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1 Introduction to the SONATE Mission 

 

The SONATE nanosatellite is being launched 2019. The main payloads on board are going to 

be ASAP and ADIA/ADIA++. 

The aim of ASAP is to heighten the degree of autonomy of the satellite. When detecting 

interesting phenomena with the cameras (such as meteors or volcanic eruptions) the system 

will autonomously take care of the further target planning (e.g. orient cameras to detected 

phenomenon or not).
1
 

The ADIA/ADIA++ system was designed for autonomous failure detection on board. The 

system shall be able to detect failures and their origins at an early stage in order to prevent 

system failure and increase the reliability of operation.
2
 

Both systems are going to be tested on board of the satellite. 

One of the initial steps for this project is the mission analysis for the nanosatellite. On that 

basis detailed planning of subsystems can proceed. Therefore, it would be advantageous to 

have a tool capable of simulating the satellite and its subsystems for a certain period of time.  

On these grounds, it is the aim of this master thesis to develop a highly modular, client-server-

based simulation program utilizing the programming language Java. Aside from the server the 

focus is hereby laid onto the orbital dynamics module containing orbit propagation and 

attitude determination as well as on the power subsystem consisting of the subparts power 

production, power consumption and power storage. 

                                                 
1
 Cf. Universität Würzburg, Lehrstuhl für Informatik VIII, ASAP,  

http://www8.informatik.uni-wuerzburg.de/en/wissenschaftforschung/asap/  
2
 Cf. Universität Würzburg, Lehrstuhl für Informatik VIII, ADIA ++, 

http://www8.informatik.uni-wuerzburg.de/en/wissenschaftforschung/adiaplusplus/  

http://www8.informatik.uni-wuerzburg.de/en/wissenschaftforschung/asap/
http://www8.informatik.uni-wuerzburg.de/en/wissenschaftforschung/adiaplusplus/
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2 Objectives of the Thesis and Simulation System 

 

The objective of this thesis is to not only carry out mission analysis for the SONATE mission 

but it mainly focuses on the development of a software application facilitating a quick and 

extensive mission analysis including all subsystems of the satellite.  

The concept was inspired by the SMASS system developed at the Technical University Berlin 

in 2004.
3
 

Usually mission analysis is done by applying separately different tools which are specific for 

each subsystem, e.g. power subsystem, thermal subsystem. The drawback of this method is 

that the system is not analyzed as a whole; rather all subsystems are investigated separately 

from each other using statistical assumptions.
4
 In case one or more system parameters should 

change, the effect of this variation onto other parts of the system will not directly be 

accessible and visible. 

A simulation tool considering all these subsystems overcomes this weaknesses and helps to 

develop a balanced system. The SONATE mission would highly benefit from such a system in 

the early development phase when it is especially important to fundamentally define the 

subsystems without going into too much detail. Different system configurations and operation 

scenarios can be evaluated quickly and compared to each other in order to find an optimal 

solution. Furthermore such a simulation tool admits an early discovery of bottlenecks
5
 and 

counteractive measurements can be taken in time. 

The simulation system is going to exhibit a client-server structure, where the subsystems are 

separated modules acting as clients.
6
 The server is the core to which all clients connect, 

providing the communication between clients and managing the simulation execution. All 

communication takes place via the TCP/IP protocol, thus clients can run on different entities 

and even hardware components can be included instead of software. The program is having a 

highly modular structure which renders it possible to have an arbitrary extension in the future. 

A more detailed explanation of the demands on the software and the implementation can be 

found in the next chapter. 

                                                 
3
 Cf. Briess and Kayal, A Mission Analysis and Simulation System for Cost Effective Earth Observation Missions 

with Micro-, Nano- and Pico-Satellites 
4
 Cf. loc. cit. 

5
 Cf. loc. cit. 

6
 Cf. Berlin et al., SMASS - A Lightweight Satellite Simulation Framework for Concurrent Engineering in 

Education 
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The developed tool can be expanded during the investigation of the SONATE subsystems and 

be tailored as needed. In addition it can be applied to the mission analysis of later satellite 

missions of the university. 

The master thesis is concerned with implementing an application as described above using the 

Java programming language. Focus will be laid onto the power subsystem of the satellite. The 

developed application is then used to investigate different mission scenarios and subsystem 

configurations of the SONATE mission. 
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3 Simulation Software 

 

This chapter will describe in detail the developed software. First the requirements that need to 

be met by the implementation are presented. Afterwards details about the implementation are 

given. 

 

3.1 Requirements 

 

In the following the software requirements for the simulation tool will be derived from the 

desired features. 

Modularity 

The most important requirement is the modularity of the software. Since the modules 

correspond to the different subsystems of the satellite or aspects of the mission operation, the 

modularity feature must ensure that these subsystems can be implemented with an arbitrary 

degree of complexity in the future. Furthermore it must be possible to add any kind of 

module, even those that were not given consideration to during the development of this 

application. It shall also be possible to have multiple modules concerned with the same task 

(e.g. two modules for orbital dynamics with different accuracy and complexity) so that the 

user can decide which module to use for simulations.  

Distributed Architecture & Independence 

Another goal is to allow the execution of the single modules on different processors and also 

to facilitate hardware in the loop tests. Therefore a client-server structure is used, where 

communication takes place via the TCP/IP protocol. All messages are strings of ASCII 

format
7
. Thus every device able of using this protocol can participate in the simulation run. 

Furthermore with this concept modules can also be written in other programming languages 

as long as communication via TCP/IP is possible. 

  

                                                 
7
 Cf. Berlin et al., SMASS - A Lightweight Satellite Simulation Framework for Concurrent Engineering in 

Education 
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Multiple Simulations 

It shall be possible to run multiple simulations simultaneously. This requirement influenced 

the structure of the client-side heavily: Each client is split up into master and slaves. Details 

can be found in the following chapters. 

Availability of Two Modes 

Two different modes shall be accessible: a simulation mode and a real-time mode. In the 

simulation mode the configured simulation shall be run as fast as possible in order to generate 

the results. In the real-time mode the calculation results shall be performed for the real time 

and presented at the current point in time. During this thesis only the simulation mode was 

implemented. However by writing either a new simulation clock or an additional module 

taking care of the real-time requirement this mode could be realized. 

Save/Load 

Of course the program needs to offer a save and load option. It must be possible to load and 

save configurations for a later point in time or for archiving. The same needs arise for the 

simulation results which shall be preferably available in a form accessible by other programs 

(e.g. by MATLAB for convenient plotting). The results can be saved, for instance, in some kind 

of log-file for each module, containing the simulation steps and results for those. 

Ease of Use 

The whole application needs to be user-friendly. This aspect refers to two different groups of 

people working with the application. 

The first group are those who apply the program for mission analysis and simulation. For 

those users it must be easy to set up different configurations. Furthermore, the access to the 

simulation results should be straightforward. This sets up the requirement of a self-

explanatory and pleasant Graphical User Interface (GUI). 

The second group are the programmers of the future modules. It would be advantageous if 

they could concentrate on the implementation of their module without spending too much 

time on issues like communication. 
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3.2 System Concept 

 

The following subchapter presents the fundamental concepts on which the developed system 

will be based on, and that will facilitate the realization of the requirements mentioned before. 

 

3.2.1 Client/Server Architecture 

 

The program is going to exhibit a client-server architecture, just as the SMASS tool.  

The different stand-alone simulation modules act as clients of the system. They can connect to 

the server via the network and therefore it is possible to run these components on spatially 

distributed locations and different devices like laptops, desktop PCs or even custom hardware, 

enabling hardware in the loop simulations
8
. Due to this separation clients can be developed 

independently and modularity is warranted. 

The server application is the core of the program to which all clients connect. It will be in 

charge of managing communication and hence be responsible for distributing messages, data 

and simulation results between the clients as requested by those. Furthermore, the server 

executes the demanded simulations. 

 

 

Fig. 3.1 Visualization of Client-Server Architecture9 

 

                                                 
8
 Cf. Berlin et al., SMASS - A Lightweight Satellite Simulation Framework for Concurrent Engineering in 

Education 
9
 Berlin et al., SMASS - A Lightweight Satellite Simulation Framework for Concurrent Engineering in Education, 

p.2 
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Fig. 3.1 depicts the client-server architecture. The client modules (Software (SW) and 

Hardware (HW) components) are connected to the server. As it can be seen, different modules 

which simulate the same aspect of a mission (e.g. orbital dynamics is implemented by Orbit 1 

and Orbit 2) can also be incorporated. 

 

3.2.2 Behavioral Design Pattern 

 

Another issue to be solved is how modules can retrieve messages containing relevant 

information from other modules and provide their results to others, hence how communication 

is arranged. For example, if the power module needs input information from the attitude 

module before it can execute its calculations, some coupling between these modules needs to 

be established. Since different modules can be linked together for simulation purposes it is not 

known ahead which modules are going to take part in one simulation run. 

For this purpose two patterns are going to be combined with each other: The mediator pattern 

and the publisher-subscriber pattern. 

The mediator pattern sources the way single objects interact with each other out into a 

separate object, called the mediator. Objects do not refer to each other explicitly now, but they 

contact the mediator instead, allowing loose coupling between each other. The objects 

interacting with the mediator are called colleagues. An advantage of this is that their 

interaction can now be modified independently, since it is encapsulated in the mediator.  

Fig. 3.2 visualizes this pattern with four depicted colleagues which are all connected to the 

same mediator, coordinating interaction between the colleagues.
10

 

                                                 
10

 Cf. Gamma and Riehle, Entwurfsmuster, p.385-391 
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Fig. 3.2 Visualization of Mediator Pattern 

 

In the case of the developed application the client-server structure supports this division. The 

mediator will be incorporated by the server and the clients correspond to the colleagues. 

Hence none of the clients will communicate directly with each other but instead contact the 

server which decides what actions to take. This will release developers of further clients of the 

workload of message distribution and promote loose coupling of the single modules. 

The second pattern to be implemented is the publisher-subscriber pattern. A publisher sends 

out messages on a defined topic to all its subscribers. The publisher can thereby have any 

number of subscribers which will get notified of the messages and can then react.
11

 A 

schematic of this pattern can be seen in Fig. 3.3. 

 

Fig. 3.3 Publisher-Subscriber Pattern 

                                                 
11

 Cf. Gamma and Riehle, Entwurfsmuster, p.287-289 
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In the case of this application clients will be both publisher and subscribers. However the 

server will keep track of the publishers and subscribers. Clients will (according to the 

mediator pattern described above) only receive and send messages from and to the server. 

More details can be found chapter 3.3 which describes the concrete implementation. 

 

3.2.3 Model-View-Presenter 

 

For the GUI the Model-View-Presenter (MVP) pattern is applied to decouple the graphical 

view from the underlying model. As the name indicates this pattern consists of three parts:
12

 

1. Model: The model encapsulates the logic of the program and holds the content to be 

displayed by the view. 

2. View: Represents the GUI the user interacts with. It displays the model and forwards 

user inputs to the presenter. 

3. Presenter: The presenter acts as mediator between the view and the model and 

connects both parts. 

The image in Fig. 3.4 depicts the design pattern and the information flow. 

 

 

Fig. 3.4 Model-View-Presenter Pattern13 

  

                                                 
12

 Cf. Wikipedia, Model–View–Presenter, https://en.wikipedia.org/w/index.php?oldid=707149680  
13

 Own representation based on: loc. cit. 

https://en.wikipedia.org/w/index.php?oldid=707149680
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3.3 Implementation 

 

This chapter will go into detail about the actual implementations of the concepts which were 

introduced in chapter 3.2. In addition, the program flow for the most significant parts of the 

program will be depicted. 

3.3.1 Client Architecture 

This subchapter will clarify the client-side since it will incorporate some specialties. These 

specialties arise mainly from the desired functionality to be able to run more than one 

simulation simultaneously and influenced the design of the client-side heavily. 

Master and Slave 

As mentioned above, all modules providing simulation for a single subsystem are clients. 

Since the individual developers of these modules may need or want to save variables specific 

for one simulation in progress a solution had to be developed to free them of the task to take 

care of the fact that more simulations prompt their module to calculate results. Therefore a 

master-slave relationship was established on the client-side. 

The master is the first to connect to the server and supplies the server with all details about the 

module (subscribed and published topics, etc.). The master does not have any abilities to 

conduct calculations. This feature will be located in the slave(s) of the module. 

Thus, whenever a new simulation starts at the server, the master will be prompted to 

instantiate (spawn) a new slave. The slave then has to register at the server and will be 

allocated to the corresponding simulation. Thus, every slave is going to be in charge for 

exactly one specific simulation. When the simulation is over, the server will prompt the 

master to kill the specific slave of this simulation. 

The image below depicts this composition and the process of spawning a slave. One can see 

two masters that first register to the server and are prompted by the server to spawn slaves for 

two simulations sim1 and sim2. 
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Fig. 3.5 Master-Slave Relationship 

 

The master and each slave are separate threads running concurrently on the device where the 

module is executed.  

Each module must be given a unique name by the programmer which is used as an identifier 

throughout the whole program. 

Abstract classes called AMaster and ASlave are provided in the submitted code. These are the 

only classes that need to be extended by the developer of a new module. They already contain 

all functionality. Therefore, programmers do never have to take into account the fact that 

multiple simulations are running simultaneously, nor do they have to occupy themselves with 

communication. Even a standard GUI is ready to use for the client-side. Hence future 

programmers can concentrate purely on their specific subsystem. 

Configurator 

There is a third class of clients called Configurator. As we have seen, modules that are taking 

part in simulations in order to deliver results are divided into master and slaves, but there must 

be also someone who can configure, start and keep track of simulations. This functionality is 

provided by a Configurator. Configurators are treated differently by the server than the before 

presented masters: Configurators can receive information messages and updates on available 

modules, running simulations, simulation progress and exceptions by the server. Furthermore, 

a Configurator cannot spawn any slaves. 
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3.3.2 Server Architecture 

In the following, the processes inside the server will be illuminated. 

In order to perform the tasks of accepting and managing all clients and execute simulations, 

several threads run concurrently on the server. Fig. 3.6 depicts the threads running on the 

server. 

 

Fig. 3.6 Threads Running On Server 

 

Since all connections of the server go over a single port, a new thread must be started for each 

new connection to a client. This is the duty of one single thread named Doorman in the figure 

above. For every new connection it starts a new thread that is then in charge of receiving from 

and also of sending to the corresponding client. 

Therefore, a number of k client threads may run on the server represented by the blue bulk. 

Each thread represents one of the client types outlined in chapter 3.3.1. As soon as a new 

thread has been instantiated which is running a client, it reports its existence to the Manager. 

Clients are treated differently by the Manager depending on its type. 
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The tasks of the thread called Manager are manifold: 

 One task is to hold references to all client and simulation threads.  

 However the main task of this thread lies in the field of communication. The Manager 

streams information about simulations and their progress, exceptions and available 

modules to all registered Configurators. There is no accessible history about messages; 

but in case no Configurator is registered at the server, messages are buffered and sent 

out again as soon as a Configurator is available anew.  

 The Manager also retrieves requests of the Configurators for execution of simulations. 

In that case a new simulation thread is started and the affected module masters are 

prompted to spawn a slave for this simulation. 

 When a slave notifies the Manager of its existence, the manager will look for the 

corresponding simulation and assign the slave to it. 

The fourth and last category of threads running on the server are the simulation threads. All 

simulations run concurrently, each in its own thread with its own assigned slaves. The 

simulation thread will communicate with the slaves in order to retrieve calculation results and 

execute the simulation. The program sequence of this thread is outlined in chapter 3.3.5. 

