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Abstract

Why do we ever invest more resources to go into space? Technological applica-
tions, well-being and mainly the curiosity of what is unknown push human beings
to overcome their limits.

Every artificial object we are going to send into the space, it will move from a
comfortable environment, Earth’s atmosphere, to the hostile environment that is the
blackness of space. The body must be able to endure the transfer and to be operating
in the new environment.

The student team ECOSAT, that I joined, at the University of Victoria, is par-
ticipating in the Canadian Satellite Design Challenge, a competition that involves
designing and developing a 3U CubeSat. The nanosat Homathko will beam photo-
metric light to observe the aerogel.

The aim of the work presented here is to study and ensure safe operation across
the whole mission from a thermal point of view. A Finite Element Analysis (FEA)
was developed using the Siemens NX 9 software to compute the temperature distri-
bution of the satellite during its orbital mission.
Another software, the ESATAN-TMS by ITP Engines UK, was employed to perform
the same calculation in order to verify and validate the results, due to the lack of
experimental data.

Moreover, an analytical method was developed to estimate, at the conceptual
design stage, the temperature distribution that the CubeSat would experience at a
system level. Finally, the temperature distribution on the CubeSat is presented and
some design recommendations are put forward.

Keywords
Nanosatellite, aerogel, mission, temperature distribution
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Resumo

Por que razão investimos mais recursos para ir para o Espaço? Aplicações tec-
nológicas, bem-estar e principalmente a curiosidade pelo desconhecido impulsionam
os seres humanos a ultrapassar os seus limites.

Qualquer objecto artificial que enviemos para o Espaço mover-se-á de um ambiente
confortável, a atmosfera terrestre, para o ambiente hostil que é a escuridão do Es-
paço. O corpo deverá ser capaz de suportar a transferência e ser operacional no
novo ambiente.

A equipa de estudantes ECOSAT que intregrei, na University of Victoria, participa
na Canadian Satellite Design Challenge, uma competição que envolve o design e
desenvolvimento de um 3U CubeSat. O nanosatélite Homathko irradiará luz fo-
togramétrica para observar aerogel.

O objectivo do trabalho aqui apresentado é o estudo e a garantia de uma operação
segura ao longo de toda a missão, de um ponto de vista térmico. Uma análise de
Elementos Finitos foi desenvolvida utilizando o software Siemens NX 9 para calcu-
lar a destribuição de temperatura no satélite durante a sua missão orbital. Um outro
software, o ESATAN-TMS da ITP Engines UK, foi empregado para desenvolver o
mesmo cálculo, com o intuito de verificar e validar os resultados, devido à escassez
de dados experimentais.

Além disso, um método analítico foi desenvolvido para estimar, numa etapa de de-
sign conceptual, a distribuição de temperatura que o CubeSat experienciaria a um
nível de sistema. Finalmente, a distribuição de temperatura no CubeSat é apresen-
tada e são feitas algumas recomendações de design.

Palavras-chave
Nanosatellite, aerogel, missão, distribuição de temperatura
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Chapter 1

Introduction

1.1 Motivation

Humanity is characterized by the ever present curiosity and desire to learn. The deep
space is the perfect mix of mystery and unknown for science. This in turn gave birth
to the aerospace industry.
One of the reason because these day the “man” goes into space is to improve the
own quality of life. Just out of curiosity, most of common objects come from space
research such as sunglasses, diapers, pc’s mouse, wireless tools, digital camera and
obviously all discoveries about telecommunication, materials and biomedical.

Sending an object or even a person into the space is dangerous and expensive.
That is why everything intended for space must have a high reliability. As it is
difficult and expense to test a satellite in the space environment conditions, the com-
putational design and simulations take on an important and essential role.

This thesis focuses on the development of analytical and computational thermal
models of 3U CubeSat1 developed by ECOSat team at University of Victoria and on
an analytical model, extended to a set of CubeSats, to quickly figure a good starting
point out for thermal design as needed.

FIG. 1.1: Photomontage of Homathko on a Earth view from space

1.2 Operational framework

ECOSat is a student-run group that competes in the Canadian Satellite Design Chal-
lenge (CSDC). This group is a division of the University of Victoria Centre of Aerospace
Research (CfAR) called University of Victoria Satellite Design (UVSD).

1To know more about CubeSat see subsection ??



2 Chapter 1. Introduction

FIG. 1.2: Different types of standard models of CubeSats

1.2.1 A standard model - CubeSat

Instilling knowledge in young people is a good way to get great result in each field.
In 1999, professors Jordi Puig-Suari at Cal Poly and Bob Twiggs at Stanford University
proposed a reference design for the CubeSat.
CubeSats are a class of research spacecraft belonging to the nanosatellites family ?.
The miniaturized satellites are divided into categories depending on their weight,
the nanosatellite is one of them and it includes artificial satellite from 1 to 10 kg.

CubeSats are built with standard dimensions (Units or "U") of 10x10x11, they can
be assembled to get sundry sizes (see fig. ??). The typical weight is less than 1.33 kg
per U and commercial off-the-shelf (COTS) components are often employed for their
electronics and structure.

Usually CubeSats are put in orbit by launch vehicle in the belt called Low Earth
Orbit (LEO) to perform own task according to the payload with which is equipped.
In 1999, the primary objective which gave birth to this standard model is to enable
graduate students to be able to design, build and test a S/C, in other words, to oper-
ate into the space. Today this spirit is still there, to put graduate and undergraduate
students around the same table and to face the problems that the field of aerospace
proposes.

1.2.2 The Canadian Satellite Design Challenge - CSDC

The CSDC is a Canadian competition for teams of University students to design
and built a small satellite ?, it began its plan in January 2011. It is an academically-
challenging initiative designed to inspire students to pursue engineering educations
and careers with teamwork skills which are indispensable.
Unlike many university competitions, in this one, students (graduated and under-
graduate) are involved from different disciplines: engineering, science and also stu-
dents from management, commerce and education. So this competition offers the
opportunity to work on a real space mission project under realistic conditions: the
CSDC promotes the development of "small" satellite, fully operational CubeSat which
will conduct a science mission and support the research, development of practical
problem and commercial applications of nanosatellite technologies.
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1.2.3 Mission Overview

As already mentioned, every CubeSat project has to fulfil a scientific mission, in this
case, it will be a competition (CSDC) that inserts the winner in a real context sending
the product into the space.

The ECOSat group is developing a 3U CubeSat with a defined payload, mission
plan and ground station. The Homathko mission shall be designed for an operating
lifetime of two years.
The nanosatellite is equipped with two payloads, so it is able to perform two main
functions: the primary mission objective is to provide a photometric source de-
tectable by a ground base. The secondary mission objective is to supply an amateur
radio repeater.

The primary payload is a calibrated photometric source designed by the AL-
TAIR2 (Airborne Laser for Telescope Atmospheric Interference Reduction) group.
It will emit calibrated light source, enabling the ground base observatories to cal-
ibrated their relevant observation technologies and to compensate for the variable
effects of aerosol extension.
Briefly, tiny solid and liquid particles suspended in the atmosphere are called aerosol,
this raises the interest of scientists because those particles can affect the climate,
weather and people’s health too.

FIG. 1.3: Example of observation of aerosol optical depth. The optical
depth is the natural logarithm of the ratio of incident to transmitted of

radiant energy emitted, through a material

Simply put, in fig. ?? the basic principle about detection of aerosol is shown. The
calibrated light source of 0.1% error with discrete laser lines in blue,green, red and
near-infrared. The source must be visible to a ground segment observatory at better
than 15th magnitude when the satellite is more than 30◦ above the horizon.

The secondary payload is an amateur radio (non-commercial exchange of mes-
sages) repeater, the satellite is used as a radio relay. The satellite shall provide the
following public services:

• FM radio repeater, mode U/V 3

2ALTAIR is a project that is undertaken by the Department of Physics and Astronomy at UVic, it is
focused on develop tools to characterize the optical losses due to the Earth’s atmosphere

3The mode U/V instructs about the frequencies used for uplink and downlink
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• Linear transponder, mode U/V

• Packet radio system for querying satellite status

• Additionally non-public services: telecommand channel for updating the S/C’s
command queue and enabling the primary payload

FIG. 1.4: Principle of photometric detection

1.3 Why an analytical model?

Analytical models is a mathematical model that have a closed form solution. In other
words, usually applying some simplifications to the real case, you are able to foresee
the behaviour of a physical phenomenon through a closed system of equations.
Currently the adhibition of mathematical analytic function has been replaced by nu-
merical models that are based on computer method.

Back to the point, the idea to create an analytical model to solve the thermal anal-
ysis of a S/C was born by reading previous thermal analysis work, the trend of these
results suggests the possibility of finding some relationship.
To perform a Finite Elements Analysis (FEA) takes some days: to realize the CAD
model of the object being analyzed and to run the simulations (extremely variable
needed time, from few minutes to some days). From the other side, getting the
results from mathematical functions, that implement a well-developed analytical
model, take only a few hours. Of course the confidence in the results is really differ-
ent, an numerical method is more accurate.
Paradoxically, it would seem like you don’t want to use the PC to save time, but the
intent is to provide a guideline to design the TCS of a CubeSat in order to run less
simulations with a software and to understand which are the main variables that
influence the temperature trends on an orbiting object and optimize them.

1.4 Thesis Objectives

In this work there are two parallel objectives, both about the prediction of temper-
ature distribution on a CubeSat in a LEO orbit. Predicting these temperatures en-
ables the design of thermal control system4 and at the end of an iterative process to

4Every certificated device for space application has operational and survival range of temperatures
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validate (according to the requirements specified by CSDC, see section ??) as safe,
reducing the possibility of failure in orbit that would jeopardize the mission.

First, a FEM model has been built up from a CAD model of Homathko through
the NX software and by another specified software ESATAN-TMS (designed in collab-
oration with ESA). The results from both of the commercial software are compared
for validation and evaluation purpose.
Second, an analytical model was designed and implemented for fast and initial es-
timation of the CubeSat overall temperatures. A detailed overview of the model is
proposed and the main variables that affects the behaviour will be highlighted. This
model will be validated by comparison with the two software.

FIG. 1.5: Summary flowchart for the work done. The grey block
means that it was not developed by myself

1.5 Outline

The content of this document is structured as follow:

Chapter 2 A description of the hostile space environment is presented in
which a satellite has to operate; brief mention of thermal control
system

Chapter 3 Definition and design of Homathko, the CubeSat 3U that has to be
analyzed; the arrangement of each subsystem is described
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Chapter 4 Definition, deployment and examples of the analytical model to
perform the high level temperature analysis; theoretical back-
ground for thermal analysis

Chapter 5 Presentation of thermal analysis performed by two different soft-
ware plus the analytical model; comparison of the results, tips to
improve the TCS

Chapter 6 Conclusion of this work, considerations about the analyzed and
the exploited methods; future works
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Chapter 2

Space environment

To facilitate the reader: I inform you that the theoretical background, on which this the-
sis is developed, will not appear as a separate chapter, but it has been integrated into
Chapter ?? since the topic discussed, there, (Analytical Model) is purely theoretical.

Spacecraft thermal control is a process of energy management during its life cycles:

• ground testing - conduction, convection and vibration stresses on the structure

• transportation - bumps and vibrations can damage the body

• launch - high velocity and drag would affect the payload (protection systems,
see APPENDIX ??)

• orbit transfer - out of the atmosphere the radiation is the main source of heat

• operational orbit

Designing systems and materials that are operative in space it is not trivial and
also it is difficult to test a device in a real space environment. Here we give insight
of how the environment outside the Earth atmosphere is hostile, therefore the need
for a "shield" and particularly a thermal protection against it. Then there is a list of
the common devices used in the TCS of a satellite, more attention is placed on those
applicable to a CubeSat (the size of S/C limits the use of the device).

2.1 An "Unfriendly Surrounding"

For million of years, in this human evolution, we developed materials and built
objects that work on the Earth and on the other hand the space environment is com-
pletely different.

Millions of years of evolution have led man to develop every part of his body
according to the earthly environment. Likewise all that he was able to build, it was
"Earth proof", unknowingly.

2.1.1 The native cradle

Before to care about the space environment, to get better the existing discomfort
there, let’s briefly explain how extraordinary and peculiar the Earth is.
The Earth is the third planet from the Sun and along its orbit the distance from
own star oscillates between 152 · 109 km (Aphelion) and 149 · 109 km (Perihelion).
This implies an average temperature on the Earth’s surface around 288 K, making it
possible to get the perfect conditions for water, the lymph of life.
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The planet is characterized by a gravitational field and two protective shields:
the atmosphere and the magnetosphere.
The atmosphere (this is not the place to set regions and compositions, simply put
the concept) is a shell of a gas mixture including the vital diatomic oxygen retained
around the earth by the gravitational force and it extends till 600-700 km. This
shield is divided into five concentric regions and characterized by pressure, den-
sity and composition which vary with the altitude until it dissolves after a certain
limit. A fundamental portion is the ozone layer (composed by triatomic oxygen),
it retains and absorbs part of the energy coming directly from the Sun, particularly
low-wavelength (or high-frequency) radiation that is life-threatening, in addition the
ozone absorbs the ultraviolet radiation, it retains the heat and reducing the extreme
variations of temperature between day and night. The atmosphere shields the earth
from meteorites or other small objects attracted by the gravitational field via burning
them into one of the middle layers, the mesosphere1. A harmful aspect (not always)
is the drag force induced on an object in relative motion to the "air" due to the gas
molecules that impact the surfaces.
The other indispensable protection is the magnetosphere that is not like a sphere
around the Earth, but it takes an elongated shape by its nature (see fig. ??) and is the
direct result of being blasted by solar wind ?.

FIG. 2.1: Magnetic field around the Earth

Its origin is due to the composition of the Earth’s ferrous nucleus: the planet’s
nucleus is generally kept in the liquid state, the movements of this part due to the
rotation of the Earth generates the magnetic field by dynamo effect 2.
This affects what happens on the surface and into the space (near-Earth environ-
ment) being full of charged particles.
So, for our own interests, the main function of the magnetosphere is to protect the
planet from interplanetary charged particles or from the solar wind.

1The mesosphere extends from 50 km above the Earth’s surface to 85 km
2The outer core moves around an already existing weak magnetic field, generating an electrical

current
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FIG. 2.2: Summary scheme of what surrounds the Earth

2.1.2 Outside of the atmosphere

It is not easy to define the border between the atmosphere and the space, there is not
a clear limit among them. For our purpose the space begins where the atmosphere
is rarefied to such an extent that it allows a body to stay in orbit for a short period of
time (even one day) before being slowed down by the drag force and let it plummet.
This occurs above an altitude of about 130 km.

Out of this limit an artificial satellite undergoes the aggression of radiation from
bodies into space. It is well known that the main heat exchange way in this environ-
ment is the radiative one, as shown in the fig. ??.

Direct Sun radiation, Albedo and Earth IR radiation (briefly explanation in sec-
tion ) are not the only heat sources, other environmental effects and source of heat
are:

• free molecular heating mostly during launch ascent, individual molecules
bomb the vehicle

• interplanetary trajectories cosmic rays and more intense radiation can hit a
satellite (it is not our case)

• inner heat generation every device employed for each subsystem, payload or
for the TCS itself generate heat by Joule effect

All these forms of energy need to be handled.
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FIG. 2.3: Incoming and outgoing radiations of a satellite ?

