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Foreword

Space exploration requires special technological achievements due, on the one
hand, to the extreme conditions under which equipment aboard satellites or space
probes operate (vacuum, temperature, vibrations, radiation, etc.); and, on the other
hand, to the fact that space objects must evolve autonomously without direct
operator intervention.

Considerable resources and expertise are required to operate devices in these
conditions. This has limited the number of countries able to invest in this field via
specific structures, such as space agencies.

Although space remains a field of attention and fascination for many, we often
overlook the revolutionary applications that can only be carried out from space, and
which concern our daily lives: numerous applications linked to a global vision of the
Earth’s surface, its environment and meteorological processes, communication and
content dissemination, positioning, traceability and remote piloting from space,
security and surveillance, the realization of certain biological processes and the
impact on medical effects, improving our knowledge of the Universe and the
evolution of other planets, etc. These ever-growing applications have made it a
major economic sector with significant geopolitical and security implications.

Paradoxically, technological miniaturization and the privatization of the sector
have opened up this industrial sector. Today, it is highly fragmented, in the same
way as other state-owned sectors which have undergone this evolution following a
strong opening-up and involvement of the private sphere. Many new players and
ambitious initiatives are emerging. The fierce competition between stakeholders
means that innovation is essential, as are changes to the way in which developments
are managed, financed and marketed.
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However, NewSpace cannot escape the experience accumulated over the years.
The fundamentals have not changed, and the space environment calls for the
development of ever more elaborate devices — automated, but just as robust,
guaranteeing optimal operation in this hostile environment.

The agile method is the only way to learn about new challenges and identify
critical points, without getting bogged down in systematic and costly approaches.
With this in mind, in addition to a sound knowledge of all of the development and
validation stages of the technology used, it is very instructive to analyze past
successes and failures. This applies to even the most distant historical developments,
right through to the successive stages in the development of a component. It is this
analysis of failure that enables us to quickly focus on the most critical points,
prioritize them and thus make the technical solutions considered much more reliable
in a much shorter time.

Nanosatellites, CubeSats of the NewSpace Era for Space Observation 1, 2 and 3
are designed to provide readers with the basics through an analysis of space history
and the various stages of instrument development. Based on feedback from
developments and analyses carried out within the framework of research, these
books will enable those who so wish to perfect their knowledge and vision of this
fast-changing sector, and to better understand its evolution: from fundamentals to
breakthroughs.

Philippe KECKHUT
September 2025



Introduction

The 21st century stands out in the history of human societies as a time of
transition. We are witnessing a period in the history of humankind that allows for all
kinds of lifestyle breakthroughs, thanks to the increase in entropy associated with
the various degrees of freedom of action and activity possible. One of these fields of
activity concerns the space age and the NewSpace era. The name could have been
different, because the term “New” refers to something new, whereas the “Universe”
has always been there. Technological prowess has enabled us to reach that which
aroused the curiosity of the first astronomers.

The industrial revolution 4.0 of the 21st century prefigured the expected increase in
the processes used in business activities. These are based on digital technologies using
algorithms predefined by objectives, such as system integration, augmented reality,
virtual reality, the digital twin, artificial intelligence (Al), short- and long-term
logistics, data analysis for processing large databases, cybersecurity, the autonomous
robot, additive manufacturing, the Internet of Things, cloud computing, bitcoin and the
simulation of complex chemical and biological processes in biotechnologies (infotech,
biotech, etc.).

Software development is driving digital transition processes and impacting
decision-making support with the breakthroughs and democratization of Al It
should be noted that the contribution of IT tools and the development of
technologies in the field of genetics and human genome sequencing since the 2000s
have led to the emergence of a new discipline called paleogenomics. This was
initiated by the recent Nobel Prize winner in Medicine and Physiology, Svante
Pédbo, in 2022, as part of the study of ancient DNA through paleogenetics.

Alongside this reality, which is moving towards the 4.0+ revolution, we are
observing through NewSpace a desire to increase our degrees of freedom. This is
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leading us towards a new path, which may allow for the privatization of space and
the realization of the dream of conquering space and the Universe.

The first two satellites, Sputnik 1 and Sputnik 2, were launched by the USSR in
1957, on October 4 and November 3, while Explorer 1 and Vanguard 1 were
launched by the Americans shortly afterwards, in 1958, on February 1 and March 17.
The first major discovery was the Van Allen belts by the Americans who, thanks to
a magnetic recorder on board Explorer 3, were able to correctly interpret the signals
transmitted by the first satellites, which had remained an enigma until then. These
belts are named after Van Allen, who, with his team, developed many of the
observation instruments carried as payloads on American satellites.