3.3.3 Publishing and Subscribing 

Since it is not foreseeable which variables future modules may require as input or produce as 

output, a way must be provided supporting arbitrary input and output of modules. Therefore, 

it was decided to take advantage of the publisher-subscriber pattern. This chapter will 

elaborate on the subject of publishing and subscribing. 

The only requirement arising is the following: topic and variable names must be globally the 

same since they are referenced by name. This will be clarified in the further course of this 

subchapter. 

Variable Declarations 

A variable is uniquely referenced by its variable declaration consisting of variable name, its 

type and the indicator if it is an array or not. Valid variable declarations would for example be 

the following:  

Variable Name Type Is Array 

Eccentricity DOUBLE false 

Batteries DOUBLE true 
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Topics 

Publishing and subscribing is topic based. A topic is made up of a keyword and an arbitrary 

number of variable declarations as described before. The keyword is an identifier of the topic 

specifying to which subject it is related to. For example a keyword may be Orbital Dynamics. 

Indicating that the topic contains information about orbital dynamics. The concrete variable 

content of the topic is given in a list of variable declarations. 

Publishing & Subscribing 

It is optional for a module to publish a topic. However a module can only publish one single 

topic. In contrast an arbitrary number of topics (from zero to all) can be subscribed. If a 

module wants to subscribe to a topic it needs to specify the keyword and the desired variables, 

which the topic must contain. For a published topic also the keyword and the published 

variable declarations need to be indicated. This is best illustrated with an example. 

 

Simple Orbital Calculator 

Publish Orbital Dynamics 
IsInShadow – BOOLEAN - false 

Subscribe Simulation Time 
CurrentTime – LONG – false 

 
 

 

Complex Orbital Calculator 

Publish Orbital Dynamics 
SpaceCraftVelocity – DOUBLE – true 
SpaceCraftPosition – DOUBLE - true 

IsInShadwo – BOOLEAN - false 

Subscribe Simulation Time 
CurrentTime – LONG - false 

 

Simple Simulation Clock 

Publish Simulation Time 
CurrentTime – LONG - false 

Subscribe  
 

 

Simple Power Module 

Publish Power 
ProducedPower – DOUBLE - false 

Subscribe Orbital Dynamics 
IsInShadow – BOOLEAN - false 

 

Fig. 3.7 Example: Publishing and Subscribing 

 

Fig. 3.7 shows four modules 

1. Simple Orbital Calculator 

2. Complex Orbital Calculator 

3. Simple Simulation Clock 

4. Simple Power Module 

as well as their published and subscribed topics with corresponding needed variables. As one 

can see, there are two modules publishing to the keyword Orbital Dynamics, but providing 

different variables. Let there now be two simulations made up as described below: 
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1. Simple Simulation Clock, Simple Power Module, Simple Orbital Calculator 

2. Simple Simulation Clock, Simple Power Module, Complex Orbital Calculator 

Both simulations can be executed since all modules can get their needed variables. 

IsInShadow – BOOLEAN – false is published both by the Simple Orbital Calculator and the 

Complex Orbital Calculator. Thus, subscription can be executed correctly and both 

simulations can be conducted. 

However, there are cases where this may not be possible. Imagine a fifth module as below: 

 

Simple Attitude Calculator 

Publish Attitude 
SCAxis – DOUBLE – false 

Subscribe Orbital Dynamics 
SpaceCraftVelocity – DOUBLE – true 
SpaceCraftPosition – DOUBLE – true 

Simulation Time 
CurrentTime – LONG - false 

 

Fig. 3.8 Example: Publishing and Subscribing - Continued 

One may try to run the following simulations incorporating the modules as outlined: 

3. Simple Simulation Clock, Simple Attitude Calculator, Simple Orbital Calculator 

4. Simple Simulation Clock, Simple Attitude Calculator, Complex Orbital Calculator 

In this case only the calculation number four can be executed since the Simple Attitude 

Calculator needs variables that are only published by the module Complex Orbital 

Calculator. 

Notice that neither the developer nor the person who configures a simulation needs to take 

care that only valid modules are hooked-up for a simulation, since this is controlled on the 

server and in case of an impossible simulation an exception is thrown that will be distributed. 

3.3.4 Execution Order 

Another question arising is in which order to execute the participating modules in the 

simulation. This problem is automatically solved by publishing and subscribing. 

The empty subscribers (these are clients that do not subscribe to any topic, e.g. the simulation 

clock) begin and the rest will resolve itself. As soon as all subscribed topics of a module are 

available, it is prompted to calculate. A deadlock may occur in case two modules refer to each 
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other. This is resolved on the server via a timeout. More information about the simulation 

process can be found in the following chapter. 

3.3.5 Simulation Thread: Program Flow 

This chapter describes how a single simulation, running in its own simulation thread, is 

executed. The simulation thread is started by the manager and will then execute the following 

actions: 

1. Wait until all slaves are available 

2. For every publisher open a topic 

3. Inscribe the subscribers to the related topics 

4. Enter a while loop where each loop corresponds to one simulation step. Below, one 

can see the most important parts of the loop in pesudocode. 

WHILE(simulation is not over) 

 Prompt empty subscribers to simulate one step 

 WHILE(not all publishers have answered) 

  IF(publisher answered) 

   Retrieve answer and publish it on related topic 

  END IF 

  

  IF(subscriber is ready, hence has all subscribed topics) 

   Prompt the subscriber (which is a slave) to execute its 

   calculations 

  END IF 

 

 END WHILE 

 

END WHILE 

5. When the simulation is over, prompt masters to shut down the corresponding slaves 

6. Report to the manager that simulation is over 
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For exemplification purposes, the process of the inner while loop where publishing and 

subscribing effectively is taking place is depicted in the graphic below. 

 

 

Fig. 3.9 Illustration of Inner While Loop 

 

In the middle, the picture shows the running Simulation Thread which has two FIFO-queues 

Results and Ready Subscribers. The thread may have any number of Topics, however for clear 

arrangement only one is shown here. There is one Subscriber for each module taking part in 

the specific simulation. The Subscriber is inscribed to all desired topics of the corresponding 

module. On the bottom one Slave is depicted that is connected to the server via TCP/IP. There 

may be an arbitrary number of slaves for the simulation, but again only one is shown here to 

simplify the graphics. The program flow is represented by the arrows and it is described 

below: 
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I. The Simulation Thread checks if there are any results from slave clients in the Results-

queue. Assume there is one. It is then taken from the queue. 

II. It is then investigated to which topic this result belongs to, and is published on the 

corresponding topic. 

III. The Topic distributes the newly available content to all its subscribers. 

IV. Subscribers that have retrieved messages from all topics they are subscribed to will 

put themselves in the FIFO-queue Ready Subscribers. 

V. The Simulation Thread checks continuously if there are Subscribers enqueued. 

Assume now there is a Subscriber. The Simulation Thread then takes it from the 

queue. 

VI. A prompt for simulation execution will then be sent via TCP/IP to the Slave the 

Subscriber was in charge for. The sent message contains the topic contents. 

VII. The Slave executes its calculations and sends  its results back to the server. The results 

are then put into the FIFO-queue. 

3.3.6 Configuration Variables 

Modules may need some configuration variables as input. E.g. the simulation clock may need 

a start time, an end time and a step size. This configuration variables are declared as given in 

chapter 3.3.3 and sent from the master to the server at registration time. The concrete values 

of these variable declarations are transmitted from the server to the master along with the 

message that prompts the master to spawn a new slave. The master will then forward these 

values to the slave when instantiating it. 

3.3.7 Protocol 

There are certain rules how messages have to be built up in order that the server and the client 

understand each other. But as mentioned before, as long as new modules are implemented in 

Java using the abstract classes provided, developers do not need to deal with that layer of 

communication exchange. Nevertheless, the protocol is described in detail in the appendix in 

case someone needs to implement the communication in another programming language. 
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4 Software Modules 

 

The following chapter presents the single software modules, hence the clients developed 

during this thesis. Detailed information about the correct use of the whole program as well as 

screenshots can be found in the Users Guide. For developing your own modules please refer 

to the Developers Guide. The guides can be found on the CD enclosed herewith. 

 

4.1 Configuration Module 

 

The configuration module, also called Configurator provides the GUI in order to set up 

simulations. It can handle any type of module, releasing future developers of modules from 

the necessity to program a graphical interface where users can enter the data for their 

modules. 

Each module must register at the server with a unique name. To fulfill this requirement, each 

Configurator builds its name during program start using a random number in the range 

between 0 and 2
31

-1. Since it is relatively unlikely that several modules will choose the same 

random number, it serves as a unique identifier at the server. In case another Configurator 

tries to connect to the server with the same number it gets refused. Therefore, more than one 

Configurator can be active on different devices at the same time. 

More detailed information and explanations about the use of this module can be found in the 

User Guide. 
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4.2 Archive Module 

 

The task of the archive module is to save the simulation data. When this module is selected to 

participate in a simulation, it will subscribe to all published topics. Each published topic is 

recorded in its own .txt file. The configuration variables for the corresponding simulation are 

also saved in a separate file. The files will be saved on the device where the archive module is 

running. 

For convenience users may want to store the files directly at their workplace. Therefore, 

analogically to the configuration module, each archive chooses a random number additional to 

its name. Hence any number of archives can be run at the same time at different locations and 

if desired, operators can start an archive on their local machine, connect it to the server and 

select it for the simulation. The stored simulation data will then be accessible on their own 

machine. 

 

SimpleArchive 

Configuration Variables  

Published Variables  

Subscribed Variables Subscirbes to all topics 

 
 

Tab. 4.1 Variables for Archive Module 
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4.3 Simulation Clock 

 

The simulation clock module serves as time emitter for the simulation. The table below shows 

the needed configuration variables and the output variables
14

 on the published topic. This 

module does not subscribe to any topic, since it is the entry point for the simulation. 

UTCSimulationClock 

Configuration Variables  startTimeUTC 

 endTimeUTC 

 stepSizeSeconds 

 

Published Variables SimulationTime 

 simulationOver 

 simulationProgress 

 currentTimeUTC 

 totalElapsedTimeSeconds 

 stepElapsedTimeSeconds 

 

Subscribed Variables  

 
 

Tab. 4.2 Variables for Simulation Time Module 

 

The simulation clock takes as input the start and end time as coordinated universal time 

(UTC) and counts from the start time to the end time with the given step size. 

It publishes a topic with the keyword SimulationTime containing the following variables: the 

current simulation time as UTC, the simulation progress in percent, a Boolean indicating if 

the simulation is over or still running, the total elapsed time in seconds from the start time to 

the current simulation time and the time in seconds elapsed from the previous step to the 

current step. The last named is constant for the here developed module, since the step size is 

always constant. However, one could imagine a time emitter with varying step size. 

  

                                                 
14

 Annotation: For future programmers all variables defined during this thesis are accessible in the enclosed data 

base. This is important due to the already mentioned fact that variables are always referenced via their 

declaration. Hence for subscribing/publishing references to this names have to be made. 
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4.4 Orbital Dynamics Module 

 

For the computation of orbital dynamics it was decided to use Orekit, a Java library for low 

level space dynamics
15

. Orekit was used by several companies, e.g. CNES, ESA and 

EUMETSAT and is therefore considered trustworthy.
16

 It provides a variety of classes for 

representation of orbits, dates, frames etc. Furthermore, algorithms for the propagation of 

orbits are provided. 

 

4.4.1 Orbit Representation 

 

The orbital dynamics module takes as input the Keplerian orbital elements which are:
17

 

 Eccentricity e: defining the shape of the orbit (0 ≤ 𝑒 < 1 for closed orbits) 

 Semi-major axis a: half of the ellipses major axis 

 True anomaly 𝜈: angle between vector pointing to the perigee and vector pointing to 

the current position of the satellite 

The last three parameters are defined with respect to a coordinate system whose origin is 

located at the Earth center, x-axis pointing to the Vernal equinox, z-axis to the north along the 

rotational axis of the Earth and y-axis completing the right-handed system. Thereby, x- and y-

axis lie in the equatorial plane. 

 Inclination i: angle between equatorial plane and orbit plane 

 Right ascension of ascending node (RAAN) Ω: angle between x-axis and the 

ascending node (crossing point of the satellite form south to north) 

 Argument of perigee 𝜔: angle between vector pointing to the ascending note and the 

perigee 

These parameters are illustrated in the images below, where P denotes the perigee and A.N. 

denotes the ascending note: 

                                                 
15

 Orekit, Low Level Space Dynamics Library, https://www.orekit.org/  
16

 loc. cit. 
17

 Cf. Uhlig, Sellmaier and Schmidhuber, Spacecraft operations, p.120ff. 

https://www.orekit.org/
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Fig. 4.1 Visualization of Keplerian Orbital Parameters18 

 

This is also one orbit representation supported by Orekit and was used for this module. As a 

propagator the Orekit EcksteinHechlerPropagator was selected for orbit determination. The 

reference frame used is EME2000 also known as J2000, an earth-centered inertial frame 

(ECI). The x-axis points towards the Mean Vernal Equinox at noon on the 1
st
 January 2000. 

However, using Keplerian orbital elements has drawbacks due to two singularities:
19

 

1. In case of circular orbits (𝑒 = 0) neither perigee nor apogee exists.  

2. In case of equatorial orbits (𝑖 = 0) RAAN does not exist since no crossing from south 

to north occurs. 

Orekit does not accept equatorial orbits (inclination near zero), anyhow it does accept an 

eccentricity of zero. In the API however it can be read:  

The Eckstein-Hechler model is suited for near circular orbits (e < 0.1, with poor accuracy between 0.005 and 

0.1) and inclination neither equatorial (direct or retrograde) nor critical (direct or retrograde).
20

 

As a consequence, this orbital dynamics module can only be used for non-equatorial orbits. 

  

                                                 
18

 Uhlig, Sellmaier and Schmidhuber, Spacecraft operations, p.121 f. 
19

 Cf. loc. cit. 
20

 Orekit, EcksteinHechlerPropagator, 

https://www.orekit.org/static/apidocs/org/orekit/propagation/analytical/EcksteinHechlerPropagator.html  

https://www.orekit.org/static/apidocs/org/orekit/propagation/analytical/EcksteinHechlerPropagator.html
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4.4.2 Sub-Satellite Point 

 

Longitude, latitude and altitude above ground are further important parameters of the satellite, 

since they are needed for e.g. plotting ground tracks. Orekit provides classes for modeling 

celestial bodies. For this module the Earth was modeled using a OneAxisEllipsoid, applying 

constants of the WGS84. Afterwards the satellite position can be obtained relative to the 

surface as a set of: longitude, geodetic latitude and altitude above ground. Fig. 4.2 below 

depicts the latitude and longitude measurement. 

 

 
Fig. 4.2 Depiction of Latitude and Longitude21 

 

The longitude is measured from the prime meridian (Greenwich 𝜆 = 0°) towards East 

(positive) or West (negative). Values reach from 0° to ±180°. Latitude is measured from the 

equator (Φ = 0°) towards North (positive) or South (negative) and takes values from 0° to 

±90°.
22

 

In contrast to the geocentric latitude, which is measured from the equator plane towards a 

connection line from the Earth center to the point of interest, the geodetic latitude is measured 

as follows: A surface normal is established at the point of interest and the latitude is then 

measured from the equator towards this surface normal.
23

 This context is displayed in Fig. 4.3 

below. 