2.2 Thermal Control System

A spacecraft is a system, or machine, designed to fly in outer space and it is used to
carry out a mission. Each component of the system works properly if is within their
required temperature limits (operational and survival).
The aim of TCS is to create the operating environment for the whole S/C and to
maintain it till end of life. Moreover this subsystem must prevent the strong thermal
gradient that could damage the structure (deformations induced by concentrated
heat and different dilatation coefficients).

Both at physics and logical level it is important to divide this subsystem into external
thermal control loop and internal thermal control loop: the external one exchange energy
with the outer environment, e.g. it rejects heat towards the deep space; the internal
loop collects the heat generated by the equipment and transfers to the external loop.

Let us briefly list how the TCS acts from a physical point of view. Then, in the
sections ?? and ??, the devices suitable for such use are shown.
It is imperative to show how heat exchanges can manifest in order to handle the
temperature distribution of a body. Heat transfer is classified into various mecha-
nisms such as conduction (eq. ??), convection (eq. ??), radiation (eq. ??) and also by
transferring matter, energy or by phase changes.

Thermal conduction - heat conduction occurs when vibrating atoms interact
with neighboring atoms, transferring some of their energy:

Q = kA
T1 − T2

∆x
(2.1)

Q energy transfer [W]
T1, T2 temperature at two points in the solid [K]
k thermal conductivity [W/(m K)]
∆x length of transfer path [m]
A cross section area [m2]
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Thermal convection - convection heat transfers energy by the movement of flu-
ids:

Q = hA(Ts − Tt) (2.2)

Q energy transfer [W]
Ts surface temperature of the solid [K]
Tf free stream temperature of the fluid [K]
k heat transfer coefficient [W/(m2 K)]
A wet surface area [m2]

Thermal radiation - the radiation is emitted energy by matter as electromagnetic
waves. Every body with temperature higher than 0 K emits a fraction of radiative
energy (according the parameter ε) to that emitted by a black body. The radiative
interaction prevails in the "empty" space, because it does not require any means of
transport for the exchange:

Q = εσAT 4 (2.3)

Q radiated energy [W]
T absolute temperature [K]
ε emissivity
σ Stefan-Boltzmann constant [W/(m2K4)]
A interested surface area [m2]

The radiations affect the body in different way, when they hit its surface we ob-
serve the absorption, reflection and transmission:

• absorptivity α, percentage of incoming radiation absorbed

• reflectivity ρ, percentage of incoming radiation reflected

• transmissivity τ , percentage of incoming radiation transmitted

The space environment can easily reach the high temperature devices as 100 or even
under -130 in a few seconds or a minute. Devices and coatings allow to manage all
of these parameters listed here and in the above equations.

2.2.1 RAMS - Reliability Availability Maintainability and Safety

Before we get into the details of the methodologies and devices used in the ther-
mal system, let us briefly see what are the provisions governing the use of spatial
material. When we use some object we must be confident that it performs the func-
tion for which it has been designed correctly and to that end we rely on concepts of
reliability and safety.

So far there is no an international organization that takes care of global safety in
space sphere and as long as one who cares about the interest of a mission is the same
that concerns the safety, the "missing" will always be there, increasing the probabil-
ity of an incident.
However there are some initiative or document to define the requirements and ex-
pectations in the development of space systems and technologies. The European
Cooperation for Space Standardization (ECSS)is a cooperative effort of ESA ? that
establishes a coherent, single set of standards for use in all European space activi-
ties. There are numerous documents published under the ECSS acronym that cover
all areas (heat transport equipment, software, sensors, etc.)and are applied together
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for the management, engineering and product assurance in space project and appli-
cations.
In USA another standard is followed, called military standard, MIL-STD, helps achieves
standardization objectives by the U.S. Department of Defence, including space seg-
ment. It applies to the entire life cycle of the systems, which for space means pre-
launch, launch and on-orbit.

Unfortunately it is impossible to predict everything, an accident or failure will
always happen. But it can reduce the probability that they will occur and stem the
damage by driving the mission to success.

2.2.2 TCS for Spacecraft

Resuming, the TCS guarantees both an acceptable global energy balance and local
thermal properties. The thermal interactions among the objects can take place in
three ways: conduction, convection and radiation: the first two modes need mate-
rial to exchange heat, while the radiative one prevails in the "empty" space without
requiring any means of transport.

The TCS can be passive or active, we consider active a device that uses electric
energy or moves fluid between two distinct points instead we consider passive all
the other equipments.
The active thermal control is usually complex, expensive and relatively bulky, the
main devices are ?:

• thermostatically controlled resistive electric heaters

• fluid loops

• louvres

• thermoelectric coolers

2.2.3 TCS for CubeSat

A spacecraft in its entire life cycle experiences different environments: ground, launch,
orbit transfer and operational orbit. But this paragraph only emphasizes the aspects
of nanosatellite TCS, how to protect it from overheating and from too cold.

The passive thermal control is suitable for CubeSat, or small and nano satellite,
because of its simplicity and it does not require energy; it includes ?:

• insulation blankets

• external surface coatings and finishes

• thermal fillers

• sun shields

• phase change materials

• radiating fins

• heat sinks

For a medium or large satellite both active and passive TCS equipments are em-
ployed.
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Chapter 3

Homathko

A space mission arises from the need to achieve something in scientific, public ser-
vices, commercial, military or human field. This "something" is gotten by the payload,
which is therefore the main "subsystem" and the whole spacecraft bus1 is built up
only to support and keep it healthy.

This chapter is intended to provided an overview of the structure of the Homathko
Cubesat (built by ECOSAT satellite team) as outer frame and organization of the
various devices employed, but above all, it will be important to emphasize those
aspects relevant to a thermal and structure analysis.
We need to know the exact configuration of the analyzed body (since it is still in
working progress, assumptions are made on the uncompleted parts) to properly
perform the simulation and being able to suggest changes if the requirements (see
section ??) are not met.

Furthermore this section provide a starting point to develop the analytical thermal
model and also to evaluate the goodness of the approximations made in the model
used in the run software.

3.1 Constrains and requirements

The Challenge (CSDC) is focused on advance space education and inspire new aspir-
ing engineers to develop their own skills. In addiction, the CubeSat to be submitted
to the commission must be original and developed by the team members mainly:
give wiggle room, but strict requirements must be met.
There are many requirements to follow and include the whole mission, from secu-
rity to launch from payload to communication and so on. Here only those structural
and thermal interest will be listed, but accessibility to the other documents will be
provided.

Starting almost from the end, from launch, since the launch window, place and
launcher are not selected yet (at the time of the release of this document) looking
forward a good opportunity in order to reduce the cost of this expensive phase,
every effort will be made to comply as many non-conflicting launch provider re-
quirements. The satellite shall comply with following launch services: Nanoracks,
ISILaunch, Spaceflight Industries.

Other general requirements, similar to the previous one, about the whole mission
such as orbit, general S/C constrains, ground segment and operation are detailed in
the reference document ?.

By going into the specifics of the structural requirements, let us list the main ones
below, (a wider schedule is supplied in a CSDC paper ?):

1We could conceptually split the spacecraft into payload and bus
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• The S/C configuration and dimensions shall be those given in the APPENDIX
??, called "3U" or "triple-CubeSat" (bullet dimensions 113× 113× 340.5 mm)

• The main S/C structure and corner rails shall be made of aluminium 7075,
6061, 5005 and/or 50522

• On the S/C XZ and YZ faces (see Fig. (??) for references from here on) protu-
berances are permitted, but they shall not exceed 6.5 mm perpendicularly

• The satellite shall have four rails, one per each corner, along the Z axis. The
minimum dimensions of section normal to Z axis are 8.5×8.5 mm and the edge
of the corner rails shall be rounded to a radius at least 1.0 mm. The material
for this component shall be hard-anodised to prevent the cold-welding within
the dispenser

• All parts shall remain attached to the S/C during launch, ejection and opera-
tion. Pyrotechnic devices shall not be used

• The spacecraft mass shall not exceed 4.0 kg. The center of mass shall be located
within not more than 2.0 cm from the S/C’s geometric center in the X and Y
axes and not more than 7.0 cm from the S/C’s geometric center in the Z axis.

These requirements are very strict because the CubesSat has to fit the P-POD
(see as ex. fig. ??). The P-POD is an aluminium box, inserted inside the launcher,
designed to hold tiny satellites (secondary payloads) as CubeSats.

FIG. 3.1: Example of P-POD structure that welcomes the 3U CubeSat
?

Other requirements of a different nature are mentioned about low out-gassing
material (especially with optical payload), power, etc.
Even the editing of this thesis is a programmatic requirements: each team shall cre-
ate a Thermal Mathematical Model (TMM) and Finite Element Model (FEM) of their
CubeSat in order to perform the analysis and to show compliance of the design.
These analyses precede the compulsory environmental tests such as random vibra-
tion and thermal-vacuum and/or bake out (in fig. ?? and ?? the thermal and vibra-
tion profiles are shown respectively).

Out of competition an additional qualification would be building the satellite in
a clean room, e.g. dust or hair could cover a lens or a source of light compromising
the entire mission if the manufacturing phase take place in a "normal" room.

2Aluminium alloy: 7000 series (Al-Zn) high strength, 6000 series (Al-Mg-Si) easy to machine and
weldable, 5000 series (Al-Mg) corrosion resistance



3.2. Spacecraft payload 15

3.2 Spacecraft payload

According to a need, a mission starts to be planed. Firstly the payload to accomplish
the mission is chosen and then all the spacecraft bus is built around it. Every effort
has to be done to keep the payload operable and as safe as possible.

3.2.1 Primary payload

Systematic error in astrophysics and cosmology measurements are due to uncer-
tainties from tools and inadequacies. Satellite-mounted light sources results in im-
provement in the ability to precisely characterize atmospheric extinction and better
precision in astronomy.
The Atmospheric Aerosol Extinction (AAE) is the main source of photometric error
and also it varies daily. In order to allow the ground-based photometric telescope for
< 1% uncertainty in calibration ? a primary photometric standard has been mounted
on Homathko (in other words a device to measures the light). It will be able to mea-
sure AAE, known wavelengths in a LEO orbit through atmosphere and measured
loss in magnitude.

Quad laser array instead of a single laser source was employed to cover larger
spectrum, each laser project its light in a integrating sphere (shown in fig. ??) at a
different wavelength, 450 nm, 520 nm, 638 nm and 808 nm, to create a uniform beam.

FIG. 3.2: Sketch and different views of the primary payload

Some mechanical constraints have been taken into account such as physical size,
weight limitations, vibrations and heat dissipation and overheating. Even if it is
equipped with temperature sensors to provide a feedback, a design has to be devel-
oped to keep the payload within operating range of temperatures and in this work
it was estimated.

3.2.2 Secondary payload

Observatories need to require use of calibrated source to satellite, for this a amateur
radio was assembled. Amateur radio communications is supposed to be used with
an additional antenna for exchange data during primary payload works.

3.3 Spacecraft bus

After the mission is analysed in detail (lifetime, orbit, operations, etc.) and the fea-
tures and the operations of payload are known, we can design the optimum con-
figuration of the spacecraft to support the payload and to carry the mission to the
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TABLE 3.1: List of subsystems and their main functions for a general
S/C

Subsystem Principal Functions References

Propulsion
Provides thrust to adjust orbit and attitude
and to manage the angular momentum

Sec 3.3.1

Attitude Determination
and control System
(ADCS)

Provides determination and control of
attitude and orbit position, plus pointing
of spacecraft and appendages

Sec 3.3.2

Tracking, Telemetry
and Command (TT &C)

Communicates with ground and other
S/C, Spacecraft tracking

Sec 3.3.3

On Board
Computer (OBC)

Processes and distributes commands;
processes, stores and formats data

Sec 3.3.4

Thermal
Maintains equipment within allowed
temperatures ranges

Sec 3.3.5

Power
Generates, stores, regulates and
distributes electric power

Sec 3.3.6

Structures and
Mechanisms

Provides support structure, booster
adapter and moving part

Sec 3.3.7

success.
This section follows the subsystem description reported by SMAD ? and it provides
a quickly review of the functionalities of each system, how the ECOSat team im-
plemented them on Homathko and the main useful features by a thermal point of
view.

3.3.1 Propulsion

In physical terms, the propulsion system is used to vary the momentum of a space
object, while regarding to a mission profile it has three tasks: it lifts the launch ve-
hicle from space-port to LEO with its payload, according to the operational mission
requirements it transfers the payload into a needed orbit or carries it into a planetary
trajectory and then keeps the S/C in the desired orientation.
The CubeSat in question does not have an own propulsion system to provide thrust
for orbit correction and attitude control, but the basic functionality are provided for
completeness.
The propulsion is an interesting and growing field; there are a lot way to generate
thrust in the space such as chemical, electrical, electromagnetic one according to the
job.

Launcher and launch site have not yet been chosen , it means that the boundary
conditions to start running the simulations are fictitious, since the launch conditions
are unknown.

3.3.2 Attitude, Determination and Control System

Like every subsystem, this is also in service of the payload. It could be directly if an
observation payload (e.g. a cam to map the Earth) is carried or indirectly when we
need to point the antennas or solar panels to respectively communicate and generate
power. First task of ADCS (Attitude Determination and Control System) is detum-
bling or initial attitude acquisition, since after ejection the S/C spins around in an
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uncontrolled way. Then it has to stabilize the vehicle and orient it in desired direc-
tion, this subsystem use sensors to determine the currently attitude and actuators to
correct and keep it. The ADCS has to work continuously throughout the mission,
because disturbance torques’ sources affect the satellite: atmospheric drag, gravity-
gradient, solar radiation pressure and Earth’s magnetic field.
Simply put, it is coupled with the on board computer (OBC), propulsion system (if
it presents) and navigation functions and what it does is to act on the three main
inertia axes, rotating the CubeSat around its center of mass.

3.3.3 Tracking, Telemetry and Command

The communication System, or TT&C (Tracking, Telemetry and Command), allows
the connection between spacecraft and ground segment. The user has to be able to
send commands into the space through this subsystem to manage the S/C and to
operate the payload, moreover the housekeeping data and especially the payload
data must come back to the operation center and the user.
Saying it in a more technical way, the Comm receives and demodulates the uplink
signals and modulates and transmits downlink signals (on board processed data).
Another function is track the satellite during its orbit by received/transmitted sig-
nals.

In general, the communication system is quite complex due to the signal man-
agement. The configuration of this subsystem, how it is implemented on Homathko,
is sketched in the APPENDIX B fig. ??: some components are mounted on the OBC’s
PCB and they are connected with the rest of the equipment placed on the AFE’s PCB
(Analogue Front End, see fig. ??b)); two normal mode helical antennas complete the
equipment, they are positioned one on top and one on bottom.

This is not the place to go into detail about this system, the only things to point
out are to understand the amounts of heat losses for each devices and where they
have to be modelled in order to run some truthful simulation. The main values
about heat losses and the period of use are grouped together in the table ??: the
devices are not always powered, it depends on the own function, for example, the
communication requires a clear field of view for the antenna and it is not always
available during a single orbit or in an other situation it could even be set to active
the downlink function periodically.
The two interested PCBs are the first and second from the bottom, respectively AFE
and OBC printed circuit board (see fig. ??). It would be useful to know where exactly
every integrated circuit (IC) is mounted on the respectively PCB and how they are
fixed on in order to modelled the couplings, but currently, it is not everything well
defined on the project.

