20,000 nodes
were observed using standard office laptop hardware. However, when
including the orbit radiation feature the execution time increases dras-
tically depending on the size of the model. As a reason for that, a
Boolean function of FreeCAD, used for determining the obstruction of a
face, was identified. This function is quite slow and has to be executed
several thousands of times, depending on the size of the model, leading
to a significantly longer execution time compared to the execution
without this specific function. Potential solutions would be to increase
the efficiency of the function in FreeCAD, or to find a workaround that
does not rely on this function.

6.2.2. Additional shapes
The amount of different shapes usable is currently limited, as Virtual

Satellite only offers very basic geometric shapes. With the continuous
development of the tool it might be possible to use more elaborated
shapes in the future.

6.2.3. Automation of mesh analysis
As shown in Section 6.1, to ensure correct results, it is necessary to

analyze the mesh. This mesh analysis could be done automatically by
executing the workflow several times with increasing mesh sizes. The
results could then be compared with each other to reflect the magnitude
of the temperature deviations in the different simulation runs. As soon
as no significant change of the resulting temperature is achieved with a
finer mesh, the mesh parameters can be kept and used for subsequent
simulation runs.

6.3. Result discussion

The obtained results show that the model set up by the automated
workflow preprocessing is generally consistent with the manually cre-
ated one. There are some deviations, but since two different tools were
used this can be expected. Especially since differences in the treatment
of contacts and heat flow boundary conditions were noticed in the
validation process. Consequently, the region with the highest deviation
is a region with a contact and a heat flow boundary condition applied
to one of the contacting bodies. Still, even with a very coarse mesh
the maximum deviation between nodes of the two models is relatively
small, considering that the contact face where the deviations occur
consists of less than 30 elements. Increasing the number of nodes locally
leads to a decrease of the deviations, with a maximum deviation of
0.084K for the models tested in this work. On the one hand, this
indicates that the compared thermal models show a high degree of
accordance. On the other hand, it also shows that the use of the mesh
parameters provided in this workflow can be of high relevance for
obtaining better results, especially close to contact areas.

Moreover, we could show that the workflow creates a valid thermal
model out of the Virtual Satellite system model by means of the second
simulation setup which employed a different component, with larger
contact areas, as heat source. The maximum deviation occurring here
is 0.052K.

The results obtained in this validation are considered acceptable,
since the deviations obtained even for very coarse meshes are relatively
low compared to typical thermal design margins, especially considering
the early stage of the design at which this workflow is intended to be
used. Uncertainties in the range of 15K are considered as typical for
the thermal design in project phase A according to [3].

The tendency to built smaller satellites from commercial off-the-
shelf components in the course of the ‘‘New Space’’ approach is in
favor of this workflow. The thermal properties of these standardized
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components are well known and can therefore be modeled very easily
in the early phases. In addition, there are efforts to provide databases
with off-the-shelf component data to MBSE tools like Virtual Satellite
in the future [17]. Selecting standard components from a database
and automatically transferring their thermal properties into the system
model would further facilitate execution of the workflow.

7. Conclusion

In Section 1 two research questions were posed with the intention
to answer them in the paper. The first question can be answered with
the obtained workflow. In this paper it is shown that it is indeed
possible to execute automated thermal analyses in early project phases.
The provided workflow allows to conduct thermal analyses without
the need to spend much effort on the setup of the thermal simulation
model. It allows to efficiently evaluate the impact of design changes
with respect to thermal aspects. This is facilitated by scripting the
entire preprocessing part, requiring the user to only execute the code
developed in the course of this work.

This work also intends to motivate similar future developments in
this area, which is stressed by the fact that only open source software
is used for the execution of the workflow.

In addition, DLR’s MBSE tool Virtual Satellite was extended by the
capability to store thermal data. Thus, this work also contributed to the
continuous development of the tool, moreover demonstrating that it is
possible to participate in the development of Virtual Satellite without
necessarily having to have a deep knowledge of software development.

The second question about how well the automatically crafted
model compares to a manually crafted one is answered in Section 6.
To summarize, the results obtained facilitating the provided auto-
mated preprocessing functions show good accordance with the results
obtained by a similar, manual simulation setup with a different, com-
mercial tool. There are small deviations though, which are considered
to stem from the differences between the simulation tools, for example,
the slightly different preprocessing of contacts and their conductance.
When a sufficiently fine mesh is chosen the deviations are negligible,
proving that the workflow fulfills its intention to automatically set up
a valid simulation model.

The workflow was developed using the core version of Virtual
Satellite. However, it was pointed out on multiple occasions that it
could be used in the earliest phase of a project. Considering that
there is a dedicated CEF version of Virtual Satellite it is of course
of interest to extend the usage of the produced concept and code to
the concurrent engineering phase. As the Virtual Satellite concurrent
engineering facility’s structure is very similar to the core version, only
small adoptions of the code would be required. The general concept of
the workflow could be adopted without alteration.
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