                                                 
21

 Vallado and McClain, Fundamentals of Astrodynamics and Applications, p.141 
22

 Cf. loc. cit., p.141f. 
23

 Cf. loc. cit., p.142 



30 

 

 
Fig. 4.3 Geodetic and Geocentric Latitude24 

 

4.4.3 Gravitational Disturbances 

 

The mass distribution of the Earth is not perfectly spherical but oblate, featuring a bulge at the 

equator. This uneven mass distribution causes perturbations and will influence all orbital 

elements, mostly RAAN and argument of perigee. To determine the perturbing effects the 

gravitational potential of the Earth needs to be modeled. Spherical harmonics are used to 

model the geopotential, which can be divided into zonal harmonics, sectoral harmonics and 

tesseral harmonics. For zonal harmonics the geopotential is only dependent on latitude and 

will be symmetric about the polar axis. Sectoral harmonics feature only a dependence on 

longitude, and tesseral harmonics depend on latitude as well as longitude.
25

 The image below 

shows the zonal harmonics. 

 
Fig. 4.4 Zonal Harmonics26 

 

                                                 
24

 ESA - earthnet online, Geodetic/Geocentric Latitude,  

https://earth.esa.int/handbooks/asar/aux-files/ephimg-17933064.gif  
25

 Wertz and Wiley, Space mission analysis and design, p.142ff. 
26

 Jeff Fehring, Gravity Field Determination for Mars, 

http://ccar.colorado.edu/asen5050/projects/projects_2002/fehring/  

https://earth.esa.int/handbooks/asar/aux-files/ephimg-17933064.gif
http://ccar.colorado.edu/asen5050/projects/projects_2002/fehring/
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Orekits Eckstein-Hechler propagator takes into account the zonal harmonics J2 to J6.
27

 

 

4.4.4 Spacecraft Attitudes 

 

It shall be possible to switch between different attitudes. The developed module provides the 

possibility to define different spacecraft attitudes. Using the Eckstein-Hechler propagator it is 

possible to propagate the attitude of the spacecraft. Therefore all attitudes are based on 

different fundamental attitudes provided by Orekit. 

When configuring the simulation the user can specify any number of attitudes based on the 

types below. Each newly defined attitude needs to be given a unique name, by which it can 

then be referred to. 

 

4.4.4.1 Earth-Pointing Mode 

 

The module offers a mode where one axis is always pointed towards the Earth‘s center. This 

mode is based on Orekits BodyCenterPointing
28

 mode using the Earth as body to point to. In 

this mode the z-axis of the satellite is always pointed towards the center of the Earth, x-axis 

roughly in direction of spacecraft velocity and y-axis completing the right-handed system. 

However for mission configurations one may want to point another axis towards the Earth 

center, e.g. the x-axis of the spacecraft. This is not directly supported by Orekit. Therefore the 

attitude was extended. By applying a rotation to the base mode (where z is pointing to the 

center) one can now point any direction towards the Earth‘s center. The rotation is based on 

Apache Commons Math Rotation. 

The figures below show the orientation of the spacecraft frame in EME2000 frame. Fig. 4.5 

shows the center pointed attitude without any rotation, hence the z-axis (red) is pointing 

towards the Earth‘s center. Fig. 4.6 shows the attitude with a rotation of -90° about y-axis 

only, hence x-axis (green) is pointing towards Earths center. The start point for a rotation are 

always the attitude frames shown in Fig. 4.5. 

                                                 
27

 Orekit, Propagation, https://www.orekit.org/forge/projects/orekit/wiki/Propagation  
28

 Orekit, BodyCenterPointing, 

 https://www.orekit.org/site-orekit-7.1/apidocs/org/orekit/attitudes/BodyCenterPointing.html  

https://www.orekit.org/forge/projects/orekit/wiki/Propagation
https://www.orekit.org/site-orekit-7.1/apidocs/org/orekit/attitudes/BodyCenterPointing.html
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Fig. 4.5 Attitude Earth-Center Pointing: Unrotated 

 

 

Fig. 4.6 Attitude Earth-Center Pointing: Rotated 
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4.4.4.2 Sun-Pointing Mode 

 

The sun-pointing mode, where the spacecraft is always directed towards the Sun is based on 

Orekits CelestialBodyPointed
29

 attitude provider. 

In the base mode the x-axis is always pointed towards the Sun. Analog to the Earth-Pointing 

mode again a rotation can be applied to the standard attitude, hence any direction can be 

pointed towards the sun. Fig. 4.7 depicts this attitude mode without any additional rotation. 

 

Fig. 4.7 Sun-Pointing Attitude: Unrotated 

4.4.4.3 LofOffset
30

 

 

The third attitude that can be configured is directly taken from Orekit without any additions 

and is called LofOffset. Different local orbital frames are offered, e.g. LVLH, VVLH. The 

local orbital frame can be chosen among the LOFType
31

 enumeration. Furthermore a rotation 

is to be specified, corresponding to the offset of the chosen local orbital frame. 

 

                                                 
29

 Orekit, CelestialBodyPointed,  

https://www.orekit.org/site-orekit-7.1/apidocs/org/orekit/attitudes/CelestialBodyPointed.html 
30

 Orekit, LofOffset, https://www.orekit.org/site-orekit-7.1/apidocs/org/orekit/attitudes/LofOffset.html  
31

 Orekit, LOFType, https://www.orekit.org/site-orekit-7.1/apidocs/org/orekit/frames/LOFType.html 

https://www.orekit.org/site-orekit-7.1/apidocs/org/orekit/attitudes/CelestialBodyPointed.html
https://www.orekit.org/site-orekit-7.1/apidocs/org/orekit/attitudes/LofOffset.html
https://www.orekit.org/site-orekit-7.1/apidocs/org/orekit/frames/LOFType.html
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4.4.4.4 Target-Pointing Mode 

 

The last attitude available is based on Orekits TargetPointing
32

 attitude where the z-axis can 

be always pointed towards a geodetic point. To provide more flexibility this was expanded 

analog to the Earth-Pointing mode. A rotation can be added such that any direction can be 

pointed towards the target. 

Fig. 4.8 shows the spacecraft frame of a polar orbiting spacecraft where the target to point to 

was specified to be the North Pole. 

 

Fig. 4.8 Target-Pointing Attitude 

4.4.4.5 Body Frame Vectors 

 

It is also possible to define a number of direction vectors in body frame. These are then also 

transformed into EME2000 frame depending on the attitude of the satellite. This feature may 

come in handy in the following case: One wants to investigate the viewing direction of a star 

tracker or a camera. In this case the viewing vector can be defined in body frame and is then 

automatically transformed into EME2000. 

                                                 
32

 Orekit, TargetPointing, https://www.orekit.org/site-orekit-7.1/apidocs/org/orekit/attitudes/TargetPointing.html  

https://www.orekit.org/site-orekit-7.1/apidocs/org/orekit/attitudes/TargetPointing.html
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4.4.5 Time Triggered Module 

 

The first orbital dynamics module provided enables attitude changes by time. An attitude 

change is defined by the two following information: 

 The relative time in seconds when the attitude change takes place 

 The attitude mode (as defined by user) to which is switched 

The user can enter as many switches as desired. Furthermore a time in seconds needs to be 

given after which the configured sequence repeats. 

For example assume a sequence length of 3600 seconds and a configuration as follows:  

 0=sunPointing (sunPointing is the first mode) 

 1800=earthPointing (switch to earthPointing mode after 1800 seconds of the 

sequence) 

Fig. 4.9 shows this sequence. The depicted orbit was simulated for two hours, meaning the 

sequence has to repeat after one hour (which is the sequence length). The orbit starts on the 

right hand side and continues counterclockwise. One can see the attitude changes from sun to 

earth (one sequence) to sun to earth (repeated sequence). 
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Fig. 4.9 Changing Attitude 

 

It is also possible to obtain a visual representation of a sequence. A more complex example 

than before is depicted below: 

 

Fig. 4.10 Attitude Switching: Example Gantt Chart33 

  

                                                 
33

 Annotation: The Gantt Chart shown can be obtained directly after configuration in the Configuration module. 

For plotting the chart, a Java-library was utilized: Gilbert, JFreeChart, http://www.jfree.org/jfreechart/  

http://www.jfree.org/jfreechart/
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4.4.6 Automatically Triggered Module 

 

A second module for the calculation of orbital dynamics and attitudes was implemented. In 

contrast to the time triggered module, where attitudes are changed at predefined times, this 

module changes the attitude mode depending on the following information: spacecraft is in 

sun, spacecraft is in shadow, spacecraft has contact to a ground station. 

As in the time triggered module the user first needs to define an arbitrary number of attitudes 

that he wants to use for the simulation. The user also defines the attitude mode that has to be 

used when the spacecraft is in sun and the mode to be applied when the spacecraft is in 

shadow. Furthermore, a number of ground stations can be defined.  

The look angles from a ground station towards the satellite can be defined in a topocentric 

coordinate system by two angles: azimuth und elevation. A topocentric system is related with 

a specific location on the Earth surface, characterized by geodetic longitude and latitude, 

hence the ground station‘s coordinates. The z-axis points towards the zenith and the x- and y-

axis lie in a plane defined by the local horizon. The elevation angle is measured from the local 

horizon towards the position of the spacecraft and takes values from -90° to 90°.
34

 Fig. 4.11 

depicts this relation. 

Thus, in order to define a ground station the user needs to give the following inputs: a unique 

name for the station, geodetic latitude and longitude in degree, an elevation angle in degree 

and one of the attitude modes defined previously, referenced by name, that should be applied 

when the satellite is above the given elevation. Hence elevation triggers the attitude change. 

 

Fig. 4.11 Topocentric Coordinate System35 

 

                                                 
34

 Cf. Vallado and McClain, Fundamentals of Astrodynamics and Applications, p.161 
35

 Steiner and Schagerl, Raumflugmechanik, p.8 
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Attitude modes have the following priority:  

1. If the satellite is not visible by any of the ground stations the eclipse condition is used 

to determine the attitude mode. If the satellite is in the sun, then the attitude mode 

specified by the user for this case is applied. If the satellite is in shadow, the attitude 

mode specified by the user for the shadow case is applied. 

2. When there is at least one ground station for which the satellite is visible (meaning the 

satellite is above the given elevation) then the attitude mode associated with the 

ground station is chosen.  

3. In case the satellite is visible by more ground stations at the same time, the attitude is 

chosen via the first-come-first-serve policy. If the visibility of one station ends but of 

the other continues, the mode is switched to the mode related with the still visible 

station. Two exemple scenarios are given, assuming that there are two ground stations 

with associated attitude modes: Station_1 and Mode_1 as well as Station_2 and 

Mode_2. The visible stations and the attitude of the satellite is indicated. Time 

increases from the top to the bottom of the table. 

Scenario 1 Scenario 2 

Visible Stations Attitude Chosen Visible Stations Attitude Chosen 

Station_1 Mode_1 Station_1 Mode_1 

Station_1, Station_2 Mode_1 Station_1, Station_2 Mode_1 

Station_1, Station_2 Mode_1 Station_1, Station_2 Mode_1 

Station_1 Mode_1 Station_2 Mode_2 

 

 

4.4.7 Summary of Module Variables 

 

The modules mentioned above publish to a topic with keyword OrbitalDynamics. 

Configuration variables, published and subscribed topics including variables for the modules 

are listed in the table below. 
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Orbital Dynamics Modules 

 Time Triggered Module Automatically Triggered Module  

Configuration 

Variables 
 eccentricity 

 semiMajorAxisMeters 

 inclinationDeg 

 argumentOfPerigeeDeg 

 raanDeg 

 trueAnomalyDeg 

 startTimeUTC 

 endTimeUTC 

 attitudeDefinitions 

 attitudeSequenceLengthS 

 attitudeSwitchingSequence 

 deviceDirVecsBF 

 eccentricity 

 semiMajorAxisMeters 

 inclinationDeg 

 argumentOfPerigeeDeg 

 raanDeg 

 trueAnomalyDeg 

 startTimeUTC 

 endTimeUTC 

 attitudeDefinitions 

 groundStations 

 shadowAttitudeMode 

 sunAttitudeMode 

 deviceDirVecsBF 
 

Published 

Variables 
 isInUmbra 

 isInPenumbra 

 subSatLongitudeDeg 

 subSatLatitudeDeg 

 altitudeAboveGndM 

 scPositionVectorEME2000 

 scVelocityVectorEME2000 

 sunPositionVectorEME2000 

 orbitalPeriodSeconds 

 trueAnomalyDeg 

 eccentricity 

 semiMajorAxisMeters 

 inclinationDeg 

 argumentOfPerigeeDeg 

 raanDeg 

 sunPositionVectorScFrame 

 sunDirectionVectorScFrame 

 xAxisPosVecInEME 

 yAxisPosVecInEME 

 zAxisPosVecInEME 

 xAxisDirVecInEME 

 yAxisDirVecInEME 

 zAxisDirVecInEME 

 transformedDeviceVectorsEME2000 

 isInUmbra 

 isInPenumbra 

 subSatLongitudeDeg 

 subSatLatitudeDeg 

 altitudeAboveGndM 

 scPositionVectorEME2000 

 scVelocityVectorEME2000 

 sunPositionVectorEME2000 

 orbitalPeriodSeconds 

 trueAnomalyDeg 

 eccentricity 

 semiMajorAxisMeters 

 inclinationDeg 

 argumentOfPerigeeDeg 

 raanDeg 

 sunPositionVectorScFrame 

 sunDirectionVectorScFrame 

 xAxisPosVecInEME 

 yAxisPosVecInEME 

 zAxisPosVecInEME 

 xAxisDirVecInEME 

 yAxisDirVecInEME 

 zAxisDirVecInEME 

 currentlyVisibleStations 

 currentAttitudeMode 

 transformedDeviceVectorsEME2000 

Subscribed 

Variables 

SimulationTime 

currentTimeUTC 
SimulationTime 

currentTimeUTC 
 

Tab. 4.3 Variables for Orbital Dynamics Module 
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4.5 Power Module 

 

The electrical onboard devices of a satellite need to be supplied with enough power so that the 

satellite can carry out its mission successfully. To generate the required power spacecrafts 

commonly use solar panels converting solar energy to electrical energy. Batteries are used for 

power storage and will be charged by the panels during sun times. In eclipse times, when 

nearly no energy is coming in from the panels, the batteries provide energy to the consumers. 

As it is evident in the above section, the power subsystem can be divided into three major 

parts for modeling: The batteries, the power consumers and the power producer. Therefore it 

was decided to further divide the power subsystem into three stand-alone client-modules 

corresponding to these parts. The advantage of this split up is that these modules can be 

replaced separately. For example, one could imagine a power producer that generates energy 

using some other source than the sun. In that case the other modules (battery and consumer) 

can be directly reused and do not again need to be implemented inside the new module (which 

would have been the case if all parts would have been integrated into one big power client). 

The following subchapters present the realization of each of the subdivided modules. 

 

4.5.1 Power Consumption Module 

 

This module represents the consumption part of the power module. Power consumption 

depends on the number of active consumers and the power wasted by each of these devices.  

Therefore an arbitrary number of consumers can be configured, each with the following 

characteristics: a name, a nominal consumption in watt [W] and time slots indicating the times 

when the device is switched on. The resolution of the timeslots is in seconds and all time slots 

can be chosen at will. Each timeslot contains also a percentage value indicating how much 

percent of the nominal power is consumed during this slot. For example during one time slot a 

device might only consume 50% of its nominal consumption.  

Furthermore, a time in seconds needs to be given after which the configured sequence repeats. 

This repetition time is valid for all devices. 