3.3.4 On Board Computer

The computer systems are an integral part of every subsystem that demands to meet
mission requirements. The OBC (On Board Computer) and software are the core of
the satellite, keep everything controlled and regulated. This subsystem handles the
mission data, all data that provide information useful for the mission and deriving
from the payload, and the housekeeping data that means all data about the health sta-
tus of the S/C (e.g. temperatures, currents, voltages and so on). So the OBC has to
have interfaces with every other subsystem. Going a bit in detail, an important con-
ceptual element is the Command and Data Handling (C&DH): it receives, validates,

310% of orbit period
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TABLE 3.2: Main communication equipment and its relative heat
losses

Component Heat loss [W] Duty period
DSP
TMS320C5535

22 [mW] always

CODEC
TVL320AIC3206

40 [mW] always

up/down VCO
BFG103W

20 [mW] always

Phase Lock Loop
LMX2485E

16 [mW] always

Conversion receiver
CMX994

0.25 always

Conversion transmitter
CMX998

0.5 0.13

Power amplifier
AFT05MS004N

2

LNA
MBC13916

0

decodes and distributes commands to other S/C’s subsystem ?; also this subsystem
collects, processes and formats the housekeeping and mission data for downlink or
use by an on board computer.
For an unmanned spacecraft, the OBC makes it as autonomous as possible; we have
a built-in processor that has stored command capability and also it is able to handles
and stores data in order to process information at the time events occur. Obviously
all of this is possible with a reliable operative system and application software that
manage the resources of computer.

The high level design of On Board Computer is shown in fig. ??: starting from
the center, TMS570 is the main processor for Homathko, all data come here for pro-
cessing and storage; but where do these data come from? There is a network of
sensors (spread on the CubeSat) that feed data into the STM32s. These devices, used
to sample the sensors, pass the data into the main processor.

It would seem a completely unconnected system with the thermal apparatus,
but like every devices, with which it is built, dissipate heat. Obviously this system
is always powered (during the entire mission), such a constant source of heat: most
of the equipment is spread on a PCB’s stake, placed in the lower half of CubeSat, so
the OBC’s core is placed on the second PCB from the bottom, see fig. ??.
The main heat loss, modelled on the simulation, are mentioned in the following table
(table ??):

TABLE 3.3: Main heat losses of some devices related to the OBC

Component Heat loss [mW] Duty period
TMS570 (main processor) 132 always
OEM 615 (GPS) 60 always
SFSD819 (memory card) 99 always
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FIG. 3.3: Hardware of OBC and sensor network ?

3.3.5 Thermal

For a nanosatellite (1 to 10 kg) and especially for a CubeSat 3U the Thermal control
system doesn’t affect the structure a lot. No heaters, louvres or pumps to move cool-
ing liquid.
The main element for Homathko are the coatings use to cover the aluminium struc-
ture and the antenna, both of them move into the direction to rise the emissivity and
put down the absorptivity.
We can also consider elements of TCS the sensor to provide a feedback about over-
heating or over-cooling.
Some precautions have been observed and some elements are suggested, but all of
this considerations are explained in this work in the Chapter ??.

3.3.6 Electrical Power System

The Electrical Power System (EPS) provides electric energy to all subsystems that
require it and keeps the S/C operational for the whole mission . This system gen-
erates, conditions and regulates power at different voltage levels as required by the
devices; it also is able to store the energy for eclipse operation (indispensable feature
if the solar panels are the main source power) and to manage the energy for standby
period or peak demand. From a organization and safety point of view the EPS can
switch on or off the equipment and ward from short circuits and isolates faults.

In the APPENDIX B fig. ?? shows the block diagram of how this system is im-
plemented on the Homathko, let’s describe it briefly ?. The photovoltaic is the con-
figuration adopted, solar arrays are used to charge the employed batteries.
To fulfil its competences the systems consist of three parts: power generation, power
storage and power regulation. There are three solar panels with seven photovoltaic
cells on each and mounted respectively on three sides of the CubeSat, this configu-
ration helps to get solar energy with random orientation to the sun. Triple junction
GaAs solar cells are used with an efficiency around 30% (data sheet in ref. ), one of
the highest; they are arranged in series to maximize the voltage, but to avoid com-
promising the entire system due to a single failure, each cell contain bypass diode.
So, we got a short circuit current of 519.6 mA and an open circuit voltage of 2.69 V.
Two battery packs are used to store the energy and ensure to keep Homathko healthy
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FIG. 3.4: Location of equipment on the PCB

and operational during eclipse time or whenever it can’t be powered by sunlight.
Each pack consists of three Lithium ion batteries and all of six should provide around
100 W h (CSDC imposes this constrain).
To conclude this superficial description we just name the presence of multiple DC-
DC voltage regulators to properly distribute the voltage required by each device.

All these elements mentioned above dissipate heat: the batteries during duty cy-
cle, the chargers and mostly the regulators,that should be highly efficient to prevent
overheating and waste of power. They conduct heat trough Printed Circuit Board
(PCB), on which they are placed, and warm the whole structure, also, by radiations.
In the table ?? the heat losses of the main components of EPS are shown, useful both
to know the losses magnitude and to have a clear of the values used to perform the
thermal analysis:

TABLE 3.4: Efficiency and heat losses for EPS main elements (pro-
vided by ECOSAT team)

Component Efficiency Heat loss [W]
Solar panels 80% 1.5
Batteries 30-100% 0.2
Regulators 80% 5

Power losses are unfavourable from an energy point of view, it means energy gener-
ated and not used in any devices, but converted in heat. While in terms of thermal
analysis the heat produced could be providential for the entire S/C if the tempera-
ture tend to be low, obviously could be a issue in the opposite case. A FEM analysis
could be useful to know in which case we are and make us able to update the lease
of the elements if necessary.

3.3.7 Structures and Mechanisms

Said in brutal way the task of the structure is to bring the payload into the space
and keep it there. The structure supports all subsystems and makes devices and
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mechanisms operable. It also protects all components during launch phase, during
ejection from launch vehicle or from slight accidental bumps in the space.
According to the function, it is possible to locate a primary structure4 that carries
the S/C’s major loads: it withstands the acceleration and vibrations during launch;
in other words this structure provides the needed stiffness to the entire system to
properly interact with the launch vehicle and to keep the components all together.
The secondary structure offers support to all devices, batteries packing, cables and
tubes for each subsystem.

(a) Sketch of panel (X-)

(b) Sketch of bottom plate (c) Sketch of inner plates

FIG. 3.5: Main elements of aluminium 6061 structure

The Homathko exterior (or primary) structure is sketched in fig. ??: it includes
four side panel and two plates, on top and bottom. Realized by METAL supermarkets
? with Aluminium 6061 T65, it has the dimensions specified in the CSDC require-
ments (see fig. ??). We can say that the aluminium is "the king" of aeronautical and
aerospace structure because it has an high specific strength (strength to density ratio),
it combine a good tensile strength with low density. In particular this kind of alu-
minium alloy (6000 series Mg-Si), as from data sheet, has relatively high strength,
good workability and high resistance to corrosion, all of this is combined with ex-
cellent joining characteristic, good acceptance of applied coatings. Looking at the
mechanical properties it is not the best choice, but it is a good compromise if we
look at the price too.

4This classification works better with large satellites
5"T6" is a solution heat treated and artificially aged
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The choice to assembly the structure rather than getting it from a single block was
made both to avoid concentration of stresses on the edges, so in terms of mechanics
getting a less stressed frame, and save money, since to make a single panel for the
assembly structure involve less waste material.

Summarize in the table ?? some useful physical and thermal properties about
aluminium 6061 and this subsystem:

TABLE 3.5: Physical and thermal properties of primary structure ?, ?

Properties Value Unit
Density 2.711 kg dm−3

Ultimate tensile strength 310 MPa

Coeff. of thermal expansion
at 20◦C

23.6 µm m−1 ◦C−1

Specific heat capacity 896 J kg−1 ◦C−1

Thermal conductivity 167 W m−1 K−1

Absorptivity 0.379 [/]
Emissivity 0.0346 [/]

Firstly, I would like to emphasize a good thermal conductivity (four time than steel,
this affects the aluminium welding properties) and a low thermal inertia (not re-
ported) which avoid thermal accumulations on the structure. A relevant value is the
α/ε ratio, around 10.95, that being relatively high it warms the surface as it is a good
absorber, but a poor radiator.

FIG. 3.6: CAD model of Homathko exterior structure realized by
satellite team on NX 9
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Chapter 4

Analytical Model

Models are a key to predicting outcomes of physical phenomenons. Sometimes the
algorithms tend to be very complex, but it depends on the type of phenomenon,
the confidence level on the results and therefore the purpose. An analytical model
estimates quantitatively data and values based on historical pattern, experiments.
The present analytical model is the very first step towards the realization of TCS
and the feasibility of the mission from a thermal design prospective; knowing the
model of the structure, it is demonstrate that a simple solution of the basic equation
provides the thermal signature of a satellite. The applicability of the models is quite
relevant, the user has to be able to understand if that model can roughly "dress"
the phenomenon that is the subject of his interest since each model is built on some
assumptions.

Supposing you follow an order as in a real project development, it is common
practice to perform a first rough analysis (usually at this point the object is not even
built); at this high analysis level an analytical model seems the best choice to figure
a simulation out and be fast as well.
In the following chapter, we run a more detailed simulation by two software. This
certainly takes longer and it could be done when the object is almost at the final state,
the geometry and material are already fixed. There will be not massive changes
between different project phase, so the results can be compared qualitatively.

4.1 Target model

The task of thermal analysis is to understand if a relatively complex structure, which is
made up by different materials, is able to operate within a specific safety range tem-
peratures. Another required aspect is to evaluate the thermal gradients that could
submit the structure to over-load.

To perform a test can be expensive and also the distance from a particular test
center could be another obstacle, so before to do this "important step" we would
need to understand the approximate values of our interest fields by running simu-
lations or in analytical way, if it is possible.

The typical spacecraft program and also the type of thermal engineering support
are divided into some project phases, an example is given in fig. ??. The activities and
phases could be synthesized: concept definition, validation, full-scale, development
and operation, but they vary from program to program. Anyway, each of them
has the same final task, throughout the design or program-development process,
reviews are conducted to verify the reached level of maturity and the met technical
requirements.

The present analytical model fits in the A0 phase (see fig. ??), it wants to be the
very first step towards the realization of TCS and the feasibility of the mission from
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FIG. 4.1: Project life-cycle phase of a space mission (NASA) [?]

a thermal point of view.
In a concept definition phase, the thermal engineering’s effort consists of defining
and analysing, parametrically, one or more alternative approaches to thermal control
of the spacecraft.
Moreover it could be the best way to be introduced in this section of design instead
of leaving your computer working without understanding some crucial points.

4.1.1 CSDC Environmental Testing Requirements

In order to accomplish the competition the model Homathko has to be validate.
It is even common practice to submit the S/Cs to environmental testing, proving
their ability to survive the launch and space environments and perform nominal
operations.
The CSDC involves the following tests [?]:

• random vibration

• separation shock

• thermal-vacuum and/or bake-out

The first one contemplates to withstand a quasi-static1 acceleration of 12g, the sepa-
ration shock demonstrate that the spacecraft can exit the dispenser without jamming.
The last one that arouses most our interest, it simulates the thermal and vacuum con-
ditions on-orbit and as well as to bake-out 2 hardware to ensure proper out-gassing.
The thermal-vacuum qualification test achieves two peaks of temperature (70◦ C)
interspersed by a fall to −20◦ C and all of this it will be conducted at a minimum
vacuum level of 5 · 10−4Torr (during this test the CubeSat is not required to be pow-
ered ON). To be sure about the consequences that the thermal test could induce a
functional test, which will demonstrate that the spacecraft is working within its re-
quired parameters, will be performed prior to, during, and after the thermal-vacuum
test.

4.2 Model development

The pattern of the model starts from the first law of thermodynamics that expresses
the conservation of energy. Each term has been explicated and with the necessary

1A quasi-static load is time dependent but is "slow" enough such that inertial effects is negligible.
2Bake-out is a process that acts by heat and sometimes vacuum to release volatile parts, it is an

artificial acceleration of out-gassing
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assumptions we got the "Basic Differential Equation" (hereafter BDE) on which the
model is built. Successively, known the own structure, it is showed how compute
the single factor of the basic equation and the solution of this equation will provide
the desired temperature pattern.

4.2.1 Main equations

This section does not want be a thermodynamic review, but simply wants to explain
how the BDE was gotten.

Let us start with the first law of thermodynamics which takes the form of (??),
for an open system, and expresses the conservation energy principle. An open system
is a control volume V (see fig. ??) that is permeable to flows.

∂Etot
∂t

= Ė + Q̇+ L̇ (4.1)

The total energy (??), sum of internal kinetic and potential energy, is useful to get
the system temperature.

Etot =

∫
V
ρetot dV =

∫
V
ρ(e+

U2

2
+ gz) dV (4.2)

The time variation of total energy of a system is due to:

• the flow energy Ė of the same total energy that goes in or out from volume V
per time unit

Ė = −
∫
S
ρetot~U · ~n dS (4.3)

• the absorbed heat per time unit Q̇

Q̇ = Q̇outer + Q̇inner (4.4)

• the absorbed work per time unit L̇

L̇ = L̇p + L̇t + L̇m (4.5)

FIG. 4.2: Control volume V for open system
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To obtain the BDE, it is necessary to replace each term in the first law and to do some
assumptions:

∂

∂t
(

∫
V
ρetot dV) = −

∫
S
ρetot~U · ~n dS︸ ︷︷ ︸

=0

+Q̇outer + Q̇inner + L̇p + L̇t︸ ︷︷ ︸
'0

+ L̇m︸︷︷︸
=0

(4.6)

First of all, we have to define the volume control which is identified by a CubeSat of
any size (not only 3U like Homathko), so all physical quantities like density ρ, volume
V , surface S are related to it. The first right hand term (??) is null because it is not
supposed mass exchange for the nanosatellite. The two penultimate terms can be
negligible, they would take into account the reversible power generated by pressure
normal stress (L̇p) and irreversible power coming from pressure shear stress (Lt)
respectively. The pressure stresses are negligible because the control volume takes
place in near-vacuum. The last term indicates the power generated by inner me-
chanics devices, so also this term is null since there is no moving body that develops
work (for example, don’t get confused with the rotation of momentum wheel, them
developed heat and it is counted in the Q̇inner).
Deleting those terms:

∂

∂t
(

∫
V
ρ(e+

U2

2
+ gz) dV) = Q̇outer + Q̇inner (4.7)

The subsequent simplification concerns the components of total energy and re-
quires some notions of orbital mechanics (a detailed demonstration is shown in the
APPENDIX ??). The motion of a body i into the gravitational potential of a body j is
characterized by the constant sum of own potential and kinetic energy. The kinetics
and potential fractions of (??) can be delete for an orbiting object since they have to
be derived from time.