Technological advances and strategies for space exploration and observation
have thus followed a trajectory. In its initial phase, in the 1960s, this trajectory
began with a typology of satellites, either spherical or cylindrical in shape, with
masses of no more than a hundred kilos, equipped with the latest technologies. From
the mid-1970s to the present day, it has evolved towards more elaborate
technological objects, exceeding a few thousand kilos and up to tens of tons.

The history of space exploration can be divided into several distinct periods. The
foundations for this adventure were laid as early as 1957, with the acquisition of the
knowledge and technologies needed to send man into space. The period from 1957
to the end of the Apollo program in 1972 was characterized by major advances, and
is often referred to as the golden age of space exploration. During this period, the
two world superpowers of the time, the United States and the Soviet Union,
indirectly engaged in space competition.

The next period, from 1972 until the end of the Cold War in the early 1990s, was
marked by geopolitical issues in an increasingly militarized environment. Satellites
were mainly developed for military purposes, such as observation, listening,
communication and navigation. At the same time, space research was booming,
leading to major advances in scientific research and increased international
cooperation.

Since the end of the Cold War in 1991, space exploration has evolved in a
context of unipolar domination, with the United States in a predominant position. In
the late 1990s, the NewSpace era emerged, marked by growing private initiative
in the space industry. Enterprising personalities such as Elon Musk (SpaceX),
Jeff Bezos (Blue Origin) and Richard Branson (Virgin Galactic) played a key role in
this new era, with ambitious goals such as the exploration of Mars, the Moon and
suborbital flights. NewSpace brings a new dynamic to the space industry, thanks to
reusable launchers and the miniaturization of satellites.
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Meanwhile, in 1999, California Polytechnic State University and Stanford
University (USA) invented a new satellite format. It opened up new prospects for
Earth observation. In 1999, as part of an educational project to imagine, design,
implement, test and operate in space a complete spacecraft within a reasonable
timeframe, as part of a three- to five-year program to train university students,
CubeSats — cubes measuring 10 x 10 x 11.35 cm (1U) — were created in California.
They ushered in a new era in the conquest of space.

The immensity of the cosmos seemed essentially cold and barren until the
middle of the 20th century, but the launch of Sputnik 1 marked the beginning of the
space age. The dispatch of robotic scientific explorers across the Solar System,
space observatories in Earth orbit, the development of advanced detection
techniques and increasingly powerful telescopes have enabled us to acquire new
knowledge through observation from space. All of this has completely
revolutionized our vision of both planetary atmospheres and the interstellar medium,
revealing an unsuspected molecular richness leading to the creation, alongside
astrophysics, of new disciplines such as astrochemistry. In the wake of these
developments, models of molecular physics and chemistry have made it possible to
study chemical species using the theory of quantum mechanics, providing reliable,
precise and high-quality analysis through spectroscopy. This tool provides the
necessary information on parameters such as pressure, temperature, humidity, wind
speed or solar flux, to understand the processes driving the dynamics of planetary
atmospheres, particularly that of the Earth.

Thanks to ground-based microwave observatories in very dry, high-altitude
regions (ALMA) or airborne observatories (stratospheric balloons, SOFIA),
astrophysicists have access to a large battery of instruments dedicated to
spectroscopy. These include spectrometers onboard space probes bound for
Venus (Venus Express), Mars (Mars Express, TGO, etc.), Jupiter (Junon), Saturn
(Cassini-Huygens), comets (Rosetta) or the terrestrial-based JWST (James Webb
Space Telescope) observatory.

The future looks exciting in this field, with future observatories on Earth (E-ELT,
etc.), in space (WFIRST) and on various planetary missions. The constellation of
nanosatellites will enable us to refine the precision of our spatial and temporal
measurements.

This book is the first of three and discusses the space age from its origins in the
mid-20th century, through to the NewSpace era of the 21st century. Its content is
drawn from lectures and seminars by Meftah, Dahoo and El Hami as part of their
teaching and research activities. It also draws on feedback from research activities at
the Laboratoire Atmosphéres et Observations Spatiales (LATMOS) and at INSA



xiv  Nanosatellites, CubeSats of the NewSpace Era for Space Observation 1

Rouen, resulting from research work in the fields of instrumentation and
spectroscopy for astronomy and astrophysics as well as optimization in mechanics.
Our research teams are also involved in space observation, both through the
implementation of observation instruments and through the analysis of observation
data in partnership with other national institutes and organizations (CNES, ONERA,
etc.), international organizations (ESA, Institut royal d’aéronomie spatiale de
Belgique (IASB), Institut Lafayette, Jet Propulsion Laboratory, etc.) or industrial
partners (AMSAT-F, FOKRK, Electrolab, ACRI-ST, Adrelys, Hensoldt Space
Consulting, Oledcomm, Nanovation, etc.), to name a few.