The image below shows an arbitrary configuration with three devices, the sequence length 

was 3600 seconds, which is equal to one hour. Device1 depicted orange is switched on for the 

first half hour and off for the second half hour. 
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Fig. 4.12 Example Timeline for Consumers36 

 

The simulation is time discrete, thus, it would not be reasonable to output the current 

consumption of all consumers in [W] for a given point in time. This can be explained best 

using an extreme example. Assuming the step size for the simulation is 32 minutes and there 

is only one consumer equal to Device1 with the timeline given as in Fig. 4.12 with a nominal 

consumption of 15.0W and a consumption percentage of 100% for this timeslot. This would 

mean after the first step the module would return 15W. In this case the battery module cannot 

know that the module was off for 30 min and on for 2 min only and would assume that the 

device was on for the whole period of time. Thus the consumed power in watt-hours would be 

calculated erroneously. 

Hence the consumer module outputs the consumed power in watt-hours [Wh] for the elapsed 

time (all slaves of one simulation will receive identical times so elapsed time will be the same 

everywhere). 

Since it is still possible that the step size will comprise more than one entry of the timeline, 

the elapsed time is broken up inside this module in seconds. For each second it is then 

determined if the consumer is on/off and how much percent of the nominal consumption is to 

be taken. If the device is on, the consumed power, already considering the percentage, is 

added. In the end watt-seconds are converted to watt-hours. Example as above: loop through 

all 32 ∙ 60 = 1920 seconds will yield 1920s ∙ 15W ∙
100%

100
= 1800Ws equal to 0.5Wh. 

As a consequence, this module can only handle simulation step sizes that are a multiple of a 

whole second. 

  

                                                 
36

 Annotation: The Gantt Chart shown can be obtained directly after configuration in the Configuration module. 

For plotting the chart, a Java-library was utilized: Gilbert, JFreeChart, http://www.jfree.org/jfreechart/  

http://www.jfree.org/jfreechart/
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The consumed power of all devices can then be calculated as the sum of the consumed power 

of the single devices:
37

 

𝑃𝑡𝑜𝑡 =   𝑃𝑛

𝑛

  ( 4.1 ) 

 

The image below shows a plot for the devices from Fig. 4.12 with exemplary values for the 

percentage consumption: 

 

 

Fig. 4.13 Exemplary Power Consumption 

  

                                                 
37

 Wikipedia, Formelsammlung Elektrotechnik: Einführung in die Elektrotechnik, 

https://de.wikibooks.org/wiki/Formelsammlung_Elektrotechnik:_Einf%C3%BChrung_in_die_Elektrotechnik  

https://de.wikibooks.org/wiki/Formelsammlung_Elektrotechnik:_Einf%C3%BChrung_in_die_Elektrotechnik
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The table below lists all variables relevant for this module: 

TimeTriggeredPowerConsumer 

Configuration Variables  startTimeUTC 

 consumerSequenceLengthSeconds 

 powerConsumersConfiguration 

 

Published Variables PowerConsumption 

 consumedWattHours 

 

Subscribed Variables SimulationTime 

 currentTimeUTC 

 

 
 

Tab. 4.4 Variables for the Power Consumer Module 

 

Since there is no limit for complexity, in the future one could imagine to implement a more 

elaborated consumer module that will switch on cameras at times when interesting 

phenomena are to be recorded. 
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4.5.2 Power Producer Module 

 

The power producer implemented during this 

thesis uses the most conventional energy source: 

solar panels. The following chapter elaborates on 

the module: How the satellite is configured and 

which calculations are executed. 

 

4.5.2.1 Body Frame 

 

At first the satellite must be described in its body 

frame. The pictures on the right side show the 

most important properties. 

The body frame can be seen in all of the figures. 

The frame origin is located in the center of the 

cube representing the satellite. The dimensions of 

the cube need to be specified by giving the lengths 

in each direction as seen in Fig. 4.14. All sizes are 

to be given in centimeters [cm]. The program uses 

these dimensions to calculate the vertices of the 

cube shown in Fig. 4.16. All sides of the cube are 

numbered according to the labels shown in Fig. 

4.15.  

Each of these sides represents a body mounted 

solar panel and for each of those it must be 

specified how much percent of the area is covered 

with solar cells. The spatial distribution of the 

solar cells is not taken into account for 

calculations which will cause errors for partially 

shaded panels in case of an area covered with less 

than 100% with solar cells.
38

 

                                                 
38

 Cf. Pfeiff, Simulation der Energieversorgung eines Picosatelliten, p.10 

 

Fig. 4.14 Satellite Dimensions and Body Frame 

 

Fig. 4.15 Numbering of Body Mounted Panels 

 

Fig. 4.16 Numbering of Satellite Vertices 
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Side panels can be added to this cube at will. To configure a panel one needs to specify the 

three dimensional coordinates of the panels four vertices in the body frame. Since the panel is 

mounted to the body shown in the images before, two of the vertices of the panel need to be 

identical to two of the points shown in Fig. 4.16, e.g. P1 and P2 or P3 and P2. Hence it is not 

allowed to attach a side panel to another side panel. Vertices need to be specified in clockwise 

order and all vertices need to be coplanar. Each panel needs to be given a name and again the 

area covered with solar cells. Furthermore, each attached panel is automatically covered with 

cells on both sides. 

This model setup makes it possible to configure a wide range of different panel arrangements, 

some of which are shown in the image below. 

 

Fig. 4.17 Examples for Possible Panel Configurations39 

 

Double deployable solar cells as in Fig. 4.17 in the outermost left image can be configured by 

fusion of the side panel attached to the side panel with the side panel attached to the body to 

one big panel and attach it to the body. 

More information on the internal representation of panels can be found in the following 

section related to shadow calculation. 

  

                                                 
39

 Composition by the author using images from Clark and Kirk, Off-the-Shelf, Deployable Solar Panels for 

CubeSats, 

http://mstl.atl.calpoly.edu/~bklofas/Presentations/DevelopersWorkshop2012/Clark_Solar_Panels.pdf  (left 

four) and  

Rhaman et al., Exploring Modular Architecture for Nano Satellite and Opportunity for Developing Countries 

(right one) 

http://mstl.atl.calpoly.edu/~bklofas/Presentations/DevelopersWorkshop2012/Clark_Solar_Panels.pdf
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4.5.2.2 Power Production of Solar Panels 

 

There are several factors influencing the power produced by the panels: The efficiency of the 

solar cells, the lifetime degradation of the cells and the illuminated area. 

Temperature Dependent Efficiency 

The energy-conversion efficiency of the solar cell specifies how much of the power incident 

on the cell is converted and actually available as output power.
40

 The efficiency of a solar cell 

decreases with increasing temperature of the cell. The efficiency of the cell at a given 

temperature T can be calculated as follows:
41

 

𝜂𝑠𝑜𝑙𝑎𝑟𝐶𝑒𝑙𝑙  𝑇 = 𝜂𝑇𝑟𝑒𝑓
∙ [1 − 𝛽𝑟𝑒𝑓 (𝑇 − 𝑇𝑟𝑒𝑓 )]  ( 4.2 ) 

 

In the above context 𝜂𝑟𝑒𝑓  is the electrical efficiency as measured at a reference temperature 

𝑇𝑟𝑒𝑓 . 𝛽𝑟𝑒𝑓  is the temperature coefficient and describes how much efficiency will be lost per 

degree above the reference temperature. For silicon cells this value is approximately 

𝛽𝑟𝑒𝑓 =
0.5%

°𝐶
42. 

Equation ( 4.2 ) is to be used if the panel temperature is above 𝑇𝑟𝑒𝑓 . However if the 

temperature of the cell array is below 𝑇𝑟𝑒𝑓  the following applies: 

𝜂𝑠𝑜𝑙𝑎𝑟𝐶𝑒𝑙𝑙  𝑇 = 𝜂𝑇𝑟𝑒𝑓
  𝑖𝑓 𝑇 < 𝑇𝑟𝑒𝑓   ( 4.3 ) 

 

This means the efficiency of the cell can never become better than at the reference 

temperature. 

  

                                                 
40

 Cf. Wertz and Wiley, Space mission analysis and design, p.413 
41

 Dubey, Sarvaiya and Seshadri, Temperature Dependent Photovoltaic (PV) Efficiency and Its Effect on PV 

Production in the World – A Review, p.313 
42

 Brown, Elements of spacecraft design, p.336 
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Lifetime Degradation
43

 

In the course of the mission the performance of the solar array will degrade further due to 

several factors, some of which are: thermal cycling, outgassing and radiation. Degradation can 

be as severe as 
3.75%

𝑦𝑒𝑎𝑟
44 for silicon solar arrays in LEO. The lifetime degradation 𝐿𝑑  after an 

elapsed time from mission start 𝑡𝑒𝑙𝑙𝑎𝑝𝑠𝑒𝑑𝑌𝑒𝑎𝑟𝑠  can be calculated by the following equation: 

𝐿𝑑 𝑡𝑒𝑙𝑎𝑝𝑠𝑒𝑑𝑌𝑒𝑎𝑟𝑠  =  1 −
𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛

𝑦𝑒𝑎𝑟
 
𝑡𝑒𝑙𝑎𝑝𝑠𝑒𝑑𝑌𝑒𝑎𝑟𝑠

 
 ( 4.4 ) 

 

Since the simulator will output the elapsed time in seconds and not years, seconds need to be 

converted to years by division by the duration of a solar year in seconds. 

Produced Power
45

 

There is also a loss depending on the cosine of the sun 

incident angle 𝜃. The angle is measured with respect 

to the surface normal of the panel as illustrated in  

Fig. 4.18. Hence maximum power will be produced 

when the sun is coming in parallel to the surface 

normal and 𝜃 = 0°. 

If the whole panel is illuminated, hence no shadows 

are casted onto the panel, the power produced by this panel in [W] can be calculated as 

follows:  

𝑃𝑠𝑢𝑛 = 𝜂𝑠𝑜𝑙𝑎𝑟𝐶𝑒𝑙𝑙 ∙ 𝐿𝑑 ∙ 𝐴𝑡𝑜𝑡𝑎𝑙 ∙ 𝛼𝑐𝑜𝑣𝑒𝑟𝑒𝑑𝐴𝑟𝑒𝑎 ∙ cos 𝜃 ∙ 𝐶𝑠𝑜𝑙𝑎𝑟   ( 4.5 ) 

 

Where 𝐴𝑡𝑜𝑡𝑎𝑙  is the total area of the panel in [cm
2
] and 𝛼𝑐𝑜𝑣𝑒𝑟𝑒𝑑𝐴𝑟𝑒𝑎 as in chapter 4.5.2.1 the 

percentage how much of this area is covered with solar cells. 𝐶𝑠𝑜𝑙𝑎𝑟 = 1367
𝑊

𝑚2
=

1367

10000

𝑊

𝑐𝑚2
46 

is the solar illumination intensity. 

However, if a shadow falls on the panel, the power in [W] can be calculated using the 

following equation: 

                                                 
43

 Cf. Wertz and Wiley, Space mission analysis and design, p.417 
44

 loc. cit. 
45

 Cf. loc. cit., p.417 
46

 loc. cit., p.413 

 

Fig. 4.18 Sun Incident Angle 
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𝑃𝑠𝑎𝑑𝑜𝑤 = 𝑃𝑠𝑢𝑛 ∙
𝐴𝑡𝑜𝑡𝑎𝑙 − 𝐴𝑠𝑎𝑑𝑜𝑤

𝐴𝑡𝑜𝑡𝑎𝑙
= 𝑃𝑠𝑢𝑛 ∙   1 −

𝐴𝑠𝑎𝑑𝑜𝑤

𝐴𝑡𝑜𝑡𝑎𝑙
  

 ( 4.6 ) 

 

Hereby 𝐴𝑠𝑎𝑑𝑜𝑤  represents the area of the panel that is occluded by shadow in [cm
2
]. How the 

shadows are calculated is outlined in the following subchapter. 

The above calculations are executed for each panel and the power produced by all panels can 

then be calculated: 

𝑃𝑡𝑜𝑡𝑎𝑙 =   𝑃𝑛

𝑛

 
  

( 4.7 ) 

Where n is the number of total panels and 𝑃𝑛  is the power produced by the n-th panel. 

Analog to the power consumer module which outputs the consumed power in watt-hours, the 

producer will also output the produced power in watt-hours: 

𝑃𝑤𝑎𝑡𝑡𝐻𝑜𝑢𝑟𝑠 = 𝑃𝑡𝑜𝑡𝑎𝑙 ∙ Δ𝑡  ( 4.8 ) 

 

In this context Δ𝑡 is the time elapsed between the previous simulation step and the current 

step. 

 

4.5.2.3 Casting of Shadows 

 

To gain information about how much area of a panel is illuminated, it needs to be determined 

how shadows are casted onto panels. This chapter is dedicated to this matter. 

The module makes extensive use of the geometry classes of the Apache Commons 

Mathematics library
47

 and the General Polygon Clipper library
48

. 

Representation of Solar Panels 

Each panel has two different representations: A three dimensional representation in the body 

frame and a two dimensional representation inside a plane.  

A panel can be described as a three dimensional plane. Such an infinite plane is characterized 

by a surface normal and one point of the plane. For this construct Apache offers the class 

                                                 
47

 Apache Commons, The Apache Commons Mathematics Library, 

https://commons.apache.org/proper/commons-math/  
48

 The University of Manchester, GPC General Polygon Clipper library from The University of Manchester, 

http://www.cs.man.ac.uk/~toby/alan/software/  

https://commons.apache.org/proper/commons-math/
http://www.cs.man.ac.uk/~toby/alan/software/
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Plane. Furthermore, it needs to be known where in this three dimensional plane the panel is 

located. This is specified by the 3D coordinates of the four vertices of the panels. Hence a 

solar panel is nothing more than a planar polygon in three dimensional space. 

Due to the fact that all vertices are coplanar there is also a two dimensional representation of 

this polygon inside this plane. Using the toSubSpace method of the Plane class the 2D 

representation of each vertex can be obtained. From this 2D vertices a 2D polygon is built 

using the PolyDefault class of the GPC library.  

The surface normal of the panel points in the direction from which the sun needs to be 

incident for the panel to produce any power. The image below illustrates the described facts. 

Note that the panels are given a thickness in the images for better visualization but in the 

program are assumed to be totally flat. The side covered with cells is indicated in blue. 

 

 

Fig. 4.19 Surface Normal 

 

Body panels are represented by one single plane since they are only covered with cells on one 

side. Side panels however, are decomposed into two planes with the same vertices but anti-

parallel surface normals since they are covered on both sides. This is shown in Fig. 4.20. 

 

 

Fig. 4.20 Decomposition of a Side Panel 

  



50 

 

Light Source 

The shape of the shadow depends on the type of light source. The light source can be either a 

point light or a directional light. In the latter case all rays are parallel to each other. Fig. 4.21 

visualizes the difference between the casted shadows. 

 

Fig. 4.21 Point Light and Directional Light Source49 

 

It is assumed that the Sun is at infinity. Therefore all incident rays are parallel, hence the case 

of a directional light source applies. 

Determining if a Panel is Illuminated 

As a first step it must be determined which of the panels are/can be illuminated by the Sun 

and which of the panels lie completely in shadow. Fully shaded panels do not need to be 

considered further. This can be detected by a simple query: If the Sun is in front of the panel 

(hence on the side where cells are mounted) the panel is illuminated. If the Sun is located on 

the back side of the panel, the case of complete shadow applies. Therefore, the method 

getOffset of the Panel class can be used: The case distinction can take place depending on the 

output. The different cases are depicted schematically in the figure below. Of course the sun 

has also no extension but is just described as a point with a 3D position. 