∂

∂t
(

∫
V
ρe dV) = q̇sun + q̇albedo + q̇IR − q̇emitt + Q̇inner (4.8)

Let us analyze the left-hand side of the (??) to show its dependence only on temper-
ature at fixed structure. In the volume integral, the density ρ should be considered
as a weighted average of all satellite components and the internal energy per unit of
mass e appear. The internal energy is an extensive property because it depends on the
mass of the system, but here e is a state variable, it means that its value doesn’t de-
pend on transformation used and if there is not state changes the e is only function
of temperature.

Then to get the shape of the equation (??) the heat exchanged with the outside
Q̇outer is splitted into several contributions:

• q̇sun - absorbed heat from direct solar radiation

• q̇albedo - absorbed heat from solar radiation reflected by Earth

• q̇IR - absorbed heat from Earth infrared

• q̇emitt - emitted heat from structure self

Every body, with a temperature above 0K, is a source of energy through radiation
with a wide wavelength spectrum. Around the Earth, there are a lot of artificial and
natural bodies (for example, the moon), but each their influence is negligible, except
those mentioned above.
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Now, we see how calculate the right-hand side of (??) even if each of these terms is
analyzed in more detail in the next section (??):

q̇sun = A⊥·α· Isun (4.9a)

q̇albedo = An· a′·α· Isun·K·Fe→s (4.9b)

q̇IR = An· ε·SIR·FIR (4.9c)

q̇emitt = ε·σ·Atot·T 4 (4.9d)

Only one term depends directly on the temperature, the emitted heat from the struc-
ture and we can rewrite it as q̇emitt = DT 4 and collect all the other terms in a single
value q.

Let us take a last step to get the BDE, simplifying the derivative. Given the struc-
ture, the volume V and density ρ are constant over time, after integrating they can
exit the derivative. There is just the internal energy per unit of mass missing that for
a solid assumes the following form e = cT in which c is the specific heat that we as-
sume constant (see a brief demonstration in APPENDIX??). Then we keep out of the
derivative the specific heat and multiplying with the massm (c· ρ· V = c·m = C), we
show up the thermal capacity C taken in the following equation. The temperature
T (t) is the only variable over time, moreover it is exclusively depends on the time,
so the partial derivative can be replaced by total derivative.

C
dT

dt
= q −DT 4 (4.10)

4.2.2 Influential factors

By solving the first degree differential equation (??) we get the set of temperatures.
But what are these temperatures? These results instantly detect the volume average
temperatures of the entire body along its orbit around the Earth.
In the table table ??, the factors that make the model sensitive to geometry, orbit and
time are listed:

Factor Variability range Unit

Environment

Solar constant 1323÷1414 [Wm−2]
Albedo 23÷57 [%]
Planetary IR 227÷241 ? [Wm−2]
Eclipse time - [s]
Altitude 160÷2000 [km]

Geometry
Number of face 1÷3 -
Total surface 6÷50.1 [dm2]

Structure

Absorptivity 0.1÷0.9 [-]
Emissivity 0.2÷0.9 [-]
Mass - [kg]
Specific heat - [Jkg−1K−1]

TABLE 4.1: List of the parameters that affect the temperature and their
magnitude

Known and selected all of them, it is possible to determine the BDE and then to
solve it.
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4.2.2.1 Environment

Solar constant Sunlight is the major source of environmental heating on most space-
craft, but being very stable, within a range of 3.5%, during the time and so it is not
hard manage this kind of energy. The mean intensity of this energy measured at
the distance of 1 AU3 is called Solar constant and worth 1367 W m−2. Since the Earth
moves along an elliptical orbit, at summer solstice the planet is in apogee (farthest)
and the intensity of sunlight is 1323 W m−2 instead at winter solstice the intensity
reaches the maximum equal to 1414 W m−2. In addiction to this annual variation
seen from the Earth, the Sun is subject to a cycle of 11 years during which the in-
tensity of sunlight is of 0.1%. This small variation and the occasional flares4 are
negligible in this model.

Albedo The Albedo, (form Latin albus, "white" - "whiteness"), of a surface is the
fraction of EM incident radiation reflected in all directions.
The Earth reflects the solar radiation and we can consider an average about 34% of
the hitting energy is diffused toward the space. This value is highly variable: it can
be 10% on the water or can reaches 80% on the snow, but beyond the ocean and the
land also the solar elevation angle and the clouds affect the albedo.

TABLE 4.2: Typical value of albedo according to the orbit inclinations

Orbit inclination (deg) Angle Sun-orbit plane (deg) Min (%) Max (%)

0 - 30
0 18 28
90 45 55

30 - 60
0 23 30
90 50 57

60 - 90
0 23 30
90 50 57

Planetary IR The Earth has an effective average temperature around -18 ◦C, it is
kept thanks to the balance between the received solar radiation and the re-emitted
IR energy. Each point on the surface has different temperature and different prop-
erties then it emits a different amount of energy, it varies within a range of 218 -
275 W m−2. It is affected by the latitude, tropical and equatorial zones (these receive
more heat from sunlight) emit more IR radiation than polar zone. To complicate the
accurate value tabulation there is the random distribution of the clouds, mass of cold
water and air.
The energy emitted by the Earth is pretty close to that emitted by the S/C, then if
I use a coating that is highly reflective to the radiation of the Sun (shorter wave-
lengths) my object is vulnerable to the Earth IR (see APPENDIX ??). This kind of
radiation could represent an heavy load for our satellite.

Eclipse time We can define the eclipse time the period of umbra during an orbit.
During this phase the solar flux and the albedo are setted to zero, usually the tem-
perature of orbiting object goes down.
Foe example, it could be evaluated 0 s for a hot case or about 1000 - 2000 s for a

3An Astronomical Unit (AU) is the mean distance from the Earth to Sun and is equal to
149 597 870 700m

4Sudden brightness tongues of plasma on the Sun surface
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colder case.
If the eclipse time is unknown it is calculated as a percentage of the whole period:
about 0% to 35% according to shadow cone.

Altitude The altitude is the distance between a reference datum (Earth’s surface)
and a point of the orbiting body. The altitude affects the view factor, the albedo and
all the other heat flux.
This parameter is not constant during the orbit, it has to be selected according to the
mission and the payload, but we can simplify it considering circular orbit.
Usually a CubeSat can be located within 300 and 800 km (see fig. ??).

4.2.2.2 Geometry

The geometry of a common CubeSat is quite regular, as a rectangular box.
Exposed faces, surface and volume have to be taken into account.

FIG. 4.3: Different size and configurations of CubeSat

Number of face The factor N varies between 1 to 3 and it represents the number
of face of a CubeSat exposed to the sunlight. The fig. ?? clarifies the concept.

FIG. 4.4: Number of face involved by cross section

Total surface and volume The size is the main difference between the CubeSats
(1U - 16U). The extensive properties such as surface and volume were listed in the
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table ?? according the dimensions: the surface (dm) was computed by rounding
to the decimetres. The volume is considered as the sum of the volumes of the all
components: it was estimated considering the 50% of the volume that was computed
with the real dimensions showed in the table ??. The "50%" come out from the
Homathko experience.

TABLE 4.3: Standard inputs about CubeSat size

Size height (mm) width (mm) length (mm) Vol. (dm2) tot. surf. (dm2)
1U 100.1 100 100 0.501 6.0
1.5U 156.8 100 100 0.784 8.0
2U 213.6 100 100 1.068 10.0
3U 327.1 100 100 1.636 14.0
4U 213.6 100 226.3 2.417 16.0
6U 327.1 100 226.3 3.701 22.0
8U 213.6 226.3 226.3 5.469 24.0
12U 327.1 226.3 226.3 8.376 32.0
16U 440.6 226.3 226.3 11.282 40.0

4.2.2.3 Surface

This model point out results relative to a center of mass of an object, then the proper-
ties relative to surface or volume like emissivity or specific heat has to be mediated
on the surface or volume.

Absorptivity A body, that experiences the radiation, absorbs, reflects and trans-
mits this energy. The absorptivity, indicated by α, represents the percentage of ab-
sorbed radiation affecting the surface. This parameters measure the ability of a ma-
terial to absorb radiations. A high value of α can lead to an increase in temperature.
During the project phase the designer can select the material or coatings with needed
absorptivity according to the temperature trend and also it is possible to select which
wavelength have to be absorbed (see APPENDIX ??).

Emissivity The ability to emit radiation allows to hold an object within safe tem-
perature range, if the emissivity is well balanced with the absorption. The ratio α/ε
(emissivity, ε) identifies different surface finishes and coatings: solar reflector (low α,
high ε), flat reflector (low α, low ε), flat absorber (high α, high ε) and solar absorber
(high α, low ε). For example, if an object is too cold a solar absorber coating can
warm it up.

Mass The unit of mass is the kilogram (kg). It refers to the whole orbiting object.

Specific heat The specific heat (J kg−1 ◦C−1) is the amount of heat per unit mass
required to raise the temperature by one degree Celsius. It is a fundamental factor
and each element of a CubeSat has a different value then a volumetric average is
necessary.
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4.2.3 Solving the BDE

Known the equations (see subsection ??) and the factors that determine them (see
subsection ??) we are able to solve the BDE and finally get the temperatures.
I implemented this final step in two ways:

• Matlab: an interactive code was written, that asks you all factors regarding en-
vironment, geometry that you can set and after a few seconds a display would
appear with plotted the average temperatures.

• Graphs: some graphs were drawn (by another Matlab script) that make you
able to approximate the same temperatures that come out from the Matlab
code, but without using a calculator, just your "hands".

4.2.3.1 Matlab code

Briefly explanation about the code, focusing on input and output of this routine.
Only a few numerical considerations will be made, since this is not the appropriate
platform.
The script consists of just over hundred lines and is made up by some nested for
cycles. It was used the solver ode45 because it is the standard function to solve dif-
ferential equations and performs well with most ODE problems that are non-stiff5.
This solver also show a medium accuracy in the results it is enough for our studies.
This function implements a Runge-Kutta method with a variable time step for effi-
cient computation, the its inputs are basically the equation, the integration interval
and the initial condition.

The code is structured to ask to the user one by one the inputs listed in the table
??; the user is able to insert each value by Command Window, for each number is
suggested a physical doable range.

TABLE 4.4: Input for thermal analysis by Matlab code

Input Variability range Unit
Solar constant 1323÷1414 [Wm−2]
Altitude 160÷2000 [km]
Planerary IR 227÷241 ? [Wm−2]
Albedo 23÷57 [%]
Number of face 1÷3 -
Total surface 6÷50.1 [dm2]

Volume 0.2÷7 [dm3]

Initial condition (temperature) - [K]
Average 6 specific heat - [◦C−1 s−1]
Average density - [kg/m3]

Emissivity 0.2÷0.9 -
Absorptivity 0.1÷0.9 -
Heat loss from devices - [W]
Number of orbits - -
Starting point sunlight/umbra -
Orbit period - [s]
Duration of sunlight - [s]

5A stiff equation is numerically unstable, it means the equation has some terms that can lead to
rapid variation in the solution if the method and time step is not adequate
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As you can see, the required data are general, no structural or material details.
To be more clear let’s explain quickly some inputs: the "Orbit period" times "Number
of orbit" is set as integration interval; the "Starting point" make you able to start the
simulation from sunlight or umbra phase; the "initial condition" set the temperature
at the beginning of the simulation.

To solve this problem it only takes a few seconds and at the end a temperature
profile appears with different color during sunlight (red line) and eclipse time (blue
line), as showed in fig. ??.

FIG. 4.5: Example of temperature profile of a simulation from Matlab
code

Another information comes out from this analysis, the temporal gradient are
computed and placed in two tables ?? - ??; they give an insight of how fast the
temperature change during a single sunlight and umbra section respectively. Those
values are, simply, the difference between the temperatures at the beginning and at
the end of each section over the duration of it. Obviously we would have to keep
the gradients as small as possible to avoid induced thermal stress.

TABLE 4.5: Thermal temporal gradient for each orbit during sunlight

Sunlight
1st orbit 2nd orbit 3rd orbit 4th orbit 5th orbit

Grad [◦C s−1] 0.0025 3.872e-04 4.779e-04 8.763e-04 0.0011

TABLE 4.6: Thermal temporal gradient for each orbit during umbra

Umbra
1st orbit 2nd orbit 3rd orbit 4th orbit 5th orbit

Grad [◦C s−1] 0.0073 0.0060 0.0055 0.0052 0.0051

6If the object has to be simulated consists of more than one material
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4.2.3.2 Graphic method

The graphic method is based on the same equations, since the analytical model is
unique. It involves the use of some "extra equations" and of course some graphs.
Remember that the purpose of the thermal analysis performed by this method is
only to design a rough TCS, so we have to focus on hot and cold case and do not
predict every random cases. This implies a greater rigidity of the model, in other
words less settable variables.

The required data are always equal as those mentioned above (environmental,
geometric, orbital and so on) and through the equations (??), the BDE (??) is known.
So far nothing is new, but now we have to perform by hand these calculations.
We need to rearrange the equation (??) to make it resolvable by our graphs, dividing
the BDE by the thermal capacity C:

dT

dt
= q? −D?T 4 (4.11)

where q? = q/C and D? = D/C. These two variables with the initial temperature
(hereafter T0) and the eclipse time are the "macro variables" we need.

Finally straight to the graphs, four graphs have been drawn:

• The first chart give us the opportunity to compute the temperature at the end
of a sunlight period, from now on we will call this temperature Tup;

• The other three graphs have to be combined together, they provide the known
term and two coefficients of an extra equation. This quadratic equation pulls
out Tdown, the temperature after the eclipse time.

At the end we only got a few points that identify the extreme temperatures, Tup and
Tdown, to which the body would be subjected. The final step might be to place these
points on a Temperature-Time graph and join them by a line. The result should look
like fig. ?? obtained from Matlab.

Let us go into details of how these graphs work, but before a brief explanation is
treated about how they were made.
After an analysis of all variables the four "macro variables", above mentioned, are
the ones that affected the graphs. Basically, I wrote a code that through some for cy-
cles is able to run several close cases changing a little bit the macro variables at each
cycle; then every single result is stored in a numerical vector and plotted. Moreover,
for the three other graphs regarding the extra quadratic equation, I interpolate the
results of the numerous cycles, extract the coefficients of the polynomials and plot
them. This was indispensable to generalize the curves of final graphs for all four
macro variables.
See them one by one. The first graph (see fig. ??) plots Tup versus q?s (the subscript
"s" indicates that q? is computed for the sunlight period, the variable q? and D? have
to be adapted to each section).
Here for clarity, only a few curves are plotted, but the real graph is more detailed
and it is shown in the APPENDIX ?? (see fig. ?? - ??) .
As already hinted, q?s is equal to the sum of solar flux, earth irradiation, albedo and
the heat loss coming from powered devices during sunlight divided by the aver-
age thermal capacity of the whole satellite. Known this values, expressed in degree
Celsius over seconds, we select it on the abscissa axis of this first graph (fig. ??), indi-
viduate one of the oblique line, regarding the interested case, and then we can read
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FIG. 4.6: Trend of the temperatures at the end of sunlight section

the corresponding temperature, (Tup) in degree Celsius, on the ordinates axis.
To find the right line that works for our case, we must note the presence of different
bundles of straight lines (four bundles in fig. ??) converging in a single point and
seven lines for each bundles: the bundles identify the "initial condition", the inter-
section point ordinate suggests the value of the temperature at the beginning of the
simulation; the seven lines express the duration of sunlight period in seconds. For
example, if the our boundary condition at the beginning is 0◦C for a sunlight pe-
riod of 4000 s, we will go to select the central bundle (intersection point on 0◦C) and
choose the seventh line from the bottom.

FIG. 4.7: Coefficient trend in [s2 ◦C−1] of the second power term of
the equation ??

Obviously the number of bundles has to be increased (see APPENDIX ??) in or-
der to make the method as general as possible, and also the number of line per
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bundles could be increased.
From the following three graphs we can obtain the coefficients that make us able

to compute Tdown.

FIG. 4.8: Coefficient trend in [s] of the first power term of the equation
??

FIG. 4.9: Known term trend in [◦C] of the equation ?? (it appears as
"k")

Just as before, also these graphs are arranged in groups of seven lines, according
to the eclipse time, per two different orbit period (continuous and dotted line).
Those extracted coefficients do not have a physical meaning, but they represent the
coefficients of the following quadratic equation:

Tdown1 = a2 · q?u2 + a1 · q?u + k (4.12)
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Handling this equation we compute the Tdown temperature in ◦C, it stands for the
temperature at the end of eclipse time.

4.3 Example - Four panels structure

An example could be the best way to explain how this model works and how we can
find the temperatures across some orbits to design and sizing the TCS for a small
satellite.
I reaffirm it is easily get results from the analytical model by running the script on
Matlab: you give by command window the all data that the code needs and after
a few seconds a graph come out with temperatures over orbit time; without learn-
ing any other software or spending time, but still using a computer. Instead, the
following example could take some minutes to solve, but it is exclusively by hand.
This implies an extra error compared to Matlab code even if they implemented the
identical equations.

We are going to see the example that is related to a simple structure consisting of
four aluminium panel (300x90x10 mm), three thin panels of FR-4 attached to three
sides and one small cube simulates a devices which dissipates heat (it is always
powered).

FIG. 4.10: a) left-hand picture represents the structure modelled in
ESATAN; b) right-hand picture is the same structure with NX 9

Example σ = 5.67 · 10−8 W/m2/K4 Stefan-Boltzmann constant
Isun = 1377.8 W m−2 Solar radiation
Rearth = 6371 km Earth radius
H = 900 km Altitude
IIR = 237 W m−2 Earth infrared radiation
a′ = 0.306 Albedo
Fs→space=0.7 View factor regarding to the black space
N = 2 Perpendicular number faces
Atot = 12.72 dm2 Total irradiated surface
V = 1.2 dm3 Volume structure
T0 = 293 K Initial temperature
qdiss = 5 W Power dissipated from a device
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Let’s start by calculating the heat flux that affected the structure
during the orbiting

qsun = A⊥ · Isun · α
qalbedo = A⊥ · Isun · α · a′ · Fs→earth

qIR = A⊥ · IIR · ε · Fs→earth

Firstly, it is necessary to calculate some missing values:

A⊥ = l·
√
N ·p

100 = 0.024 m2

Here, l represents the height of our parallelepiped in dm, while p needs a little
discussion to be clear: p is the average of body’s irradiated surface by the Sun during
the orbital sunlight period and it is normalized with the surface that the Sun sees
when that body is on the Earth orbital plane7; let’s take an example in the example
to better explain: supposing a simple case of an orbit with an inclination of 90◦ and
the ascending node on the Earth-Sun join line, the attitude of the object is represented
in fig. ?? with the Z-axis pointing at nadir and the velocity vector aligns with X-axis.
In fig. ??, there is the position a) in which an entire face of our model (3 · 1 dm2) is
exposed to the Sun, while in the b) position the surface shown to the Sun is given
by the area of the same face times the cosine of φ, the angle between Z-axis and
Earth-Sun join line (3 · 1 · cos(30◦) dm2). Now we are able to compute the p factor,
taking into account the nine position (at your discretion) in sunlight represented in
the figure:

p =

n∑
i=1

Sface · cos(φi)

n
· 1

Sface
i = 1→ 9 (4.13)

In our case, with Sface = 3 dm2, so p = 0.57.

FIG. 4.11: Orbiting body in different instants

7The plane in which the Earth orbit (around the sun) lies is the Earth orbital plane
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Another value we need is the view factor Fs→earth to know the all fluxes:

Fs→earth =
R2

earth
(Rearth+H)2

= 0.7678

The choice and calculation of view factor is one of the hardest part, it is a very
complicated argument because this value is affected by the shape of target body, its
attitude, its orbit and kind of radiation source.

The time during the fluxes act on the orbiting body depends on the orbit that is
following, e.g. the umbra time could be equal to zero for some particular kind of
orbit or it could take a consistent portion of the entire orbit period. If the task to
predict the temperature is to get the temperatures for hot and cold case, it’s obvious
to consider minimum and maximum possible eclipse time, according to a specific
orbit, respectively for hot and cold case.
In this example we just took from the NX simulation the eclipse time value, to be
able to compare the results at the end.

Proceed with the calculation of a orbit period (P) for the chosen altitude (H):

P = 2π
√

a3

µ = 6170 s

where a is the radius of orbit, making the circular orbit assumption
and the whole orbit is divided by 4075 s of sunlight and the
remaining 2095 s of umbra.

To compute the final temperatures during the orbital phase, we need to
know, as already mentioned, the following formula (divided the ??
by C) both during umbra and during sunlight:

dT
dt = q? −D?T 4 (4.10?)

q? = qsun+qalbedo+qIR+qdiss
C

where C is the average thermal capacity of the body.
Some data regarding the materials employed:

ρAl = 2711 kg m−3 Density of aluminium 6061
cAl = 896 J ◦C−1 Specific heat of aluminium 6061
εAl = 0.6 Emissivity of aluminium
αAl = 0.3 Absorptivity of aluminium
v% = 90 % Volumetric percentage of aluminium
surf% = 53 % Percentage of exposed surface of aluminium

ρFr4 = 1850 kg m−3 Density of Fr-4
cFr4 = 1250 J ◦C−1 Specific heat of Fr-4
εFr4 = 0.9 Emissivity of Fr-4
αFr4 = 0.6 Absorptivity of Fr-4
v% = 10 % Volumetric percentage of Fr-4
surf% = 47 % Percentage of exposed surface of Fr-4
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Known the properties of both materials, we compute the average properties:

CAl = cAl · ρAl · V · 0.9 = 2623.4 J ◦C−1

CFr4 = cFr4 · ρFr4 · V · 0.1 = 277.5 J ◦C−1

making a volumetric average:

Cav = CAl · 0.9 + CFr4 · 0.1 = 2388.5 J ◦C−1

Similar idea is followed to get the optical properties for the entire structure
,but this time the average is based on the surface:

εav = εAl · 0.53 + εFr4 · 0.47 = 0.74
αav = αAl · 0.53 + αFr4 · 0.47 = 0.44

Known everything, we can hold the calculation of fluxes in sunlight (s)
case and during the umbra (u), respectively:

qsuns = 14.66 W
qalbedos = 3.44 W
qIRs = 3.26 W
qsunu = 0 W
qalbedou = 0 W
qIRu = 3.26 W

We have all data to calculate q* and D* in each section

q?s = 0.011 ◦C s−1

while during the eclipse time, obviously it assumes a smaller value:

q?u = 0.0035 ◦C s−1

D? =
Atot·ε·σ·Fs→space

C

this term is equal for both cases:

D? = 1.56 · 10−12 K−3 s−1

Now we are able to solve the (4.10?) and get the temperatures by the
graph method.

An initial temperature is chosen T0 = 20 ◦C and by the following graph
it is possible to estimate the final temperature after the sunlight time
for the first orbit. What we need to properly use the graph are initial
condition (T0),q?s and the sunlit time: the initial temperature to select
the right bundle of lines, q?s = 0.011◦C s−1 to go up on the sketch until
the line with the properly sunlight time 4075s.
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FIGURE 4.1 ex. Temperature at the end of sunlight phase

On this figure the arrows have been also drawn for the subsequent orbits.
From the graph a T [1]

up = 9.5 ◦C comes out. This represents the temperature
after sunlit section of the first orbit (that’s why the subscript "1"), starting
from a temperature of 20◦C.
To know the temperature after the eclipse time, namely Tdown, we must use
the quadratic equation:

Tdown1 = a2 · q?u2 + a1 · q?u + k

Let’s see once how we can get the coefficients a2, a1 and k ("known term" on
the graph):

FIGURE 4.2 ex. Coefficient of second power term

The continuous line is relative to the first orbit, the dash one is relative to the
second orbit (for clarify the other orbits have not been drawn).
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FIGURE 4.3 ex. Coefficient of linear term

FIGURE 4.4 ex. Graph of known term

From these graphs the values estimated are:

a2 = −3620 s2 ◦C−1 a1 = 2165 s k = −17.5 ◦C

T
[1]
down = 9.9 ◦C

Tdown1 becomes the new initial condition for the next orbit, we have to
repeat the process from the first graph (4.7 ex.) and so on.
Skipping the all steps, we list the Tup1 temperatures:

T
[2]
up = −6 ◦C

T
[3]
up = −11.5 ◦C
Tup[4]=−14

◦C

From these graphs the values estimated are:

a2 = −3620 s2 ◦C−1 a1 = 2165 s k = −17.5 ◦C
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T
[1]
down = 9.9 ◦C

Tdown1 becomes the new initial condition for the next orbit, we have to
repeat the process from the first graph (4.7 ex.) and so on.
Skipping the all steps, we list the Tup1 temperatures:

T
[2]
up = −6 ◦C

T
[3]
up = −11.5 ◦C
Tup[4]=−14

◦C

And we only do the calculation of the Tdown for subsequent orbits:

T
[2]
down = −3600 · 0.00352 + 2020 · 0.0035− 28 = −20.9 ◦C

T
[3]
down = −3580 · 0.00352 + 2235 · 0.0035− 32 = −24.2 ◦C

T
[4]
down = −3550 · 0.00352 + 2245 · 0.0035− 34 = −26.2 ◦C

After four orbits we reach the convergence, the following orbits will have
a swinging temperature between −14◦C and −26.2◦C

The reached convergence needs an explanation. The graph of Tup, fig. 4.1 ex.,
includes discrete temperatures for the initial condition every five degrees, this means
if both temperatures after third and fourth orbit, respectively −24.2◦C and −26.2◦C
are closer to an initial temperature of −25◦C than −20◦C or −30◦C, we are going to
use always the same bundle of lines (relative to T0 = −25◦C) and getting always the
same results.

We got the temperatures we need, the exercise could be considered terminated.
A final step could be to put the results on a graph "temperature-time", as
shown in the figure

FIGURE 4.5 ex. Final trend of temperatures
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4.4 Comparing results

In the last section of this chapter the results of the analytical model relating to the
previous example are presented both from the Matlab code and graph method. Also
the results of the two tool software (NX 9 and ESATAN-TMS) are shown: four graphs
with the trends of the temperatures across the orbits are plotted in order to compare
the results.

FIG. 4.12: Temperature results of a simulation performed by analyti-
cal model (Matlab code)

FIG. 4.13: Temperature results of a simulation performed by analyti-
cal model (graph method)

As we can see the temperatures of Matlab code in fig. ?? are very close to the
graph method ones (see fig. ??) obviously. The model underlying the both of method
is the same, the only difference is the solution way. The differences are due to the
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discreet choice of the lines in the graphs and the user accuracy.

In the fig. ?? is plotted the trend that have been gotten by ESATAN. Considering
more reliable the FEM analysis performed by NX 9, the ESATAN results are a bit
warmer.

FIG. 4.14: Temperature results of a simulation performed by
ESATAN-TMS ("ESA" software)

FIG. 4.15: Temperature results of a simulation performed by NX 9
("Siemens" software)

A detailed comparison is shown in the two following tables in order to validate
the analytical model with NX 9. The results of first ten orbits (enough to reach the
convergence) are presented: in the table ?? there are the minimum and maximum
temperatures of Matlab code for each orbit and the absolute error (AE) is computed,
the same have been made with the graph method in the table ??.
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TABLE 4.7: Temperature comparison between NX9 and Matlab code
results. AE: Absolute Error

Tup Tdown
Orbit NX 9 [◦C] Matlab [◦C] AE NX 9 [◦C] Matlab [◦C] AE
1st 6.1 11.8 93.4% -11.3 -6.4 43.4%
2nd -7.6 -3.4 55.3% -19 -17.1 10.0%
3rd -13.2 -10.1 23.5% -22.5 -22.1 1.8%
4th -15.7 -13.3 15.3% -24.1 -24.2 0.4%
5th -.17 -14.6 12.4% -24.9 -25.3 1.6%
6th -17.6 -15.7 10.8% -25.3 -26.2 3.6%
7th -17.8 -16.1 9.6% -25.5 -26.2 2.7%
8th -18 -16.2 10.0% -25.6 -26.3 2.7%
9th -18 -16.3 9.4% -25.6 -26.7 4.3%
10th -18.1 -16.4 9.4%

Let us underline two important aspects of this comparison:

• the absolute error of the analytical model does not go beyond 10% when the
convergence is gotten. During the transition phase (in this case the first 4 - 5
orbits) the error is not acceptable;

• the temperatures that came out from the analytical model are conservative
compared to the ones of FEM analysis; in other words, the graph method re-
sults fluctuate between −14◦C and −26◦C, while the results of NX 9 are con-
tained within this range, i.e. between −18◦C and −25◦C.

TABLE 4.8: Temperature comparison between NX9 and graph
method results. AE: Absolute Error

Tup Tdown
Orbit NX 9 [◦C] Graph [◦C] AE NX 9 [◦C] Graph [◦C] AE
1st 6.1 9.5 -55.7% -11.3 -9.9 12.4%
2nd -7.6 -6 21.1% -19 -20.9 10.0%
3rd -13.2 -11.5 12.9% -22.5 -24.2 7.6%
4th -15.7 -14 10.8% -24.1 -26.2 8.7%
5th -.17 -14 17.6% -24.9 -26.2 5.2%
6th -17.6 -14 20.5% -25.3 -26.2 3.6%
7th -17.8 -14 21.3% -25.5 -26.2 2.7%
8th -18 -14 22.2% -25.6 -26.2 2.3%
9th -18 -14 22.2% -25.6 -26.2 2.3%
10th -18.1 -14 22.7%
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Chapter 5

Thermal Analysis - FEA

The structural or thermal analysis are performed to predict the behaviour of a body.
Evaluating the data that comes out, we could prevent possible failures of the whole
system. Obviously a software analysis can be more or less close to the reality accord-
ing to the assumptions and it does not have the same reliability as an experimental
test. Without the opportunity of space test, the finite element analysis of our thermal
model becomes fundamental.

5.1 Finite element analysis performed by NX 9

To perform the simulation two software are exploited, this section section is dedi-
cated to the use of NX 9 Siemens. In the fig. ?? the pattern to get the temperatures
during the orbits is represented.