                                                 
49

 Woo, Poulin and Fournier, A Survey of Shadow Algorithms, 

http://artis.imag.fr/~Cyril.Soler/DEA/Ombres/Papers/Woo.survey.97.pdf, p.3 

http://artis.imag.fr/~Cyril.Soler/DEA/Ombres/Papers/Woo.survey.97.pdf
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Fig. 4.22 Case Distinction: Shaded - Illuminated 

 

The three possible cases shown in Fig. 4.22 are: 

a) The Sun is in front of the panel plane  panel illuminated 

b) The Sun is in the panel plane  panel completely shaded 

c) The Sun is behind the panel plane  panel completely shaded 

Identifying Possible Shadow Casters 

For each illuminated panel it must then be determined which of the other panels can cast a 

shadow on the specific panel. Three rules apply: 

1. A body panel cannot cast a shadow on another body panel. 

2. A shaded panel (as identified in the section before) cannot cast any shadow onto an 

illuminated panel. 

3. As soon as the vertex of a panel (call it panel_1) is in front of the plane of another 

panel (called panel_2), panel_1 is a possible shadow caster for panel_2. 

Step 3 can be evaluated by applying getOffset again for each of the vertexes. The image below 

depicts an example with two panels. The green panel is the panel for which shadow casters 

are sought, the surface normal is indicated. It is investigated for the blue panel whose vertices 

are indicated by the black dots whether it is a possible shadow caster for the green panel. To 

make it easier for the reader, the angles are indicated, but those are not used by the program 

for any calculations. 

a) b) c) 
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Fig. 4.23 Possible Shadow Caster 

 

Two cases are shown in Fig. 4.23: 

a) In this case the blue panel cannot cast any shadows on the plane of the green panel 

since none of its vertices are in front of the green panel (two are in plane and two are 

behind) 

b) In this case the blue panel can cast a shadow onto the green panel since two of its 

vertices are in front of the plane of the green panel. 

After this step each panel will have a number of other panels assigned that may cast shadows 

on it. 

Calculating the Shaded Area 

To calculate the shaded area it must be known where the vertices of the shadow are located in 

the plane of the panels. Therefore, for each of the vertices of the shadow casters it is done the 

following: A line is constructed along the ray of the Sun and through the vertex. The 

intersection between the line and the plane of the shaded panel is sought. The intersection will 

be a 3D point lying in the panel plane. Fig. 4.24 below depicts this process. 

a) b) 
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Fig. 4.24 Shadow Vertices 

The blue panel is a possible shadow caster for the green panel. The panel itself is colored in 

dark green whilst the plane of the panel (which extends into infinity) is colored in light green. 

One can see the Suns parallel rays going through the vertices of the blue panel. The 

intersections between the lines and the plane are encircled, and the casted shadow is indicated 

with dashed lines. 

The problem is still 3D, but it can now be reduced to two dimensions since also the obtained 

shadow vertices are located in the panel plane. By applying the toSubSpace method of the 

plane the 3D coordinates of the shadows vertices are converted to a 2D representation in the 

plane of the panel. Using these 2D coordinates a polygon for the shadow can be constructed. 

Now the only problem left to solve is intersecting the obtained two dimensional polygons. 

The example in the image below is exaggerated and not realistic casted shadow, but is used to 

clarify the process to be executed. 



54 

 

 

 

Fig. 4.25 Example: Shadow Polygons 

 

The panel polygon is colored in green, the three shadows are colored in red, blue and pink. At 

first, the intersection points between the shadow polygons and the panel polygon, which are 

indicated as black dots in the above image, need to be found. This is especially important for 

shadows like the blue one which extend beyond the actual panel. The GPC library offers 

methods to intersect polygons, and those are applied here. Afterwards three new polygons are 

obtained. 

Since shadows may overlap, it is not possible to simply take the area of each of this polygons 

and subtract it from the panel area. Therefore polygons that intersect each other are united to 

one polygon and the result will be as shown in Fig. 4.25 on the right side. Now there are only 

two polygons. The area of these can be calculated and subtracted from the panels area. 
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4.5.2.4 Summary of Variables 

Below, there is a summary of the variables which are needed for and by this module: 

SolarPanelPowerProducer 

Configuration Variables  solarConstantW/m2 

 solarCellDegradationPerYearPercent  

 bodyPanelsCellCoveredArea 

 solarCellEfficiencyAtRefTemp 

 solarCellRefTemp 

 solarCellTempCoefficient 

 attachedPanelsCoordiantes 

 satCubeSizeCm 

 

Published Variables PowerProduction 

 producedWattHours 

 currentSolarCellLifetimeDegradation  

 inSunPanels 

 singlePanelsProducedWatt 

Subscribed Variables SimulationTime 

 totalElapsedTimeSeconds  

 stepElapsedTimeSeconds 

 

OrbitalDynamics 

 isInUmbra 

 isInPenumbra 

 sunPositionVectorScFrame 

 sunDirectionVectorScFrame 

 

Thermal 

 panelTemperaturesCelsius 
 

Tab. 4.5 Variables for Power Producer Module 

 

4.5.3 Power Storage Module 

 

The following chapter is dedicated to the power storage module representing the batteries of 

the spacecraft which are in charge of storing energy for eclipse times in order to ensure 

continuous energy availability for all electrical subsystems. 

At first, there is a presentation of terminology in conjunction with batteries and basic 

information. 
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Primary and Secondary Batteries
50

 

Batteries can be subdivided into two major groups: Primary and secondary batteries. 

Chemical energy is converted into electrical energy by the battery during discharge.  

In contrast to primary batteries, that cannot reverse this process, secondary batteries are 

rechargeable. They possess the ability to convert electrical energy back to chemical energy 

during charging and are therefore suitable for satellite missions: During sun periods, when the 

solar arrays produce energy, the batteries are charged and during eclipse, when no power from 

the solar array is available, they supply power for the systems of the satellite. 

Capacity 

The capacity of a battery correlates to the amount of energy stored inside. The unit used in the 

scope of this thesis is watt-hours. Another common unit often used is ampere-hours. Ampere-

hours can be converted to watt-hours by multiplying with the operating voltage of the 

battery.
51

 

Cycle
52

 

A cycle of a battery is referred to as a discharge followed by a charge or vice versa. 

Cycle Life
53

 

Cycle life is defined as the number of cycles a battery can run before its capacity drops below 

a certain minimum value. This value is set by the United States Advanced Battery Consortium 

and amounts 80% of the initial capacity of a battery. 

Depth-of-Discharge 

The depth-of-discharge (DoD) is ―the percent of total battery capacity removed during a 

discharge period‖
54

: 

𝐷𝑜𝐷 =
𝐶𝑟𝑒𝑚𝑜𝑣𝑒𝑑

𝐶𝑡𝑜𝑡𝑎𝑙
 

 ( 4.9 ) 

 

                                                 
50

 Cf. Wertz and Wiley, Space mission analysis and design, p.418ff. 
51

 Cf. loc. cit., p.418 
52

 Cf. Narula, Modeling of Ageing of Lithium-Ion Battery at Low Temperatures, p.2 
53

 Cf. Hartmann, An Aging Model For Lithium-Ion Cells, p.47 
54

 Wertz and Wiley, Space mission analysis and design, p.420 
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Capacity Fade 

The capacity available by a battery will 

decrease over its lifetime. This is known as 

capacity fade. The calendar aging corresponds 

to the capacity loss a battery experiences 

while it is inactive, hence in storage. These 

losses are not considered in the model. 

However the battery will experience a much 

more severe capacity loss when being cycled, 

known as cycle aging.
57

 

There is also a distinction between reversible 

and irreversible losses. A battery will lose 

capacity through self-discharge. Since this 

loss in capacity can be recovered by charging 

it is known as reversible loss. Irreversible 

losses, due to battery degradation, however 

are permanent.
58

 

The only losses taken into account in this 

model are irreversible losses due to cycling of 

the battery. 

Fig. 4.26 shows how capacity generally 

decreases over the cycle life of a battery. One 

can see four straight lines with different 

slopes denominated A, B, C and D. End of life 

(meaning 80% of initial capacity left) is 

reached in region C. According to Spotniz ―the capacity fade from regions A through C is 

often indistinct and so approximated as linear and expressed in terms of percentage capacity 

                                                 
55

 Spotnitz, Simulation of capacity fade in lithium-ion batteries, p.73 
56

 Brown, Elements of spacecraft design, p.355 
57

 Cf. Spotnitz, Simulation of capacity fade in lithium-ion batteries, p.1 
58

 Cf. loc. cit., p.1 

 

Fig. 4.26 General Shape for Capacity vs. Cycle 

Number55 

 

 

Fig. 4.27 DoD vs. Cycle Life for post-1970 NiCd Cells56 
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loss per cycle‖
59

. Therefore for this model always considers a capacity loss in percent per 

cycle. 

Capacity fade however is dependent on many factors: discharge rate, temperature and depth-

of-discharge.
60

  

Fig. 4.27 shows the cycle life of a NiCd cell for two different operating temperatures in 

dependence of the DoD.  

Fig. 4.28 shows the cycle life for different charging and discharging rates in dependence of 

DoD for a battery of the company Super B. 

However, the model developed for this module only takes into account the DoD as described 

below. 

 

Fig. 4.28 DoD vs. Cycle Life for SB12V160E-ZC61 

 

  

                                                 
59

 Spotnitz, Simulation of capacity fade in lithium-ion batteries, p.73 
60

 Cf. Hartmann, An Aging Model For Lithium-Ion Cells, p.52ff. 
61

 Super B, SB12V160E-ZC Lightweight Lithium Ion energy / traction battery, 28 kilogram. | Super B, 

http://www.super-b.com/en/industrial/utility-batteries-1/sb12v160e-zc  

http://www.super-b.com/en/industrial/utility-batteries-1/sb12v160e-zc
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Degradation Determination 

This section shows how the remaining maximum battery capacity available for discharge is 

determined dependent on DoD. For a satellite battery one cycle corresponds to one full orbit 

(discharge-shadow and charge-sun). For each orbit the deepest discharge capacity level is 

stored and then used to determine DoD for the cycle/orbit. DoD is always measured with 

respect to the initial maximum capacity 𝐶𝑖𝑛𝑖𝑡𝑀𝑎𝑥   of the battery. However DoD may not be 

constant over all orbits, since it depends on the consumers switched on, hence degradation 

will vary. This must be taken into account. 

As mentioned above, the number of cycles a battery can run before its capacity drops below 

80% of its initial value depends on the depth of discharge. Assuming that capacity loss can be 

approximated in percent per cycle, the loss encountered for one cycle for a specific DoD can 

be calculated by applying the following equation: 

𝐶𝑙𝑜𝑠𝑠 =
0.2

𝐶𝑦𝑐𝑙𝑒𝐿𝑖𝑓𝑒
 

 ( 4.10 ) 

 

Where 𝐶𝑙𝑜𝑠𝑠  indicates the fraction lost and 𝐶𝑦𝑐𝑙𝑒𝐿𝑖𝑓𝑒 denotes the number of cycles the 

battery can run at the specified DoD before the batteries capacity will drop below 80%.  

 

To determine the current remaining maximum available capacity the program sums up all 

losses encountered during all cycles: 

𝐶𝑡𝑜𝑡𝑎𝑙
𝑙𝑜𝑠𝑠 =  𝐶𝑛

𝑙𝑜𝑠𝑠

𝑛

  ( 4.11 ) 

 

Where 𝑛 denotes the cycle number and 𝐶𝑛
𝑙𝑜𝑠𝑠  the capacity loss in percent expressed as a 

fraction experienced for the n-th cycle. Hence 𝐶𝑡𝑜𝑡𝑎𝑙
𝑙𝑜𝑠𝑠  corresponds to the total loss experienced. 

Hence the remaining maximum available capacity 𝐶𝑐𝑢𝑟𝑟𝑒𝑛𝑡𝑀𝑎𝑥  can be calculated by: 

𝐶𝑐𝑢𝑟𝑟𝑒𝑛𝑡𝑀𝑎𝑥 = 𝐶𝑖𝑛𝑖𝑡𝑀𝑎𝑥 −  𝐶𝑖𝑛𝑖𝑡𝑀𝑎𝑥 ∙ 𝐶𝑡𝑜𝑡𝑎𝑙
𝑙𝑜𝑠𝑠   ( 4.12 ) 

 

There is only one issue remaining: How to determine the number of life cycles for a special 

DoD that may take any value. The image below shows again a graph containing DoD vs. 

cycle life where some sample points are indicated. It serves as an example for the following. 
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Fig. 4.29 DoD vs. Cycle Life62 

The module demands as an input a number of sampling points as shown in Fig. 4.29. Between 

these points interpolation takes place using the Apache Commons Math library. It is possible 

to choose between three different interpolating modes: linear interpolation, Neville 

interpolation and a combination of both. Neville interpolation may lead to some artifacts as 

shown in the image below which is the reason why a combined interpolation is offered. 

In case of the combination a DoD threshold needs to be given. For DoDs below or equal this 

thresholds, the cycle life is estimated using Neville interpolation, for DoDs above, values are 

estimated using linear interpolation.  

 

Fig. 4.30 Plots for Interpolating Modes 

                                                 
62

 Lawson, Battery and Energy Technologies, http://www.mpoweruk.com/life.htm  

http://www.mpoweruk.com/life.htm
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Interpolation is only possible between the minimum and maximum given DoD. In this 

example interpolation is only possible between 5% and 100% (limits included). For DoDs 

below or above (in case the upper entered limit is not 100%) the limit, the cycle life for the 

minimum and maximum apply. That is the reason for the horizontal line that can be seen in 

the graphs. 

It is in the responsibility of the operator to choose the suitable interpolation algorithm. By 

choosing linear interpolation one always is on the safe side. 

Efficiency 

When converting energy, losses are present, due to heating or resistance, for instance. The 

ratio of useful energy to total energy is defined as efficiency: 

𝜂 =
𝑃𝑢𝑠𝑒

𝑃𝑡𝑜𝑡𝑎𝑙
 

 ( 4.13 ) 

 

The efficiency influences the charging and discharging of the satellites batteries. 

Only a fraction of the power produced by the solar panels will be effectively used for 

charging: 

𝑃𝑐𝑎𝑟𝑔𝑒  𝑊 = 𝜂𝑐𝑎𝑟𝑔𝑒 ∙ 𝑃𝑠𝑜𝑙𝑎𝑟 [𝑊]  ( 4.14 ) 

 

Hereby 𝜂𝑐𝑎𝑟𝑔𝑒  is the charging efficiency, 𝑃𝑠𝑜𝑙𝑎𝑟  the power produced by the solar panels as 

outputted by the power producer module in watt-hours and 𝑃𝑐𝑎𝑟𝑔𝑒  the power in watt-hours 

with which the battery is charged. For example, if the panels produce 100Wh and the charging 

efficiency equals 90%, the battery will be charged with 90Wh and 10Wh will be lost. 

The power consumer module calculates how much power the consumers need. Due to losses, 

the battery will need to emit more power in order to provide the consumers with the required 

power: 

𝑃𝑑𝑖𝑠𝑐𝑎𝑟𝑔𝑒𝑑  𝑊 =
𝑃𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑟𝑠  𝑊 

𝜂𝑑𝑖𝑠𝑐𝑟𝑎𝑔𝑒
 

 ( 4.15 ) 

 

In this equation 𝜂𝑑𝑖𝑠𝑐𝑎𝑟𝑔𝑒  denotes the discharge efficiency, 𝑃𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑟𝑠  the power in watt-

hours required by the consumers (as outputted by the consumer module) and 𝑃𝑑𝑖𝑠𝑐𝑎𝑟𝑔𝑒  the 

power in watt-hours with which the batteries will be discharged. E.g. if the consumers 
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demand a power of 100Wh and the discharge efficiency equals 90%, the battery will be 

discharged with ~111Wh. 11Wh will be lost. 

State of Charge of Battery 

Now the state of charge of the battery can be calculated: 

𝐶𝑡 = 𝐶𝑡−1 +  (𝑃𝑐𝑎𝑟𝑔𝑒𝑑 −  𝑃𝑑𝑖𝑠𝑐𝑎𝑟𝑔𝑒𝑑 )  ( 4.16 ) 

 

Where 𝐶𝑡  is the state of charge of the current step and 𝐶𝑡−1 the state of charge of the previous 

step. However 𝐶𝑡  can never be smaller than 0 and can never exceed 𝐶𝑐𝑢𝑟𝑟𝑒𝑛𝑡𝑀𝑎𝑥  representing 

the currently maximum capacity that the battery can have, depending on the degree of 

degradation (as presented before). 

Summary of Module Variables 

Below, there is a short table summarizing the variables of the module. 

BatteryPowerStorage 

Configuration Variables  batteryCapacityWattHours 

 initialStateOfChargeWh 

 batteryChargeEfficiency 

 batteryDischargeEfficiency 

 dodVsCycleLife 

 interpolatingThreshold 

 

Published Variables 

 

PowerStorage 

 stateOfChargeWattHours 

 batteryCycleNr 

 depthOfDischarge 

 currentMaxCapacityWattHours 

Subscribed Variables OrbitalDynamics 

 isInUmbra 

 isInPenumbra 

 

PowerConsumption 

 consumedWattHours 

 

PowerProduction 

 producedWattHours 
 

Tab. 4.6 Variables for Power Storage Module 
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4.6 Panel Temperature Provider 

 

As seen in chapter 4.5.2, a temperature is needed for each of the panels to calculate the cell 

efficiency. Therefore a module publishing to the topic Thermal is needed. This module 

provides the temperatures for the panels. The topic can then be subscribed by the power 

producer module. 

Only a very simple implementation was developed during this thesis. It provides constant 

temperatures for all the panels. This simple model was based on the image shown below. 

 
Fig. 4.31 Magellan Solar-Array Temperature63 

 

One can see the temperature of the solar array of the Magellan spacecraft during its 3.2 hours 

long orbit around Venus. The temperature looks approximately like a periodical rectangular 

function. 

The operator needs to configure one panel temperature for the sun time and one temperature 

for the shadow period. All panels will then be assigned the same temperature, depending on 

the eclipse state (sun or shadow). However, temperature during shadow is irrelevant for the 

power producer since the spacecraft will produce zero power during eclipse, hence the 

temperature of the panels there does not matter. 

  

                                                 
63

 Brown, Elements of spacecraft design, p.337 
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SolarPanelConstantTemperatureProvider 

Configuration Variables  sidePanelNames 

 constantPanelTemperatureSunC 

 constantPanelTemperatureShadowC 

 

Published Variables 

 

Thermal 

 panelTemperaturesCelsius 

 

Subscribed Variables OrbitalDynamics 

 isInUmbra 

 isInPenumbra 
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4.7 Module Dependencies 

 

In order to visualize the information flow and module dependencies, the image in Fig. 4.32 

was generated. 

 

Fig. 4.32 Module Dependencies 

 

One can see the name of the module as well as its published topic in brackets behind. Arrows 

indicate topic subscription. The two orbital dynamic modules which have been implemented 

are shown; however, for a specific simulation one of these needs to be chosen. 

The module prompted first is the UTCSimulationClock, since it does not subscribe to any 

topics, while the SimpleArchive needs to wait for the completion of all modules since it 

subscribes to all topics in order to save the results. 
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4.8 Annotation: Choosing the Step Size 

 

This chapter contains a short annotation to the matter of choosing a step size. For some 

modules it may not matter (e.g. power consumer) but for others the step size is very 

important, since the simulation is time discrete. It is always recommended to choose a small 

step size. In the following, a worst case example is given, to illustrate the problem that occurs 

for big step sizes. 

The orbital dynamics module just publishes for a given time if the spacecraft is in 

Umbra/Penumbra or not. The power producer then just assumes that the spacecraft has been 

in shadow/sun for the whole time elapsed since the last step. When choosing small step sizes 

e.g. 60s the error will be small. However assume the worst case error: Entering a step size 

exactly the orbital period. Assuming the satellite started in shadow, the next sampling will 

occur after exactly one orbit. Due to this sampling rate the satellite will always be in shadow 

but never in sun for the simulation, even if in reality there is a time when the satellite is in 

sun. 

4.9 Stand-Alone Program: Separator Exchanger 

 

Another small stand-alone program is available: The Separator Exchanger. 

When using the archive module to save the simulation results the standard symbol used for 

separating the single variables is the § symbol. One may want to use another separator symbol 

when reading and processing the simulation results text file. Therefore, the Separator 

Exchanger program was provided. By using this program any separator can be exchanged to 

the desired one. 
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4.10 MATLAB Scripts 

 

Scripts and functions for plotting the data were written in MATLAB and can be tailored in 

order to visualize the data. 

4.10.1 Sun-Synchronous Orbits 

 

Since the reference orbit for SONATE is a sun-synchronous orbit at a given altitude of 600km, 

additional calculations need to be carried out in order to obtain some of the Keplerian 

parameters. For those a MATLAB script was written and the calculations are presented in these 

sections. 

First the semi-major axis needs to be calculated for a given eccentricity e and an altitude h 

above the Earth surface at perigee. The perigee distance 𝑟𝑝  is then given as 

𝑟𝑝 = 𝑅𝐸 +    ( 4.17 ) 

 

Since the eccentricity equals
64

  

𝑒 =
𝑟𝑎 − 𝑟𝑝

𝑟𝑎 + 𝑟𝑝
  ( 4.18 ) 

 

One can rearrange this equation in order to obtain the apogee distance 𝑟𝑎  

𝑟𝑎 =
𝑒 ∙ 𝑟𝑝 + 𝑟𝑝

1 − 𝑒
 

 ( 4.19 ) 

 

Then the semi-major axis a can be determined:
65

 

𝑎 =
𝑟𝑝 +  𝑟𝑎

2
 

 ( 4.20 ) 

 

In a sun-synchronous orbit the orientation of the orbital plane remains fixed with respect to 

the Sun, thus, it needs to rotate as the Earth moves around the Sun. To achieve a nodal 

precession rate equaling the Earth average rotation rate about the Sun, one exploits the J2-

perturbation. For a given semi-major axis and eccentricity the inclination i can be calculated 

then:
66
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 Cf. Steiner and Schagerl, Raumflugmechanik, p.64f. 
65

 loc. cit. 
66

 Vallado and McClain, Fundamentals of Astrodynamics and Applications, p.852 
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𝑖 =  cos−1(−  
𝑎

7
2 ∙  Ω 𝑠𝑢𝑛𝑠𝑦𝑛 ∙  1 − 𝑒2 2

3 ∙ 𝑅𝐸
2  ∙ 𝐽2 ∙  𝜇 

) 
 ( 4.21 ) 

 

Where 𝜇 is the gravitational parameter of the Earth and Ω 𝑠𝑢𝑛𝑠𝑦𝑛 = 1.991 ∙ 10−7 𝑟𝑎𝑑

𝑠
  the mean 

motion of the Earth about the Sun. 

 

4.10.2 Plotting 

 

Functions are provided that can be used in order to load the data files containing the 

simulation results. There is also a number of functions supporting plotting, e.g. the ground 

track. One example script is also enclosed on the CD where these functions are applied. 

However, in order to get fully customized plots, the code needs to be adjusted by the user. 
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5 SONATE Mission Simulation 

 

The developed program was utilized in order to run simulations related to a scenario 

connected to the SONATE mission. Configuration parameters and results are presented are 

presented in the following chapter. 

 

5.1 Configuration Parameters 

 

5.1.1 Keplerian Elements 

The reference orbit for SONATE is a sun-synchronous orbit at an altitude of 600km. As 

mentioned in chapter 4.4.1, the propagator in use is not suited for retrograde and circular 

orbits. Nevertheless, the SONATE reference orbit was configured as such, since only for this 

configuration comparison values like contact time or eclipse times exist. 

Given the altitude and the eccentricity, one can calculate the corresponding inclination for the 

sun-synchronous orbit as presented in 4.10.1. 

True anomaly, argument of perigee and RAAN determine the eclipse times of the simulation. 

Since neither of those values were known, argument of perigee was set to 0° (due to circular 

orbit it is ambiguous anyway) and RAAN and the true anomaly were adjusted in such a way 

that the first eclipse time and the first sun time match the ones given in the Power Budget 

document
67

. The length of the eclipse period depends on RAAN and the begin on the true 

anomaly. 

Name Values 

Sem-major axis 6978137 [m] 

Eccentricity 0 

Inclination 97.7876530062974 [°] 

True Anomaly 62.85° 

Argument of Perigee 0° 

RAAN 25.5° 

Start Date (UTC) 01.03.2019 00:00:00.0 

End Date (UTC) 01.03.2019 23:50:00.0  
 

Tab. 5.1 Orbital Configuration Parameters 

                                                 
67

 Balagurin, SONATE Power Budget 



70 

 

5.1.2 Attitudes 

The satellite frame for attitude is identical to the frame depicted in Fig. 4.14. The SONATE 

satellite features a camera on side of the body panel numbered with 3 (see  Fig. 4.14) and an 

antenna on side number 4, which can be seen in the illustration below: 

 

Fig. 5.1 3D Illustration of Satellite and Body Frame 

 

The colors of the body frame axis resemble the colors in the plots. Hence: x-axis green, y-axis 

lilac, z-axis red. 

The modes for SONATE indicated in the power budget file are: 

1. Sun-Pointing 

2. Horizon-Pointing 

3. Target-Pointing 

4. Slew-Mode 

5. Damping-Mode 

6. Tumbling Motion 

Only the first three modes can be realized by the implemented modules. Modes 4 to 6 were 

therefore replaced by the Horizon-Pointing mode. 

In the Sun-Pointing mode the x-axis of the satellite faces towards the Sun. 

The Horizon-Pointing mode is equal to the Earth-Pointing mode with the z-axis pointing 

towards the Earth center. 
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The Target-Pointing mode has the city Würzburg as pointing target and the –z-axis will 

always point towards Würzburg. For Würzburg the following coordinates were utilized: 

Name Values 

Longitude 9.9533548° 

Latitude 49.7913044° 
 

Since modes in the Power Budget document are defined by time, the time triggered orbital 

dynamics module was used. The plot below shows the configuration: 

 

Fig. 5.2 Time Triggered Switching Timeline 

 

The Sun-Pointing mode is colored in orange, Horizon-Pointing mode in lilac and Target-

Pointing mode in blue. 
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5.1.3 Power Consumers 

The power consumers were configured as given in the Power Budget analysis for the SONATE 

mission
68

. Fig. 5.3 shows the consumed power in watt for all devices while Fig. 5.4 illustrates 

only if the device is switched on. 

 

Fig. 5.3 Power Consumption Overview 

 

 

Fig. 5.4 Switching On/Off Overview 

 

                                                 
68

 Cf. Balagurin, SONATE Power Budget 
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As one can see the devices with the highest peak power are: ASAP, TT&C and the reaction 

wheels. Due to the fact that energy is limited, depending on solar array size and battery 

capacity, those devices are switched on only when really needed. Essential components like 

OBC, ADIA or ADCS are running all the time but also consume less energy.  

5.1.4 Power Storage 

 

The battery to be used is the Lithium-Ion battery NRC18650B from Panasonic
69

. For the 

model some sampling points of DoD vs. cycle life are needed as described in chapter 4.5.3. 

Since the datasheet does not contain any values, the sampling points from Fig. 4.29 are used. 

They were obtained for a Lead Acid battery but are also typical for Lithium-Ion batteries.
70

 

The other needed parameters are summarized below:
 71

 

Name Value 

Battery Capacity 45 [Wh] 

Initial State of Charge 45 [Wh] 

Charge Efficiency 80% 

Discharge Efficiency 80%° 

DoD interpolating Mode COMBINED 

Interpolating Threshold 50% 
 

Tab. 5.2 Battery Properties 

5.1.5 Power Production 

Two different configurations were tested: The first one without additional side panels, the 

second one with side panels. At first some general configuration parameters are outlined. 

The solar cells which have been used are of the type 3G30A of the company AzurSpace and 

made of Gallium Arsenide
72

. The model needs a temperature coefficient indicating how much 

percent of performance are lost when the temperature is higher than the reference 

temperature. This value was not given in the datasheet, but had to be obtained elsewhere. The 

temperature coefficient of GaAs solar cells is effectively 0.
73
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 Panasonic, Datasheet NCR18650B 
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 Cf. Lawson, Battery and Energy Technologies, http://www.mpoweruk.com/life.htm  
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 Cf. Balagurin, SONATE Power Budget 
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 AzurSpace, Triple Junction GaAs SolarCell Assembly 
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 Cf. Kapusta, Silicon vs. Gallium Arsenide Which Photovoltaic Material Performs Best, 

http://www.techbriefs.com/component/content/article/ntb/features/application-briefs/18946  

http://www.mpoweruk.com/life.htm
http://www.techbriefs.com/component/content/article/ntb/features/application-briefs/18946
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Name Value 

Solar Constant 1367 W/m
274

 

Cell Degradation per 

Year 

2.5%
75

 

Reference Temperature 28 °C
76

 

Efficiency at Reference 

Temperature 

29.3%
77

 

Temperature Coefficient 0% 

Cube Sat size 10cm x 10cm x 34 cm
78

 
 

Tab. 5.3 Solar Cell Properties 

 

5.1.5.1 Body Panels 

The area covered with solar cells for the body panels is as follows. The numbers refer to  

Fig. 4.15. 

The panels 3 and 4 (face sides) are not covered with any cells, hence the cell covered area is 

𝑃𝐴𝑟𝑒𝑎 = 0%. 

The panels 1, 2, 5 and 6 are covered with six cells, each of which has an effective area of 

30.18cm
2 79

. Hence the cell covered area for each of the panels is 𝑃𝐴𝑟𝑒𝑎 =
30.18𝑐𝑚2 ∙6 

10∙34 𝑐𝑚2 ≈

53.26%. 

 

5.1.5.2 Side Panels 

There is also a configuration with two side panels. 

The left panel is attached to the points P1 and P2 and the right panel is attached to the points P3 

and P4.  The cell covered area is the same as for the body panels: 53.26%. As mentioned in 

chapter 4.5.2, the side panels are covered on the front and back side with solar cells. 

Fig. 5.5 and Fig. 5.6 show this configuration. The additional panels are called LeftPanel, 

denoted with  L and RightPanel marked with R. 
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 Balagurin, SONATE Power Budget 
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 loc. cit. 
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 AzurSpace, Triple Junction GaAs SolarCell Assembly 
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 loc. cit. 
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 Cf. Lan, CubeSat Design Specification, p.29 
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 AzurSpace, Triple Junction GaAs SolarCell Assembly 
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Fig. 5.5 Configuration with Side Panels 

 

 

Fig. 5.6 3D Illustration of the Side Panels 
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5.2 Simulation Results and Plausibility Check 

In the following chapter the results for the simulation are presented and it is examined if the 

output values of the program are in realistic ranges. 

5.2.1 Orbital Data 

 

In this subchapter the orbital dynamics data plausibility is discussed. Therefore, the orbit like 

presented in chapter 5.1.1 was used for calculations. The corresponding configuration files 

can be found on the CD. Simulation results can be found in the equally named folders. 

The following values are checked for plausibility: orbital period, begin of eclipse times and 

start of sun times. The same configuration was run directly in source code providing access to 

more exact times. 