FIG. 5.1: Flowchart to define and run a simulation by NX 9
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Let us start from our model1 already finished. One of the hardest part is to set
the simulation up: it is impossible to run hundreds simulations to reproduce every
single real case, firstly because every simulation takes a lot of time (around days)
and also it is really hard to predict hundreds different situations. That is why it is
necessary to carry out a previous analysis of how we should set the parameters in
order to cover most cases possible that the CubeSat can meet in its operative life.
Each component of the satellite is able to work within a range of temperatures, to
ensure that you do not exceed these limits two main simulations have been run to
estimate the maximum and minimum temperatures the satellite could reach. The
parameters for the so-called "Hot and Cold" case are chosen, they are summed in the
table ?? and are relative to the orbit, inner devices and space environment. A quick
study was done to chose the orbits running several simulations with a simple body
(to be fast) and changing the orbital elements could affect the temperatures: firstly
the altitude that works on the albedo value and IR Earth flux, the inclination (we
need a Sun-synchronous orbit) and the RAAN (Right Ascension of the Ascending
Node) that affected the sunlight and umbra time, consequently the temperatures.
During this several simulations also the solar flux it has been changed even if it is an
environmental element.
The results of this analysis are arranged in the fig. ??.

FIG. 5.2: Different converged temperatures of a simple aluminium
plate along several orbits

While the choices of the conditions on the inner devices came from project deci-
sions, e.g. they are related to whether or not a device is powered on or off during an

1Homathko CAD model was partially realised by a team member and I added subsystem, devices
and details
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orbit or even about a possible its failure.

TABLE 5.1: Definition of Hot and Cold case

Parameter Hot case Cold case

Orbit
classification Sun-synchronous Sun-synchronous
Altitude 300 km 800 km
RAAN 105◦ 0◦

Environment Position Perihelion Aphelion

Inner devices

OBC Normal mode Low mode
Payload on off
Downlink on off
Uplink Working Disabled

In the cold case the payload was supposed completely powered off to simulate a
temporary failure or the choice of the user to don’t use it for a while.

5.1.1 Starting base analysis - FEA

The CAD model was updated with the following subsystems: the antenna group,
the ADCS, the EPS (batteries and solar panels).
The first simulation was run with the "primitive" structure, it means without any
improvements, but with every subsystems added. After these first results came
out several simulations have been done and some improvements are suggested and
analysed until the temperatures are within the safety limits.

A simulation performed by SPACE SYSTEM THERMAL (SST) solver with about
80 000 thermal nodes, like our case, takes more than 100 hours. It’s necessary to
reduce the holes, blend edges, faces in order to get less nodes and a faster simulation.
Before you idealize the structure you need to be sure that the changes made to the
original body do not affect the results. Moreover to save time an appropriate mesh
should be used, selecting the type and the size of the elements.
A study on a panel side of the aluminium structure is performed in order to idealise
the body as much as possible and get the biggest mesh size acceptable.

The following description is about the final model (see fig. ??) with all changes on
and not about the primitive structural, in the section ?? the alteration are underlined
and justified.

5.1.1.1 Structural idealization and FEM model

The final model is very complex and full of small details. To avoid the simulations
taking for a while some idealizations are made.

Every chamfer, blend edge and hole (under 2 mm diameter) are deleted. A qual-
itative sight of these changes is given in the fig. ??, the idealized parts are pointed
out with a different color.
According to the fig. ?? the idealized components are:〈1〉, 〈10〉, 〈3〉, 〈11〉, 〈2〉, 〈12〉,
〈14〉, 〈18〉 and 〈19〉; the idealizations mainly concern the aluminium structure.

Now, the structure is ready for the mesh. This is a really important phase for the
analysis. The reliability of the results depends on some parameters:

• how the software is built and which solver is used

• how the model reflects the reality with all of idealizations
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FIG. 5.3: Internal and extarnal view of Homathko. Configuration of
subsystems

• simulation settings

According to the aim, the type of simulation, the level of reliability required and
the available time, you should define the above points.
The main constrain was the time: a simulation of complete model takes from 3 to 5
days because of default solver settings, the employed calculator and the complexity
of the model. It is necessary to run a lot of simulations to analysed the structure
under different cases and verify possible improvements, then the basic simulation
settings were chosen.

(a) Sketch of real structural CAD model (b) Sketch of idealized structural CAD model

FIG. 5.4: Comparison of a portion of the satellite

The solver SST uses an implicit integration method to be a bit more accurate but
computationally acceptable. The time step is constant during one simulation, 100
time steps per orbit. If an orbit takes 5400 s (as a synchronous orbit at 300 km) the
time step will be 54 s. Two simulations were run with a simple body, once with a
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constant time step and then with a variable one, the results were almost the same,
but the second case takes a bit longer.

The CAD model made at the beginning reflects the reality, every detail of the
structure and the inner subsystem is sketched. Then the CubeSat was idealized in
each its component.

FIG. 5.5: View of three different mesh sizes applied to the panel side

By an analysis performed on the panel side (see fig. ??) came out that those
changes and idealizations don’t affect too much the results.

When you solve a linear equation you are sure that the result is single. The cer-
tainty that the result of a FEM analysis is unique is ensured by the solution conver-
gence. The convergence and reliability depends on BCs, mesh size, results sampling,
integration time and convergence criterion2. The following analysis show how and
why those parameters are setted.
Let us consider the panel side of our structure and then the conclusions have been
applied to the whole satellite. Firstly a simulation with tight mesh (6 mm element
size) and real structure was done:

• the results sampling was setted at the minimum, 10 samples per orbit

• the integration time is variable according to the convergence criterion

• less than 0.1 ◦C is the acceptable different between two successive orbits

The last point marks the end of transition phase and then defines automatically
the integration time, it will extend until the difference in temperature of two succes-
sive orbits is less than 0.1 ◦C. This means that the trend of the temperatures will

2It is not the convergence of the method
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(a) Temperature distribution of real model with thin mesh (6 mm)sei

(b) Temperature distribution of idealized model (element mesh size 12 mm)dodici

(c) Temperature distribution of idealized model (element mesh size 18 mm)diciotto

FIG. 5.6: Analysis of a alluminium panel side under equal conditions
and different meshes
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be, theoretically, the same after those orbits.
In the following analysis only the mesh size have been changed; the other pa-

rameters are satisfactory, their changes would lead to a useless increase in solution
time. The panel side was idealized (chamfer and small holes have been deleted) and
another simulation has been run increasing the mesh size to 12 mm, then a third
one has been done with the element size equal to 18 mm. The results of these three
simulations, at the same instant along the orbit (60 435 s), are presented in the fig. ??.
The different meshes are shown in the fig. ??.

The table ?? shows how the number of elements and nodes changes according
to the element size.

TABLE 5.2: Computational details of three simulations

Mesh size Thermal nodes Thermal elements Surf. elements Sol. time
6 mm 3597 10395 1225 24h 35min 56sec
12 mm 1219 3183 519 2h 52min 43sec
18 mm 1525 3945 872 1h 17min 46sec

(a) Error relative to 6 mm solution of minimum temperatures

(b) Error relative to 6 mm solution of maximum temperatures

FIG. 5.7: Error estimation according to different meshes
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The temperatures between them are very close, the differences are less than 0.4
◦C. The comparison in terms of relative error is presented in the fig. ??. Here the
18 mm mesh seems better to approximate the results of "real case" (6 mm mesh).
Paradoxically to fit the panel side with 18 mm size it is necessary more elements
than 12 mm size, that’s why a smaller error is gotten.

After this preliminary analysis, the solver, the analysis type and the solution
control are setted, we proceed to mesh every component. Some of them are arranged
in the following tables ?? and ??.

FIG. 5.8: Mesh element 3D (CTETETRA 4) and 2D (CTRIA 3) used in
the analysis

The 3D mesh is the best way to mesh a body, but it is computationally heavy. It
is common practice to mesh with 2D or 1D elements if the body that has to be anal-
ysed possesses respectively one (2D) or two (1D) dimensions which are negligible
compared to the other ones. The CubeSat, quite stocky, doesn’t allow the use of 1D
element.

The 2D elements (triangular element with 3 nodes, see right fig. ??) are employed
only for two components the clips 〈23〉 and the solar cells 〈29〉, the mesh parameters
are summed in the table ??.

TABLE 5.3: Element’s properties of 2D components

Component × n. of pieces Element size Thickness Material
Solar cell 〈29〉 ×21 20 mm 0.38 mm Germanium
Clip 〈23〉 ×12 10 mm 0.20 mm Steel

The rest of the structure is meshed with 3D elements (tetragonal element with 4
nodes, see left fig. ??) and some of main components are listed in the table ?? with
their materials.

5.1.1.2 Boundary conditions

The model is defined and the mesh is assigned, before to be ready, the last step is to
set the boundary conditions (BCs).
The solver SST makes us able to simulate every heat load a body could meet into
the "black space". Through some commands it allows us to set the orbital elements,
environment and the inner heat losses to simulate the cases we need.

In this case, the initial condition is the temperature at the beginning (T0) of the
simulation. The entire CubeSat is set at 293 K (20 ◦C) in homogeneous way.



5.1. Finite element analysis performed by NX 9 55

TABLE 5.4: Element’s properties of 3D components

Component × n. of pieces Element size Material
Panel side 〈3〉 ×4 20 mm Aluminium
Top and bottom plate 〈1〉,〈2〉 20 mm Aluminium
PCBs 〈4〉,〈5〉,〈6〉,〈7〉,〈8〉,〈9〉 11 mm FR-4
Helicoil ant. 〈26〉 ×2 6 mm Steel
Solar board 〈28〉 ×3 14 mm FR-4
Payload case 〈12〉 12 mm Aluminium
Flywheel 〈18〉 ×3 8 mm Steel
Motor 〈19〉 ×3 8 mm Steel
Speed controller 〈21〉 8 mm Silicon
Support 〈20〉 ×3 6 mm Al. nitride
Battery 〈22〉 ×6 12 mm Copper
Heat transfer 〈24〉 ×8 3 mm Al. nitride
Device 〈15〉,〈16〉,〈17〉 8 mm Silicon

5.1.1.2.1 Orbital Heating The command Orbital Heating Simulation Object sets the
orbit and then it computes automatically the environment heat load such as the solar
flux, the albedo, the IR Earth flux and so on.

Two orbits were defined at 300 km and 800 km of altitude because when the
simulation was designed the exactly orbit was unknown. Also the other parameters
came out from the previous analysis were defined. The solar flux was over defined
to simulated the perihelion and aphelion extreme cases (respectively 1414 Wm−2

and 1323 Wm−2). In the fig. ?? and fig. ?? the two cases are shown with the shadow
cone (in the hot case the cone doesn’t intersect the orbit path) and the model in each
position where the data are evaluated by the solver.

FIG. 5.9: Shadow cone and orbit (al-
titude 300 km) of hot case

FIG. 5.10: Shadow cone and orbit
(altitude 800 km) of cold case

5.1.1.2.2 Radiation All outer surfaces of Homathko model have to be sensitive to
the radiation in order to simulate exposure to the sun. This command (Radiation
Simulation Object) has to be coupled with the setting of thermal optical properties of
each material, in the table ?? these properties are defined.
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TABLE 5.5: Thermal optical properties of outer materials

Ex. element Material Emissivity (ε) Absorptivity (α)

Exterior structure Aluminium 0.84 0.14
Pcb Fr-4 0.94 0.123
Solar cells GaAs 0.89 091
Helicoil antennas Steel 0.92 0.15

Two more commands are used to add the loads and the contacts between each
components. The Thermal loads has been used to simulate the heat losses of the inner
devices and the load has been spread on the surface of each device powered on.
The command Surface-to-Surface Contact allow to set manually (one-by-one) the heat
exchange between surfaces in contact and then the equations of thermal problem are
coupled each other.

5.1.2 Results and suggested changes on the structure

All the changes proposed here they are just suggestion.

After the first simulations and after changing the thermal optical properties of the
structure by black anodizing the aluminium outer frame, the inside of the nanosatel-
lite kept being still hot around 80 ◦C - 90 ◦C, over the operating temperature limits
or not sufficiently safe.

According the principle exposed in the section ??, some small elements (〈20〉,〈24〉
and 〈25〉) have been designed to facilitate the heat exchange between external con-
trol loop and internal control loop. In fig. ?? the added pieces and where they took
place are shown.

FIG. 5.11: Structural suggested changes to dissipate heat
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The transfer 〈24〉 and 〈25〉 are supposed to be realised with a particular kind
of aluminium, aluminium nitride that even it has a higher density (around 3260
kg m−3) it has a different value of thermal conductivity, 320 W m−1 K−1 against 167
W m−1 K−1 of aluminium 6061.

Usually it is not worthy to add weight on a structure such as an airplane or a
satellite, we have to evaluated the weight added with this improvements and their
benefits: 8 heat transfer and 4 bottom heat transfer have been mounted for a weight
of 22 g. Also the supports of the plate wheel have been modified in shape to in-
crease the exchange surface and in the material, here the added weight is 18.9 g. The
total weight is less than 50 g and on a structure of about 3.5 kg it is an acceptable
percentage.

Those modifications have led to an excessive cooling of the speed controller 〈21〉
during the cold case, then I chose to move and replace it on the bottom of PCB 5 as
shown in the fig. ??, under the battery package to get warm from the batteries.

FIG. 5.12: Shift of speed controller on the bottom of PCB 5

We can see the results of NX tool software and the operating temperature limits
for each component (see table ??). The results are arranged in four columns: Tmin
and Tmax for both cold and Hot case, Tmin represents the minimum temperatures
reaches from a component during an orbit at the end of the eclipse time and Tmax
represents the maximum temperature of a component along one orbit after the sun-
light phase.
At this point of the simulation, after some suggested upgrade of the model, each
operating temperature range is respected.

Some different operating temperatures between Hot and Cold case deserve an
explanation: simply put, e.g., the batteries can experiences different temperatures
during charging and discharging phases, because of their manifacturing ?.
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TABLE 5.6: Results of FEM analysis (NX 9). The dark cells point out
the devices out of the temperature range

Operating range Cold case Hot case
Component Tmin

◦C Tmax
◦C Tmin

◦C Tmax
◦C Tmin

◦C Tmax
◦C

Payload box -100 100 -39.1 -27.42 11.49 14.60
Payload camera -20 60 -38.89 -27.4 11.56 14.66
Flywheel -30 85 -37.94 -28.64 12.09 14.15
Motor -25 80 -39.6 -26.53 11.73 14.79
Speed control -25 60 -40.22 -27.35 11.63 14.72
AFE -40 85 -39.32 -26.4 12.77 15.83
OBC -40 85 -40.25 -27.4 11.57 14.67
Volt regulator -40 85 -39.83 -26.95 12.01 15.1
PCB 1 (AFE) -40 110 -39.34 -27.8 11.7 14.75
PCB 2 (OBC) -40 110 -40.15 -27.22 11.57 14.67
PCB 3 (Volt reg.) -40 110 -40.14 -27.20 11.83 14.92
PCB 4 (Charger) -40 110 -34.36 -30.97 13.45 15.35
PCB 5 (batt. pack 1) -40 110 -17.81 -15.93 29.87 30.28
PCB 6 (batt. pack 2) -40 110 -25.57 -19.92 25.1 26.17
Plate wheel -100 100 -15.68 -13.73 11.620 14.71
Battery -20/0 45/60 -15.68 -13.73 32.2 32.78
Board antenna -40 110 -39.48 -27.10 11.47 14.6
Helical antenna -40 70 -39.95 -30.86 4.43 7.02
Solar panel X+ -40 85 -39.32 -27.46 11.54 14.65
Solar panel X- -40 85 -39.35 -27.5 11.44 14.54
Solar panel Y+ -40 85 -39.29 -27.44 11.49 14.6
Structure -100 100 -15.68 -13.73 32.2 32.75

The dark cells in the table ?? represent an excessive cooling of the affected de-
vices: here, a solution is suggested because it was not possible to do another simu-
lation again.
The overall temperatures of Homathko are a bit low, so the thermo-optical prop-
erties of the whole outer frame could be changed in order to absorb more heat or
to reduce the emissivity. Moreover the replacement of the speed controller that is
shown in fig. ?? could be a good choice to get it warmer.