The results are shown below. The date is the 01.03.2016. Therefore only the time of day is 

indicated: 

Name Reference Simulation Source Code 

Orbital Period 1h 36min 42s 1h 36min 41s 1h 36min 41s 

 

Eclipse Start 00:15:39 00:16:00 00:15:39 

Sun Start 00:45:33 00:46:00 00:45:30 

Eclipse Start 1:52:21 1:53:00 1:52:35 

Sun Start 2:22:15 2:23:00 2:22:26 

Eclipse Start 3:29:03 3:30:00 3:29:31 

Sun Start 3:58:57 4:00:00 3:59:21 

Eclipse Start 5:05:45 5:07:00 5:06:27 

Sun Start 5:35:39 5:37:00 5:36:17 

Eclipse Start 6:42:27 6:44:00 6:43:23 

Sun Start 7:12:21 7:14:00 7:13:13 

Eclipse Start 8:19:09 08:21:00 8:20:19 

Sun Start 8:49:03 8:51:00 8:50:09 

Eclipse Start 9:55:51 9:58:00 9:57:14 

Sun Start 10:25:45 10:28:00 10:27:05 

Eclipse Start 11:32:33 11:35:00 11:34:10 

Sun Start 12:02:27 12:05:00 12:04:01 

Eclipse Start 13:09:15 13:12:00 13:11:06 

Sun Start 13:39:09 13:41:00 13:40:57 

Eclipse Start 14:45:57 14:49:00 14:48:02 

Sun Start 15:15:51 15:18:00 15:17:53 

Eclipse Start 16:22:39 16:25:00 16:24:58 

Sun Start 16:52:33 16:55:00 16:54:48 

Eclipse Start 17:59:21 18:02:00 18:01:54 

Sun Start 18:29:15 18:32:00 18:31:44 

Eclipse Start 19:36:03 19:39:00 19:38:50 
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Sun Start 20:05:57 20:09:00 20:08:40 

Eclipse Start 21:12:45 21:16:00 21:15:46 

Sun Start 21:42:39 21:46:00 21:45:36 

Eclipse Start 22:49:27 22:53:00 22:52:42 

Sun Start 23:19:21 23:23:00 23:22:32 
 

The difference between the values that come out of the simulation and those obtained by 

directly running a source code are due to the fact that the simulation is time discrete with a 

step size chosen to be 60 seconds in this case. In case of running the source code one can 

access the exact times. 

Fig. 5.7 shows the difference between the simulation and the reference. One can see, that the 

error increases as the simulation progresses. However, for the duration of this simulation the 

worst case error is below 4min.  

 

Fig. 5.7 Differences between Simulation and Reference (left plot) and Source Code Run and Reference (right plot)  

 

Some other data can be analyzed qualitatively by their plots: These are ground track, altitude 

above ground and three dimensional orbit representation. 
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Fig. 5.8 shows the ground track for this orbit where yellow indicates that the satellite is in sun 

and red indicates eclipse. The ground track looks reasonable. 

 

Fig. 5.8 Ground Track for Orbit 

Fig. 5.9 shows the altitude above the ground (indicated as colored dots). Since the orbit was 

circular with an altitude of 600km this should also appear on the plot. As it can be seen, 

altitude ranges between 600km and 635km. One can see that the altitude is highest above the 

poles. This could be explained by the model used for modeling the Earth surface: WGS84. 

The radius for the Earth equator is about 6378km while the pole radius only is 6356km, thus 

the difference is about 22km. As a conclusion, it can be stated that the altitude above ground 

also seems reasonable. 
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Fig. 5.9 Altitude Above Ground 

 

Fig. 5.10 shows a 3D view of the orbit track in EME2000 frame. The x-axis pointing towards 

Vernal Equinox points out of the drawing plane, while the y-axis points towards the right and 

the z-axis upwards. RAAN is defined as the angle between orbit plane and x-axis (right-

handed rotation around z-axis). Since the RAAN for this orbit was 25.5° and the inclination 

was ~97°, the orbit is depicted (and hence calculated) reasonably. 

 

Fig. 5.10 3D Orbit View 
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Another characteristic of the ground track can be analyzed for reasonability: When the 

satellite has contact with the ground station located in Würzburg, the ground track of the 

satellite must be located inside the visibility region for this ground station. The contact times 

with an elevation of 0° above the ground station were taken from Mission Description
80

 and 

are as follows: 

Acquisition of Signal [UTC] Loss of Signal [UTC] 

11:14:01 11:19:36 

12:45:09 12:56:53 

14:20:17 14:32:40 

16:00:20 16:06:09 
 

The ground track of the satellite at those times was plotted and is shown in Fig. 5.11: 

 

Fig. 5.11 Ground Track at Contact Times 
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 Balagurin and Schwarz, SONATE, Mission Description Document, p.60 



81 

 

To estimate if this is reasonable one can 

look at the visibility for a ground station 

in Vienna (southeast of Würzburg) for an 

elevation of 0°. Thus, the ground track 

obtained from the simulation is plausible. 
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 Cakaj, Fischer and Scholtz, Practical horizon plane for low earth orbiting (LEO) satellite ground stations, 

p.66 

 

Fig. 5.12 Vienna Ground Station Visibility81 
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5.2.2 Power Consumers 

 

Since the power consumption is dependent only on the time module, this module can also be 

run separated. The configuration file is named ConsumersOnly.txt. 

The plot in Fig. 5.13 below shows the results for the simulation in the upper left plot. Note 

that the step size is 60s and the consumed power is in watt-hours. Consumption therefore 

indicates how much watt-hours were consumed during one minute (=60s). 

 

Fig. 5.13 Consumed Power (Simulation vs. Power Budget) 

 

The validity of this data can be checked by looking at the values of the Power Budget 

document. There the power wasted by the consumers during 10min time slots is indicated in 

watts. This can be converted to watt-hours per minute by multiplication with 
1

60
 . Fig. 5.13 

shows the plot for the values from the Power Budget on the upper right as well as an overlay 

of the plots on the bottom. As one can see the plots resemble each other very much. 
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5.2.3 Power Production 

Below, plots are shown for the configuration that does not feature any additional side panels. 

Fig. 5.14 shows the total power in watt-hours produced by all panels together while Fig. 5.15 

shows the power in watt produced by the single panels.  

Since no comparative values are available the validity can be checked by first analyzing and 

explaining the shape of the graphs and secondly analyzing the values. 

 In Sun-Pointing mode only body panel 1 shall be illuminated. This can be seen in  

Fig. 5.15 where the blue plot always features the same value about 7.25W. This 

indicates that indeed no other panels are active.  

 Only directly neighboring panels (e.g. panel 1 is direct neighbor to 2,3,4,5) can be 

illuminated at the same time while opposite panels (e.g. 2 and 5) can never be in the 

Sun simultaneously. This is the case throughout the whole plot. 

 

Fig. 5.14 Power [Wh]: Total Production 
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Fig. 5.15 Power [W]: Single Bodypanels 

 Between 7:00 and 8:00 the satellite is in Horizon-Pointing mode. This can be seen 

very clearly in the plot. In this mode x-axis is facing towards the Earth center and y-

axis is perpendicular to orbit plane. Thus the panels 2 and 5 will be parallel to the orbit 

plane. Therefore the orientation of the normal vector stays the same. This is visible in 

the orange plot for panel 2: the produced power is similar for this time period (panel 5 

cannot be illuminated since panel 2 already is). The surface and its normal vector of 

the panel 6 however changes its orientation constantly, which can be seen in the green 

plot. Produced power varies due to the change in sun incident angle. Fig. 5.16 shows 

the spacecraft frame during this time as one can see the direction of the y-vector (lilac, 

equal to surface normal of panel 5) stays the same, while the direction of the other two 

vectors changes. Also the vector pointing towards the Sun is plotted in yellow. 
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Fig. 5.16 Spacecraft Frame between 7:00 and 8:00 

 

For the value check one can first calculate the power produced by one panel when the Sun 

illuminates the panel perpendicular to the surface (assuming no lifetime degradation of the 

cells). 

0.1 ∙ 0.34 𝑚2 ∙ 0.5326 ∙ 0.293 ∙ 1367
𝑊

𝑚2
∙ cos(0) = 7.25

𝑊

𝑚2
 

This value is also seen in Fig. 5.15 whenever Sun-Pointing mode is on.  

During other modes more power may be generated when multiple panels are illuminated at 

different angles. Only one example is calculated below: 

0.1 ∙ 0.34 𝑚2 ∙ 0.5326 ∙ 0.293 ∙ 1367
𝑊

𝑚2
∙ cos 40 +  0.1 ∙ 0.34 𝑚2 ∙ 0.5326 ∙ 0.293 ∙ 1367

𝑊

𝑚2
∙ cos 20 

=  5.57𝑊 + 4.66𝑊 = 10.21𝑊 

Similiar cases also exist in the plots. 

As a conclusion, it can be said that the order of magnitude of the values as well as the shape 

of the plots seem to be reasonable. 
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5.2.4 Power Storage 

Plots for battery state of charge and depth of discharge are shown below. 

 

Fig. 5.17 DoD vs. Cycle Number 

 

Fig. 5.18 Battery State of Charge 

 

The steep descends in battery state of charge occur whenever ASAP, which consumes a lot of 

power, is switched on (7:00 to 8:00 and 16:00 o 17:00). 

Obviously the configuration with no additional side panels cannot supply enough power for 

the spacecraft, thus the power balance of the system is negative. 

5.2.5 Configuration with Side Panels 

It was shown in the chapters before that the configuration without additional side panels does 

not produce enough power for the mission scenario. Therefore the configuration with 

additional side panels was simulated. The plot for orbital data and power consumption are the 

same as before. Only the behavior for produced and stored power changes. The results are 

shown below. 

One can see in Fig. 5.19 that the power produced in Sun-Pointing mode now is about 0.36Wh. 

Whereas before about 0.12Wh were produced. Since the surface area with side panels is three 

times the area without side panels, the value is reasonable. 
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Fig. 5.19 Total Produced Watt-Hours (with Side Panels) 

 

Fig. 5.20 shows the production for the single panels. Panels that are not depicted did not 

generate any power. This plots seems also to be reasonable: The LeftPanelBack and 

RightPanelBack (which are parallel to bodyPanel1) show the same power output as 

bodyPanel1, as would be expected. LeftPanelFront and RightPanelFront are parallel to 

bodyPanel6. One can see that the LeftPanelFront produces the same amount of power as 

bodyPanel6. However RightPanelBack produces much less power. This is due to the fact that 

its solar cells are shadowed by the body of the satellite. 
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Fig. 5.20 Production for Single Panels 

 

Fig. 5.22 shows again the state of charge of the satellites battery and Fig. 5.21 the depth of 

discharge. 

 

Fig. 5.21 DoD vs Cycle Number 

 

Fig. 5.22 Battery: State of Charge 

 

Obviously with two additional side panels it is now possible to supply the satellite with 

enough energy to operate the tested mission scenario. 
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5.3 Further Investigations 

 

After the plausibility of the data was examined, further satellite configurations are going to be 

investigated. 

5.3.1 Time of Operation 

 

As it was obvious in chapter 5.2.4, it is not possible to operate the satellite with body panels 

only, if ASAP is switched on twice a day for one hour. 

At first it is now investigated how long the satellite would survive without any side panels. 

Therefore a period of two days was simulated. The state of charge for the battery evolves as 

depicted below:  

 

Fig. 5.23 State of Charge (2 days) 

 

As one can see after approximately one day and 17 hours the battery is exhausted for the first 

time. This raises the question: How long can ASAP be operated in case additional side panels 

are not desired for the satellite. Simulations comprising two days were executed. In one case 

ASAP was switched on two times for only half an hour instead of a full hour in the other case 

ASAP was switched on two times for 20 minutes instead of a full hour. The results can be 

seen in the plot in Fig. 5.24. 
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Fig. 5.24 Battery Capacity for Different ASAP Runtimes 

 

The red curve corresponds to the 2x20 min scenario and the blue curve the 2x30 min 

configuration. It is obvious that in order to gain a positive power balance ASAP can only be 

switched on about 20 min twice a day. 

 

5.3.2 Different Solar Panel Configurations 

 

It is also interesting to investigate different mountings of solar panels. Therefore, in the 

following two additional solar panel configurations were tested: diagonal unfolding panels 

and double unfolding panels. 

Fig. 5.25 below shows panels that unfold in a diagonal way. For this configuration the Sun- 

Pointing mode needs to be adjusted since it does not make sense to point the x-axis at the sun 

but an axis going through the ridge of the cube. 

Fig. 5.26 shows panels that unfold twice (Sun-Pointing mode does not need to be changed). 
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Fig. 5.25 Diagonal Panels 

 

Fig. 5.26 Double Unfolding Panels 

Fig. 5.27 shows how much watt-hours are produced in total for the different configurations 

(the configuration Single refers to the configuration in Fig. 5.6). One can see, that by utilizing 

a diagonal mounting of the panels, it is possible to produce more power, since now two of the 

body panels are illuminated. As expected, the double unfolding panels produce the most 

power.  

 

Fig. 5.27 Produced Wh for all Configurations 

Not only is it important to have a look at the produced power, but also to investigate if and 

how this power can be used to full capacity. This can be seen best in the plot for the battery 

capacity: 
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Fig. 5.28 State of Charge for All Configurations 

 

As one can see, the power produced by double panels cannot be utilized when it is produced. 

This is due to the fact that ASAP is mostly running in eclipse periods when no Sun is 

available and no power can be produced irrespective of the configuration. In those phases the 

satellite is also in Horizon-Pointing mode. Thus, double folded panels are for this case not 

superior to diagonal or single panels. 

There are also times when the battery is fully loaded and more power is produced than used. 

The optimum would be to operate ASAP whilst the satellite is in Sun and orient the solar 

panels as much as possible towards the Sun whilst maintaining the Horizon-Pointing 

constraint. 
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6 Runtime Analysis 

 

In this chapter the runtime of the simulation is examined. First the used hardware is outlined 

and then the performance is examined. 

 

6.1 Hardware 

This subchapter briefly outlines the hardware used for running this program. 

Sony VAIO VPCCA2S1E 

Processor Intel Core i3-2310M CPU @ 2.10GHz 

Working Memory 4.00 GB 

Operating System Windows 7 Home Premium (Service Pack 1) 
 

ASUS X72D 

Processor AMD Athlon II P320 Dual-Core @ 2.10GHz 

Working Memory 4.00 GB 

Operating System Windows 7 Home Premium (Service Pack 1) 
 

In order to access the performance it is necessary to evaluate the performance test benchmark 

according to PassMark, for instance. Fig. 6.1 shows the average CPU Marks for different 

CPUs. 

 

Fig. 6.1 CPU Marks for Different Processors82 

 

                                                 
 
82

 PassMark, PassMark –CPU Benchmarks,  

https://www.cpubenchmark.net/cpu.php?cpu=Intel+Core+i3-2310M+%40+2.10GHz  

https://www.cpubenchmark.net/cpu.php?cpu=Intel+Core+i3-2310M+%40+2.10GHz
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The test was also run on the laptops and yielded the following values for the CPU Marks: 

 Sony: 2706  

 Asus: 1075 

Compared to the other processors both processors are ranked worst. 

 

6.2 Runtime 

 

In the following subchapters the runtime per se is examined. 

 

6.2.1 Centralized 

In this configuration all modules and the server were run on one computer.  

On the Sony laptop the simulations comprising one day executed in the chapter before run 

between 30 min and 45 min. (Simulations without additional side panels tend to run faster, 

probably due to the reduced complexity.) Several reasons may be causing the relatively long 

runtime: usage of unfavorable data structures or the insufficient processing power. Fig. 6.2 

shows on the left side the workload of the CPU and the working memory when no simulation 

is running. On the right hand side the case for a running simulation is shown. 

 

Fig. 6.2 CPU and Memory Workload 
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As it can be seen, the CPU is 100% utilized and the usage of working memory increases 

rapidly when the program is running. Thus, the program probably affords more resources than 

are available, increasing the runtime. 

6.2.2 Decentralized 

In this configuration the modules and the server were split up and were executed on two 

different devices (Sony and Asus). The modules were split up as follows (since the Sony 

processor performs twice as fast as the Asus): 

Sony Asus 

Server Archive 

SimulationClock PowerConsumer 

Configurator PowerProducer 

PanelTemperature  

OrbitalDynamics  

PowerStorage  
 

Both computers were connected via a crossover cable. The CPU utilization during the 

simulation was 100% on both computers. 

The runtime for the simulation in this configuration is between 10min and 20min. Thus, when 

the modules are split up and executed in a decentralized manner, the simulation can be 

executed faster. This is due to the fact that more resources are available. This supports the 

assumption that the bad runtime observed before (when running all modules on the Sony) is 

due to the lack of processing power. 
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7 Conclusion and Prospects 

 

During the course of this thesis a highly modular simulation software was implemented and 

utilized in order to investigate the power budget for the SONATE satellite. Therefore different 

modules were developed modeling the subsystems of the satellite: Power production, power 

consumption, power storage and a simple thermal model. 

The single modules can be run on different entities, as long as TCP/IP communication is 

possible via the network. Furthermore multiple simulations can be executed on the server 

simultaneously.  

The program is equipped with a simulation mode where results are calculated as fast as 

possible. As it was seen, the runtime of the simulation depends on the resources available. 

Therefore it is recommended to use a fast processor and/or to run the modules distributed. 

Simulations were executed for a mission scenario of the SONATE satellite. The results show 

that if the satellite shall not feature any additional side panels, the runtime of ASAP needs to 

be reduced to about 40min a day. In case that additional panels are feasible, the configuration 

providing the highest benefit would be a diagonal mounting of the additional panels as 

illustrated in Fig. 5.25. ASAP could then be run two hours a day. In some phases there is also 

excess power capacity produced which could be used by consumers. 

There are several improvements and extensions that are imaginable: At the moment side 

panels are always covered on both sides with solar cells. This might not be desired due to e.g. 

thermal or budget considerations. In the future this might require changes by accepting and 

processing the additional input of a surface normal vector. 

The program is open to a nearly unlimited amount of extensions: For example a real time 

mode as well as a more elaborate thermal module. Furthermore one may implement modules 

simulating the available memory of the data logger. 

The program with the already available modules is a valuable tool for the early mission 

planning phase: Different configurations with an nearly arbitrary degree of complexity can be 

quickly simulated and the results visualized and compared afterwards. This helps to 

dimension all subsystems properly and discover bottlenecks at an early stage. 
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11 Appendix – Communication Protocol Client/Server & Server/Client 

This appendix contains the specification of the protocol for communication between server 

and client and vice versa (in the following the denotation server/client is used but indicates 

communication in both directions). This section is only of relevance if one intends to write an 

application in another programming language than Java. As long as Java is used and modules 

are developed according to the instructions stated in this paper no care must be taken for 

communication because it is handled automatically. The protocol was designed to be also 

human readably in order to ease debugging. 

In the following, expressions containing < > are place holders and have to be replaced with 

the actual values. For example: Assume that there is a client with the name ‗PowerModule‘. If 

in the protocol it says <ClientName> this needs to be PowerModule. 

11.1 General Message Structure 

Each message exchanged between server/client consists of a HEADER and a MESSAGE. The 

HEADER is one expression containing no white spaces and it defines what is to be expected in 

the MESSAGE BODY following the HEADER. The message can also be empty, which is the case 

when the header is satisfactory to decipher needed information. All messages are sent as 

ASCII ending with a new line character \n. The message itself must not contain any new 

line characters! 

<Header> <Message Body> \n 
 

The valid headers and their meanings are listed in the tables below. The message formats are 

specified later. 

Server  Client 

Header 

Client Type 
Concerned 

Meaning MessageBody  

Register all Requests the client to 
register 

empty 

Accepted all Registration was 
accepted 

empty 

Refused all Registration was refused empty 

KillSlave Master Client Request to kill a Slave 
Client 

Information about 
slave 

SpawnSlave Master Client Request to spawn a new 
Slave Client 

Information about 
instantiation 

ShutDown Master Client Request to shut down 
Master Client & his 

Slave Clients 

Empty 
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Simulate Slave Client Prompt slave to execute 
calculations and sent 

results back when 
finished 

Simulation 
information 

RunningSimulations Configurator Message contains 
information about 

running simulations 

List of currently 
running simulations 

AvailableModules Configurator Message contains 
information about 
available modules 

List of available 
modules 

Exception Configurator Message contains 
information about 

exception that occurred 

Exception information 

SimulationProgress Configurator Information about 
simulation progress 

Simulation Progress of 
a specific simulation 

 

Master Client  Server 

Header 

Meaning Message  

Registration Message contains registration 
data 

Registration information 

ClientExited The Master Client disconnects 
from the server 

empty 

 

Slave Client  Server 

Header 

Meaning Message  

Registration Message contains registration 
data 

Registration information 

ClientExited The Slave Client disconnects 
from the server 

empty 

Result Message contains calculation 
results 

Calculation results 

Exception Exception occurred on client Exception information 

 

Configuration Client  Server 

Header 

Meaning Message  

ExecuteSimulation Message prompts server to start 
and execute simulation  

Simulation information 

 

In the following subchapters the different message formats that are not listed with ‗empty‘ are 

outlined below. Note that in the graphical representation only the MESSAGE BODY structure is 

given and the HEADER is not included. Simple examples are given for clarification purposes 

and those show the full transmission (HEADER and MESSAGE BODY). 
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11.2 Structure of a Variable Declaration 

Variable declarations are needed in order to tell the server which variables the client requests 

(either as configuration or as subscription) and offers as result of its calculations. A variable 

declaration consists of:  

1. VariableName (note that this name needs to follow global specifications in order to 

realize the publisher-subscriber pattern) 

2. Type (needs to be one of the supported types): data type of the variable 

3. IsArray: boolean (true or false) if the variable is an Array. If true the Type defines of 

which type the stored variables are. 

The single fields are separated by a white space. Hence the structure for one variable is: 

<VariableName> <Type> <IsArray> 
 

 

The declaration is embraced by curly brackets. Hence an example could look like: 

{BatteryStatus INTEGER false} 

Multiple declarations are sequenced with a ―&‖ separator as indicated in the example below: 

{BatteryStatus INTEGER false & ProducedPower DOUBLE true} 

 

11.3 Structure of a Variable Instance 

A variable instance contains two parts: The variable declaration and the actual value of the 

variable. 

<VariableName> <Type> <IsArray> <VariableValue> 
 

Multiple variable instances are sequenced with the ―&‖ separator. As mentioned, it is possible 

to transmit arrays. Arrays are surrounded by squared brackets, single array entries are 

separated by comma (―,‖) and decimals of the values are always indicated by a point. The 

example below shows sequenced variable instances where the last one is an array. 

BatteryCharge DOUBLE false 0.3 & BatteryStatus INTEGER false 1 & SolarCellNumber 

DOUBLE true [2.3,3.6,1.5] 

As it is visible in the example, one dimensional arrays are represented as follows:  

[2.3,3.6,1.5] 
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It is also possible to transmit two dimensional arrays. Their representation is as below: 

  [[2.3,3.6,1.5];[3.5,6.1,2.2]] 

11.4 Structure of a Registration Message 

This chapter describes the format of a registration MESSAGE BODY sent from a client to the 

server. This format needs to be met for a successful registration of the client at the server. The 

message after the HEADER is dependent on the client type. 

11.4.1 Registration of a Master Client 

The MESSAGE BODY after the HEADER has the rough structure: 

<ClientType> <ClientName> : <PublishedTopic> <SubscribedTopics> 
 

<Configuration> <Description> 

 

 Annotation: the <ClientName> is followed by a colon. For visualization purposes two 

lines were needed, however no new line character is introduced after the subscribed 

topics. 

 <PublishedTopic> contains information about the topic published by the client consisting 

of a keyword and the variable declarations which indicate which variables are provided by 

the client. The subpart for publishing is built up as follows: 

PUBLISH <TopicKeyword> <VariableDeclarations> 
 

 <SubscribedTopics> contains information about to which keywords the client needs to 

subscribe topics and which variables these topics need to contain. The subpart is built as 

for the published topic but with SUBSCIRBE instead. If one wants to subscribe to more 

than one topic, the subparts are just appended. In case one wants to subscribe all topics 

only SUBALL is sent. 

 <Configuration> contains the variables the client needs as initial configuration, if no 

variables are needed, this field is left out. 

CONFIG <VariableDeclarations> 
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 <Description> contains a very short description text about the module, i.e. what it does 

etc. 

DESCRIPT <Description> 
 

The example below shows a whole registration message where a master Client registers and 

two topics are subscribed (note: line breaks in the example below are not actual new lines 

(―\n‖) but due to the limited space of the paper). Colors are used to indicate the 

correspondences: 

Registration Master SimplePowerModule : PUBLISH Power {BatteryStatus INTEGER false 

& ProducedPower DOUBLE true} SUBSCRIBE OrbitalDynamics {Eccentricity DOUBLE false 

& SemiMajorAxis DOUBLE false} SUBSCRIBE Attitude {AttitudeVector DOUBLE true} 

CONFIG {Capacity STRING false & SolarPanelArray INTEGER false} DESCRIPT This 

module calculates the available power  

 

There is no need to publish or subscribe to a topic or to request any input variables. In case 

one of these options (or more) are desired, the corresponding part(s) of the message just are 

omitted. To clarify this the following two examples are displayed: 

Example 1: No topic is subscribed: 

Registration Master SimplePowerModule : PUBLISH Power {BatteryStatus INTEGER false 

& ProducedPower DOUBLE true} CONFIG {Capacity STRING false & SolarPanelArray 

INTEGER false} DESCRIPT This module calculates the available power  

 

Example 2: No topic is published or subscribed and no configuration variables are needed: 

Registration Master SimplePowerModule : DESCRIPT Power module dummy 

 

An example where all topics are subscribed and no configuration variables are requested: 

Registration Master SimplePowerModule : PUBLISH Power {BatteryStatus INTEGER false 

& ProducedPower DOUBLE true} SUBALL DESCRIPT This module calculates the available 

power  
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11.4.2 Registration of a Slave Client 

For the registration of a slave client the MESSAGE BODY after the HEADER has the following 

form: 

<ClientType> <ClientName> <SimulationIdentifier> 
 

The <ClientName> of the Slave Client needs to be the same as the name of the master client. 

slave clients are differentiated by the combination of <ClientName> and 

<SimulationIdentifier>. An example for a slave client registration is shown below. 

Registration Slave SimplePowerModule SimNr12 

Note: Registration of published and subscribed topics as well as configuration data is not 

necessary since all necessary information have already been transferred by the master client 

11.5 KillSlave Message 

The KillSlave message will contain only one information in the message body: The 

simulation identifier of the slave to be killed as one String containing no empty spaces. 

<SimulationIdentifier> 
 

An example is shown below: 

KillSlave simNr1 

11.6 SpawnSlave Message 

The SpawnSlave message that prompts the master client to spawn a new slave client has the 

following body structure: 

<SimulationIdentifier> : <ConfigurationVariables> 
 

An example is shown below: 

SpawnSlave sim21: Capacity DOUBLE false 8.9 & SolarPanelSize INTEGER false 80 
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11.7 Result Message 

This message is sent from the slave client to the server when the calculations are executed and 

the results obtained. The MESSAGE BODY structure is as following: 

<ClientName> <Simulation 
Identifier> 

<RequestNumber> <TopicKeyword> : <Results(Variable 

Instances)> 
 

The request number specifies to which request of the server the slave answers. The example 

below shows a valid transmission: 

Result SimplePowerModule SimNr21 50 Power: Capacity DOUBLE false 3.9 & 

ProducedPower INTEGER false 20 

11.8 Simulate Message 

This messages is sent form the server to a slave and prompts the slave to execute its 

calculation and sent the results back as soon as available. The MESSAGE BODY structure is as 

follows: 

<RequestNumber> : TOPIC <TopicKeyword> { <Variable Instances> } 
 

Multiple topics may be sent in one message and are then sequenced via the ―&‖ separator as 

shown in the example below: 

Simulate 20: TOPIC OrbitalDynamics {Eccentricity DOUBLE false 3.9 & SemiMajorAxis 

INTEGER false 20} TOPIC Attitude {AttitudeVector DOUBLE false 3.9} 

11.9 RunningSimulations Message 

This message is sent from the server to the configurators whenever an update on running 

simulations happens or the configurator registers at the server. The MESSAGE BODY will 

contain the simulation identifiers of all running simulations. The sequential separator is the 

―&‖ symbol. 

: <SimulationIdentifiers> 
 

An example is shown below: 

RunningSimulations: Simulation10 & Simulation11 & Simulation15 
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11.10 AvailableModules Message 

This message is sent from the server to the configurators whenever an update on running 

simulations happens or the configurator registers at the server. The MESSAGE BODY contains 

all available modules and information about these modules. The separator between modules is 

―MODULE‖ after which the description of the module follows as in 11.4.1 (the client type is 

omitted). 

: MODULE <ModuleDescription> 
 

An example is shown below. The colors for the module description are the same as used in 

11.4.1. 

AvailableModules: MODULE SimplePowerModule : PUBLISH Power {BatteryStatus INTEGER 

false & ProducedPower DOUBLE true} SUBSCRIBE OrbitalDynamics {Eccentricity DOUBLE 

false & SemiMajorAxis DOUBLE false} SUBSCRIBE Attitude {AttitudeVector DOUBLE 

true} CONFIG {Capacity STRING false & SolarPanelArray INTEGER false} MODULE 

SimpleOrbitCalculator : PUBLISH OrbitalDynamics {Hight DOUBLE false} SUBSCRIBE 

SimulationTime {CurrentTime DOUBLE false} CONFIG {Eccentricity DOUBLE false & 

SemiMajorAxis DOUBLE false} 

11.11 ExecuteSimulation Message 

This message is sent from a configuration module to the server whenever a new simulation 

was configured and shall be executed by the server. The MESSAGE BODY has the rough 

structure: 

<Simulation 

Identifier> 
<ClientName> : MODULES <List of module 

names> 
CONF

IG 
<Variable 

Instances> 
 

Several modules or variable instances are concatenated with the ―&‖ operator as shown in the 

simple example below: 

ExecuteSimulation sim15 configurator3:  MODULES SimpleArchive & SimulationClock 

CONFIG startTime LONG false 0 & endTime LONG false 100 & timeStepSize LONG false 1 
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11.12 Exception Message 

This message can be sent from any slave client to the server, if errors occurred (e.g. illegal 

argument). This exception is forwarded/distributed by the server to all configuration modules. 

The MESSAGE BODY is as follows: 

<SimulationIdentifier> : <Excption Message> 
 

Since newline characters ‗\n‘ are only allowed at the end of messages, but are useful for 

readability of error message they are transmitted as ‗$‘ signs and which can be replaced to 

new lines by the receiver again. An example is shown below: 

Exception simulation10: This is an example exception. This is the first line. $ 

This is the second line 

11.13 SimulationProgress Message 

This message is sent from the server to configuration modules and informs the configurator 

about the progress of a specific simulation in percent (0-100). The MESSAGE BODY is as 

follows: 

<SimulationIdentifier> : <Progress in Percent> 
 

An example where the progress is 50% is shown below: 

SimulationProgress simulation10: 50 