5.1.2.1 Payload Analysis

The payload deserves a dedicated section to present of results. In the fig. ?? we can
see the temperature across one orbit in the cold case and in the fig. ?? the same aspect
is shown for the hot case.

Let us see in the fig. ?? the temperature distribution of payload box and internal
spheric camera at the same instant along the orbit for hot and cold case. Keep in
mind that the payload is turn off during the cold case.
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FIG. 5.13: Trend of payload’s temperature during one orbit for hot
case

FIG. 5.14: Trend of payload’s temperature during one orbit for cold
case. The green line represents the temperature limit
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(a) Payload detail with temperature distribution for the
cold case

(b) Camera total view during
cold casefig:lena

(c) Payload detail with temperature distribution for the hot
case

(d) Camera total view during hot
casefig:peppers

FIG. 5.15: Different views of payload at the same instant for cold (a -
b) and hot (c - d) case

The main material is the aluminium, thanks to its thermal conductivity and the
compact shape of the payload its temperatures are uniform. It doesn’t experience
dangerous thermal gradient according these simulations.

5.1.2.2 Thermal gradient analysis

Thermal gradients are an important aspect, sometimes more than the absolute tem-
peratures. An overheating could damage a device and compromise the mission,
while a abrupt thermal gradient can break the main frame and fail the whole mis-
sion definitely.

Fortunately in our case, the small size and the compact arrangement help us, this
facilitates the heat exchange and avoids the high temperature differences.
We can estimate some thermal gradients of a crucial components and compute the
magnitude. The elements to be analysed are the helical antenna and the aluminium
panel side, because of their shape.



5.1. Finite element analysis performed by NX 9 61

FIG. 5.16: Variation of temperature along the antenna at a certain
instant

The helical antenna 〈26〉 experiences huge temperature differences along its length,
as you can see in the fig. ??. The antenna is around 20 cm, but the whole length is
861 mm and the spatial gradient is computed:

FIG. 5.17: Temperature distribution at two different points of the an-
tenna, tip and root
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Then, the temporal thermal gradient could also be estimated (see fig. ??), it show
how fast a component has to change its temperature during the orbit. For the cal-
culation, it has been used the orbital stretch with the biggest temperature difference
that occurs during the shortest time:
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The other analysed component, from a thermal gradient point of view, is the
panel side 〈3〉. During the orbit, it swings between a ∆T similar to that of other
components, but it is the biggest element of Homathko and also is thin, so it could
crack easily.

FIG. 5.18: Temperature distribution on a panel side of aluminium at
a single instant

The same calculations have been made, except for the spatial thermal gradient
because the panel side has an almost homogeneous temperature (see fig. ??).
The graph in the fig. ?? shows the temperature pattern of a panel and gives us the
data to compute the temporal thermal gradient. Also here, the portion of the orbit
with the biggest temperature difference that occurs during the shortest time has been
chosen.
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FIG. 5.19: Temperature variation of the panel across one orbit

5.2 Supplementary software for FEA - ESATAN

ESATAN-TMS offers advanced geometric modelling and calculation about radiative
case, coupling and heat transfer, enabling the engineer responsible for thermal de-
sign to obtain reliable predictions ?. For space application, it allows you to put the
model (spacecraft) into orbit around a planet and take into account solar radiation
and the effects of the planet.

First, the geometric model has to be realised, the material for each component
has to be setted and the information about the thermo-optical properties is added.
The assembly is defined with all couplings and the interfaces for thermal conduc-
tivity, then the model is discretized to define a set of discrete coupled equations in
place of continuous differential equation for heat transfers.
After selecting the orbit and the attitude, the radiative case (orbit and radiative anal-
ysis) is calculated: view factors, radiative exchange factors and external heat fluxes
are evaluated by Monte Carlo technique associated with a fast ray-tracing algorithm.
Radiative exchange, multiple reflections are very important in the mathematical for-
mulation of thermal problem: non-linear relationship and the fourth power of the
absolute temperature make the radiative analysis computationally difficult.
The last step, before of data visualization and post-processing, the analysis case (ther-
mal model and thermal solution) is run: conductive couplings are computed be-
tween adjacent nodes, inner heat fluxes and the final temperature distribution comes
out.

As any software analysis, the common use is to modify and correct errors after
the first simulation and this cycle should continue until design changes and pre-
dicted temperatures are satisfactory.
In this thesis it was impossible to follow this pattern because of some problems with
the software.
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FIG. 5.20: Different types of standard models of CubeSats

5.2.1 CAD model

Define the geometry of Homathko was not easy, that is why the model in fig. ??
doesn’t have all details as the model realised by NX 9. Each component is defined
by parameters or by points and giving the coordinates (XYZ).
The bulk materials have been defined according the properties of the materials ex-
ploited in NX 9 in order to run same simulations and be able to compare the results.
In the same way the thermo-optical properties are set (see table ??) then material
and surface finishing is assigned to the elements.

TABLE 5.7: Material properties of components used to model
Homathko in ESATAN.

Density ρ, thermal conductivity k, specific heat c, emissivity ε, ab-
sorptivity α

Bulk material properties Optical properties
Material ρ (kg m−3) k (W m−1 K−1) c (J kg−1 ◦C−1) ε α

Aluminium 2711 167 896 0.84 0.14
FR 4 1850 9 1250 0.94 0.123
Germanium 5350 58 310 0.89 0.91
Silicon 2329 148 700 - -
Steel 7829 45 434 0.92 0.15
Copper 8920 387 385 - -

The Germanium bulk properties are used to model the GaAs solar cells because
it is the most abundant material (the same assumption was made in NX 9). The FR 4
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has been simplified as isotropic and the its properties have been mediated from the
orthotropic one used in NX 9.

It was necessary an additional phase, the interface conductances of each element
of the assembly were selected ?:

• Aluminium - aluminium 5000 W m−2 K−1

• Steel - aluminium 2000 W m−2 K−1

• FR 4 - aluminium 100 W m−2 K−1

The Workbench supports both the lumped parameter (LP) and finite element (FE)
mathematical model formulations. In this analysis the lumped method was used:
the model is dividing into a number of pieces, as you can see in the fig. ??, each of
them is then represented as a point with the physical properties of the whole piece
"lumped" onto the point. Every point is coupled with the next ones for the thermal
exchanges.

This set of points and connections may be viewed as a network with the points
as a nodes. The system of equation is similar to that one obtained by the finite differ-
ence formulation. It is solved by approximate linearisation and iterative techniques.

FIG. 5.21: Internal arrangement and exterior view of ESATAN model

5.2.2 Simulation setting parameters

As with the other software tools, also here, we have to set the BC then the thermal
load, the orbital path and so on. Obviously all of these terms are copied from the
FEM analysis performed by NX 9. The initial temperature, the thermal loads, the
orbit as well are equal to those of the previous analysis.
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FIG. 5.22: ESATAN’s sun-
synchronous orbit for cold case

- 800 km altitude

FIG. 5.23: ESATAN’s sun-
synchronous orbit for hot case -

300 km altitude

The analysis case showed the results that are arranged in the table ??, all of these
values are within the operating range shown in the table ??.
The results of both methods follows the same trend for the hot case and quite differ-
ent during cold case. It was impossible to understand why this happened or even to
try to get close results because of some software problems with ESATAN-TMS.

TABLE 5.8: Results of analysis performed by ESATAN

Average temperature ◦C
Component Cold case Hot case
Up plate payload 11.1 17.45
Wheel plate 11.3 17.7
PCB 1 (AFE) 16.9 21.5
PCB 2 (OBC) 24.55 25.8
PBC 3 (Volt reg.) 23.85 25.05
PBC 4 14.6 18.85
PBC 5 (pack 1) 10.45 18.2
PBC 6 (pack 2) 21 21.25
Battery 21.6 21.45
Intermediate plate 10.8 16.95
Antenna board 5.4 20.25
solar panel (Z-) 11.45 17.15
solar panel (Y-) 7.8 24
solar cell (Y+) 14.95 13.9
Structure 9.05 15.15

5.3 Thermal analysis by analytical model

This section is a bit out of the question, it is still a thermal study, but not performed
by FEM analysis. It was used the analytical model previous named.
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5.3.1 Matlab code results

The written Matlab code asks the inputs by command window and in a few seconds
(according the number of orbits required to get the convergence) it comes out with
the temperature trends along the orbits and the temporal thermal gradient (these are
not shown here). In the table ?? the values to set the Matlab code are estimated, both
Hot and Cold cases are shown.

TABLE 5.9: Input for thermal analysis by Matlab code

Input Hot case Cold case
Solar constant 1414 [Wm−2] 1323 [Wm−2]
Altitude 300 [km] 800 [km]
Planetary IR 237 [Wm−2] 237 [Wm−2]
Albedo 0.306 0.306
Number of face 1÷3 1÷3
Total surface 14 [dm2] 14 [dm2]

Volume 1.46 [dm3] 1.46 [dm3]

Initial cond. (temp.) 293 [K] 293 [K]
Average 3 specific heat 876.2 [J kg−1 K−1] 876.2 [J kg−1 K−1]
Average conductivity 143.7 [W m−1 K−1] 143.7 [W m−1 K−1]
Average density 3331 [kg/m3] 7829 [kg/m3]

Emissivity 0.88 0.88
Absorptivity 0.39 0.39
Heat loss from devices 7.8 [W] 3.6 [W]
Number of orbits 4 4
Starting point sunlight sunlight
Orbit period 5423 [s] 6043 [s]
Duration of umbra 0 [s] 2103 [s]

FIG. 5.24: Estimated overall temperatures of Homathko during cold
case

3If the object has to be simulated consists of more than one material
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The results (see fig. ?? for cold case and fig. ?? for hot case) got the convergence
after four orbits. The temperatures shows a trend close to the results came out from
NX analysis, but comparing them in details, calculating the relative errors between
them, it doesn’t make a lot of sense because they have different meaning:

FIG. 5.25: Estimated overall temperatures of Homathko during hot
case

the temperatures of analytical model identify the behaviour of a center of mass
of Homathko during four orbits and for three different configurations with N from
1 to 3.

Observe that the initial condition, also in this case, is 20 ◦C (starting point of each
curve in the above graph).

5.3.2 Graph method results

Only the results and some additional explanations is presented for the Graph method,
the entire method to get the final temperatures by analytical model is already showed
in section ??.

Here, we listed the Tup temperatures for cold case:

T
[1]
up = 13.5 ◦C

T
[2]
up = 5 ◦C

T
[3]
up = 0 ◦C

And we only do the calculation of the Tdown for subsequent orbits:

T
[1]
down = −4900 · 0.01272 + 1600 · 0.0127− 67 = −47.47 ◦C

T
[2]
down = −5000 · 0.01272 + 1620 · 0.0127− 70 = −49.85 ◦C

T
[3]
down = −5100 · 0.01272 + 1650 · 0.0127− 71 = −50.87 ◦C



5.3. Thermal analysis by analytical model 69

The convergence is reached after 3 orbits, the following orbits will have a swinging
temperature between 0◦C and −50.87◦C.

The above values and coefficients are extracted from the graphs indicated in the
APPENDIX ??.
The Tup values deserve an explanation: the four graphs of Tup and coefficients are
affected by the parameter D∗, the code that draws those graphs can be exploited to
plot different graph groups for eachD∗ or the same graphs (realised forD∗ = 2·1012)
can be used, but some transformation laws have to be handled.

FIG. 5.26: Overall temperatures of Homathko during cold case by
Graph method (N=3)

q∗snew =
q∗s

D∗1̇012

2

(5.5a)

q∗snew =
q∗s

0.9− [(q∗snew − q∗snew) · 10] · D∗1̇0122

(5.5b)

The second equation ?? should be used when the q∗s is out of an interval around
the point where the lines (seven lines for each beam) converge with a radius of 0.005
◦C s−1.

For the hot case it is faster because we do not need any iteration, there is not
eclipse time and the temperature after the first orbit will be kept:

Tup = 23 ◦C

We can compute the Tdown to confirm what was affirmed above:

T
[1]
down = −470 · 0.01552 + 970 · 0.0155 + 3 = 21.94 ◦C

The Tdown is around the same value of Tup. In the fig. ?? the constant temperature
during the orbit is shown.
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FIG. 5.27: Overall temperatures of Homathko during hot case by
Graph method (N=3)

The results presented here only concern N=3, the same should be done for N=2
and N=1, but these are left to the reader.

As we have already stated, it is hard and does not make a lot of sense to compare
the results of FEA with the ones of this method in detail, but it is important to note
that the results of analytical method are enclosed in a temperature range greater than
the FEA range. This means that the analytical method is conservative.
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Conclusions

The UVic ECOSAT team takes part again in the CSDC competition after the wonder-
ful results that it got in the past editions. The new project that the student group is
designing it is always a 3U CubeSat, called Homathko.

The distributed temperatures, that came out from this work, assert the operation
within safety temperature limits, except for some devices. Of course, the reliability of
these results, comes from a calculation, as we have been already said it is impossible
for us to compare with experimental data. That is why I chose to do the same surveys
by different software and methods: if different ways go to the same direction, it
means close results, we can increase the reliability of them. All the work might be
lacking in case a common error occurs in the different methods.
Nothing is able to replace a practical test, but efforts can be made to make acceptable
the calculations.

6.1 Outcome

According to the results of NX our nanosatellite, at this stage of development (as
shown in the fig. ??), is able to work safely in compliance with temperature limits.
The results of the main components are summarized in the table ?? The conditions,
under which it was subjected, cover the entire working life of the satellite, let us see
them arranged in the table ??:

TABLE 6.1: Analyzed operational conditions

Condition Comment
Sun-synchronous orbit The type orbit that will be used during the

whole mission
BOL The surface and devices conditions are at Begin

Of Life, without any damage
Altitude 300-800 km The nanoSat will not be out of this band around

the Earth, it is the main streak for a CubeSat
Operating equipment Maximum and minimum powered devices ac-

cording different mode of working. Hypothe-
sized breakdown or total payload shut-down.

Orbital situation Boundary conditions of aphelion and perihe-
lion; maximum and minimum eclipse time

One of the crucial points might be the estimation of the temperatures at the end
of the mission (End Of Life). During the mission, for example a device could break
and we have been taken into account this (Operating equipment, in the table ??), but
also the surface finishing and them thermal optical properties could alter after some
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years in the space. This is the main change that affects the thermal behaviour. Dur-
ing the mission the cosmic rays, electromagnetic radiations and the dusts wander
the outer surfaces and they lead to increase both the absorptivity and the emissivity,
usually the absorptivity grow up more than the emissivity (the ratio α/ε increases).
Then the temperatures tend to rise, observing the values of the external and inter-
nal elements proposed in the following pictures (fig. ??) we can see a low trend of
temperatures, none goes over 30◦C.

(a) Cold case (b) Hot case

FIG. 6.1: Temperature trend of NX results

So, even if some changes occur in the thermo-optical properties, there should be
no overheating problems until the end of the mission.

Consideration about methods of analysis
As well as validating the final results, working with two software and the analytical
model, it makes us familiar with the thermal analysis and also we got an idea about
which method suits better the required analysis.
Let us advance some guidelines to be as fast as possible and efficient at the same
time: you can see what kind of analysis is better to perform by NX 9, ESATAN-TMS
or with the analytical model according to the simulation duration and type of satellite.

Siemens NX 9 allows the creation of complicated sketches, like every CAD soft-
ware, but it’s useful only for small subsystems and elements. The commands for
meshing (3D, 2D, 1D, 3D swept mesh, 2D mapped, etc.) can suit every single detail
of your object. The problem comes out with the solver SST: to simulate the body
along an orbit, it requires the highest performance to your calculator, it means to
expand the required time to solve the thermal problem. When the elements of the
mesh reach high numbers the simulation takes days.
One of mine took 62 hours with 75000 thermal elements, now we can’t give an exact
value to which an analysis could be efficient with NX 9, because there are several
types of simulation according to boundary conditions and loads. It would be con-
venient to use model with a few thousands of elements to solve everything in 2 - 3
hours or at most around 10000 elements that will take a day.
Obviously if you have a complex body with a considerable size and you need an
accurate distribution of temperatures, you have to be conscious to lose at least one
week. So, it really depends on the goal.
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Using ESATAN-TMS to draw an object is quite hard, it is not intuitive like NX 9
to realise the sketch, because every point of the model has to be defined by command
window. Therefore, it is extremely complex to make the satellite with small details
(just see the different between fig. ?? and fig. ??), it is really fast and helpful for large
satellite with size over one meter and not a lot of small components.
A conclusion could be to use NX 9 if you have to analyse another CubeSat, but you
will use ESATAN if you have a satellite with a weight over 10 kg (for example Hubble
the ISS, etc.
The software tool ESATAN offers the opportunity to analyze each part of the model
as a "lumped element" or as a "Finite element", obviously, the first one is a rougher
approximation than FEA. But it’s faster, you can get the results in a few minutes.

Both previous method require to build a model to perform the analysis and the
discussion about their velocity to point out them results concern the simulation du-
ration only.
The analytical model does not need a model, we cut off the time to realise it that
could be around a few days or some weeks according to the complexity of the struc-
ture. The only necessary time is a couple of hours to solve some equations as in a
common exercise, supposing that you know how the method works. We don’t care
about learning time, because it was even neglected it for the two software (especially
a software need some weeks or even some lessons to be familiar with it).
The temperatures comes out are related to center of mass then you can use this
method for a preliminary analysis only, when you are design the structure or it is
not completely defined.

6.2 Future work

When these simulations and the drafting of the document have been made, the
CubeSat was not completely built and even the design was not totally defined. The
following work should be to update the CAD model, sketched above, according to
the new changes and added. On each PCB every device has been modelled as a
unique parallelepiped with an approximate heat load, those devices could be re-
modelled and analysed again to get more accurate temperature distribution, adding
cables and integrated circuits (ICs).

Excluding possible changes and updates, new simulations should be run mod-
ifying only the parameters that affects the convergence and the accuracy of the re-
sults. Firstly the mesh should be refined: the element size of each component has
to be reduced; in the section ?? it has been shown that the idealization and the in-
creased mesh size doesn’t affect the temperature distribution too much on the panel
side, but it has not been proven what happens to the other components of the struc-
ture and how those simplifications work together on the whole coupled structure.

Also two additional simulations regarding the EOL and BOL conditions could
be run, hopefully to confirm the conclusions made in the above section.

Last, but not least an effort should be done to increase the temperature safety
margin: sometimes the temperature of a component is really close to the operating
limit, maybe this gap could be increase to improve the reliability.

It would be useful to use ESATAN-TMS to perform new simulations according
to the pattern described for NX 9, above.
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Also, the finite element should be used instead of lumped method to get the simula-
tions between NX and ESATAN as close as possible.

If the results of two software tools are comparable after some upgrades, this can’t
happen with the analytical model. Anyway some improvements could be made to
get more reliable results: a new solver could be used instead of ode45, the command
to select the starting point along the orbit could be added and new graphs could be
made to better estimate the results.

After this and several similar work, a good idea might be to write down a guide-
line to perform a reliable FEM analysis, how chose and set the BCs, loads and also
which improvements could be made. The aim is to provide a background as com-
plete as possible and reduce researching time. Out of the analysis, in order to move
forward, it would be great to design and implement a well-equipment room that is
able to repeat the space environmental conditions. It is very hard to simulate the dif-
ferent heat fluxes that a CubeSat can experience in the space, but several test about
the thermal inertia, thermal gradients and heating and cooling cycles could be per-
formed with "just" a clean room and some heat sources.
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Appendix A

Two-body problem

A.1 Orbital parameters

In celestial mechanics Kepler problem 1 is a special case of two-body problem. Its
solution is called Kepler orbit, it identifies the motion of one body around another as
a conic section parametrized by six orbital element. In this special case the relative
motion of two body is only affected by attractive gravitational force, neglecting
every perturbation such as atmospheric drag, solar radiation, other gravitational
interactions due to other bodies, non-spherical body and so on.
There are six parameters to uniquely identify the place of the points as an ellipse,
parabola and hyperbola, followed by an orbiting object ?, defining its shape, size
and orientation to a reference plane. Another important aspect, the Keplerian
elements describe from a non-inertial point of view, in other words the reference
frame is centred on one of the bodies.
Taking into account an elliptic orbit, useful for our purpose, we provide a quickly
explanation of these parameters ?.

FIG. A.1: Graphic representation of main orbit elements for an ellip-
tical trajectory

1Kepler [1571-1630] was a German mathematician and astronomer. He performed a meticulous
observation of Mars and published the three Law of planetary motion
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Orbit shape and size is defined by:

• Eccentricity e’ (not mentioned in the Fig. (??)) determines how far it dif-
fers from a circumference (circular orbit e′ = 0, elliptical orbit 0 < e′ < 1,
parabolic trajectory e′ = 1, hyperbolic trajectory e′ > 1)

• Semi-major axis a is the sum of periapsis and apoapsis divided by two, it is
a size measure of the orbit

Below, three elements about orientation of the orbital plane:

• Inclination i is the angle between orbital plane and reference plane measured
at the ascending node (where the orbit intersect the reference plane during
the ascension)

• Longitude of the ascending node Ω is the angle from reference direction and
the ascending node measured on reference plane

• Argument of periapsis ω is the angle measured from ascending node to the
periapsis and it fixes the orientation in the orbital plane

Last value is:

• True anomaly ν selects the position of the body along its orbit at a specific
time (epoch)

A.2 Constant total energy for orbiting body

The energy of a body in motion and dived in a force field is equal to the sum respec-
tively of kinetic and potential energy. To prove the constancy of that total energy and
generalizing for any reference frame we can start from the Newton’s law of gravitation.
We derive the gravitational potential of force field U = −Gmi

r generated by the body
i at an arbitrary distance r. If a potential is not explicitly depending on time, the Me-
chanics states its own force field is conservative and the total energy (sum of kinetic
and potential energy) of a body moving in this force field is constant, like the New-
tonian gravity field it is. This hold for two particles (point masses) subjected only to
the gravitational attractive force in an arbitrary inertial frame of reference.
Now we consider the motion of body i affected by a system of n bodies (j=1,... n, j 6=i)
always with respect an inertial reference frame and subjected only to gravitational
force. In this case the potential at the location of body i depends on time, because
the bodies j are moving, so the force field is non-conservative, it means that the total
energy of body i is not constant.
Let us express this motion (??) relative to a non-rotating reference frame with the
origin at the barycentre of n masses:

d2~ri
dt2

= −GM
r3i
~ri +G

∑
j

mj

(
1

r3ij
− 1

r3i

)
~rij (A.1)

Known as barycentric form of the equation of motion, it seems due to the two-body motion
of body i around the barycentre with whole system mass (M) concentrated plus the
second term on right side of the equation that holds the contributions of attractions
with the other bodies (j 6=i). Reducing the two body system (i and k) and fixing the
origin of frame at the body k, the (??) becomes:

d2~rBi
dt2

= −Gmk +mi

r3Bi
~rBi +Gmk

(
1

r3ik
− 1

r3Bi

)
~rik (A.2)
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The index B means the barycentric origin, after some manipulation it can write as:

d2~rBi
dt2

= −G mk +mi(
1 + mi

mk

)3
r3Bi

~rBi (A.3)

and replacing in the (??) the constant µ = Gmk

(
1 + mi

mk

)−2
:

d2~rBi
dt2

= − µ

r3Bi
~rBi (A.4)

Almost ready to demonstrate the conservation of energy in general, also for non-
inertial frame. Making the scalar product of (law)and d~r/dt, it gives us:

d~r

dt
· d

2~r

dt2
+
µ

r3
d~r

dt
· ~r =

1

2

d

dt
(V 2)− d

dt

(
µ

r

)
= 0 (A.5)

We take some algebraic manipulation and integrating:

1

2
V 2 − µ

r
= = (A.6)

The first term indicates the kinetic energy per unit of mass of body i, −µ/r is the
specific potential energy (with µ notation) of body i and= is the integration constant,
but as well represent the total energy.

A.3 About wavelength and energy

Electromagnetic waves are synchronized oscillations of electric and magnetic or-
thogonal fields. These waves are produced by accelerated charged particles and ev-
ery body emits EM radiation and moreover it receives and absorbs them.
Due to the different nature of the objects and their various temperatures it is possible
to exploit this phenomenon in the TCS.

FIG. A.2: Solar and room temperature body spectral distribution ?



80 Appendix A. Two-body problem

In fact, as shown in the fig. ?? the Sun has the peak’s spectrum at shorter wavelength,
while the peak for a room temperature body is around 10 µm ?. Moreover absorp-
tance or emittance is represented by a dashed line, in this way we are able to select
thermal control coatings that are highly reflective to high energy inputs like solar
energy (shorter wavelengths imply higher energy, E = hν ′) and highly emissive at
room temperature.

A.4 Specific heat of solid material

If we provide heat to a body, it changes its temperature, according to the relation
Q = cm∆T . The coefficient c is the specific heat [J/kg K], depends on the kind of
substance and it represents the amount of heat necessary to increase or decrease (it
depends on the sign of heat Q) by one Kelvin one kilogram of that substance, while
C = cm is called heat capacity [J/K] and is proper to every body.
The specific heat is mainly determined by the vibration of atoms, about a fixed po-
sition, that make up the crystal lattice. The argument is complex and this is not the
place to handle it since quantum effects come into play [?]. So simply put, the varia-
tion of specific heat for different substance is due to both number of atoms per unit
mass and the degree of freedom of each one, because one atom stores thermal en-
ergy in each degree of freedom. Having said this, it is clear why the heat capacity
changes for different bodies (it is not per unit mass) and also it is not surprising that
different materials have different specific heat since they have different number of
atoms per unit mass.
Concluding, the temperature affects the vibrational state of the particles and conse-
quently causes a specific heat variation.
It is not trivial to obtain reliable data of specific heat. Having seen the factors on
which it depends, in addiction to the environmental condition, account of thermo-
dynamic history must be taken.
The Fig. ?? shows the experimental data of Aluminum specific heat ?.

FIG. A.3: (a) Trend of experimental data of Aluminium specific heat
with temperature - (b) Zoom of useful portion

Observing the Fig. ?? (b), it seems reasonable to mediate the value on a narrow tem-
perature range of interest and to consider it constant.

A.5 Thermal protection system

These days the theme of atmospheric re-entry and recovering the bodies is really
important from an economic point of view (reusable vehicles) and, of course, for
safety on earth too.

Ceramic materials for functional uses
ceramic composites provide protection from strong heat fluxes; they are able to pro-
tect a vehicle thanks to their refractoriness2.
Besides the high temperatures that a body experiences during the re-entry phase,
there are also out-gassing, aggressive mono-atomic oxygen, cosmic duster, charged
particles, etc. as already mentioned. Then, as needed, different functions can be anal-
ysed and implemented [?]

2Material property to retain strength at high temperatures
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• protective coatings - thermal barrier coating (TBC) and/or environmental
barrier coating (EBC)

• thermal protection systems (TPS) that protected the Space Shuttle Orbiter
(SSO) during the atmospheric re-entry

• ultra-high temperature ceramics (UHTC), reusable barriers and the self heal-
ing concept.

The applications are several, let us mention some example.
The re-entry phase exerts a great deal on the structure: we got two possible return
modes, ballistic return and lifting entry. The type of the re-entry and thus the gen-
erated speeds and temperatures point to the protective system that has to be used;
for example, reusable TPS for a lifting entry of the SSO: ceramic composites are ex-
ploited as blankets or tiles (these require a bearing due to the different CTE between
the main frame and the coating).
On the other hand, the ablative TPS is used for a ballistic return like a capsule vehi-
cle: when an ablative material experiences a strong heat flux, it is subject to a state
transaction (endothermic reaction) that subtracts heat and save the main structure.
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3U Cubesat sketches

B.1 Dimensions

FIG. B.1: Dimensions and orientation of 3U Cubesat provided by
CSDC ?
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B.2 Requirements

FIG. B.2: Thermal-vacuum qualification profile ?

FIG. B.3: Launch random vibration qualification environment ?



B.3. Subsystem configuration 85

B.3 Subsystem configuration

B.3.1 Electrical Power System - EPS

FIG. B.4: Block diagram of power system ?



86 Appendix B. 3U Cubesat sketches

B.3.2 Tracking, Telemetry and Command - TT&C

FIG. B.5: a)Digital Communication System on OBC board
b)Analog Communication System on AFE board
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Analytical model’s graphs

In this APPENDIX ??, the four complete graphs were collected to get the Tup,
coefficient a2, coefficient a1 and the known term k. These allow us to compute the
overall temperatures of a general size CubeSat.
Here, five graphs appear because the first one that plots the Tup is splitted in two
graphs in order to be less confusing: in the fig. ?? the lines with the initial condition
for each tens (20 ◦C,30 ◦C,40 ◦C, etc.) are plotted and in the fig. ?? the lines with the
initial condition between the previous ones are drawn (25 ◦C,35 ◦C,45 ◦C, etc.).

A practical tip can be to print the following graphs on a A 3 format.
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C.1 Tup - Temperature after sunlight section

C.1.1 Tup with initial conditions close to tens

FIG. C.1: Tup trend at the end of sunlight for an initial condition close
to tens
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C.1.2 Tup with initial conditions between the tens

FIG. C.2: Tup trend at the end of sunlight for an initial condition be-
tween two tens
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C.2 Tdown - Coefficients for quadratic law

C.2.1 Coefficient a2

FIG. C.3: Coefficient a2 of the temperature law ??
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C.2.2 Coefficient a1

FIG. C.4: Coefficient a1 of the temperature law ??
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C.2.3 Known term k

FIG. C.5: Coefficient k of the temperature law ??
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