The aim of this book is to provide an overview of the knowledge required to
build and use nanosatellites to observe the atmosphere of a planet, in particular the
Earth, and to provide the spectroscopic tools needed to study them and the data
required to understand global warming. It is presented from a systems engineering
or systemic approach. Each chapter includes an appendix presenting the necessary
mathematical, physical and mechanical knowledge, so that readers who wish to
delve deeper into the concepts developed in the body of the chapter can do so. The
bibliography, although not exhaustive, is substantial enough to allow for further
reading.

Feedback from both CubeSat production and observation using the instruments on
board UVSQ-SAT and INSPIRE-SAT 7 (International Satellite Program in Research
and Education), launched in 2021 and 2023 respectively, are used to provide
researchers, engineers, teachers and students in engineering schools, masters and
bachelors programs, as well as business leaders, with the knowledge they need to
engage in the socio-economic activities of NewSpace.

This first volume contains four chapters tracing the evolution of the space age
and the context of a space observation mission using CubeSats as examples.
CubeSats are within the reach of any group who wish to undertake them, thanks to
their low cost and short implementation times. They can be used to collect data for
the study of global warming, monitor the evolution of the Earth’s atmosphere for
research purposes, or invest in meteorology, communications or data collection
(Big Data) through a network of satellites for industry. In the fourth and final
chapter, an example of the implementation of a payload for observing the Sun and
its effects is presented in the context of the third UVSQ-SAT NG CubeSat,
scheduled for launch in 2025.

Chapter 1 traces the history of the space age from the orbiting of the first
Sputniks, launched in 1957 by Russia and closely followed by the Explorer 1 and
Vanguard 1 satellites, launched in 1958 by the United States, right up to the
NewSpace of the 21st century. Following the initial phase of development
exacerbated by the rivalry between the two countries in the context of the Cold War,
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and leading to the first landmark events such as the first man and woman in space
and the first man on the Moon, came the first applications of space activities of a
scientific nature: on the one hand through the discovery of the Van Allen belts, and
on the other hand through commercial applications for meteorology. This chapter
focuses notably on methodological and technological innovations in complex
systems engineering. It also looks at the societal impact of space technologies in the
fields of research into observation of the Earth’s atmosphere, in the context of global
warming, exploration of the Solar System, and observation of the Universe through
orbiting telescopes. Space-related socio-economic activities are mentioned in
relation to data, whether for weather, telecommunications (telephone, radio,
television, Internet), GPS (Global Positioning System) or the Internet of Things, as
well as technological advances in reusable launchers, Earth—-Moon and Earth—Mars
space projects, nanosatellites and digital twins.

Chapter 2 discusses the orbital parameters of the CubeSat as it moves as an
artificial satellite around the Earth. Following a reminder of the geometry of curves
associated with conics and their analytical expressions in a Cartesian reference
frame, the history of theoretical hypotheses resulting from ancient astronomers’
observations of the sky is presented. The debate between the geocentric and
heliocentric models of the Solar System for interpreting planetary motion is
discussed, with mention of Copernicus, Kepler, Galileo, Newton and Einstein as the
main contributors to heliocentrism and gravitation theories. In the same way, the
different approaches (Newton, Lagrange, Hamilton, etc.) to dealing with system
mechanics are presented for calculating the trajectory of systems subject to the force
of gravitation, in particular the circular or elliptical orbit of a natural or artificial
satellite around an attractor center at different altitudes. Six Kepler parameters are
used to describe the orbit of a CubeSat around the Earth, with reference to the
equatorial plane, in relation to which the perigee (periapsis or periastron, closest to a
star) and apogee (apoapsis or apoastron, furthest from a star) are defined. For an
elliptical orbit, these parameters enable a compromise to be found between two
possibilities: high coverage and low resolution at apogee, and conversely low
coverage and high resolution at perigee.

Chapter 3 presents satellite launchers from different countries or consortia. It
shows the evolution of the public sector, with launchers from state institutions such
as NASA at Cape Canaveral, ESA in French Guiana and the Russian space agency
at Baikonur, and the private sector, with the development of the space industry and
the number of sites and launchers (SpaceX, etc.). The new business model, which
enables the launch of both large satellites and hundreds of small satellites (CubeSats,
nanosatellites, etc.), is discussed, as it reduces launch and orbiting costs. The
standards to be met and the constraints to which the launch and in-orbit procedures
must conform are also presented.
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Chapter 4 is devoted to small satellites, with masses ranging from 500 kg to
four tons. The focus is on the manufacture of CubeSats, based on the methodology
of university pioneers Jordi Puig-Suari of California Polytechnic State University
and Bob Twiggs of Stanford University. The smallest CubeSat model, described as
1U, is a cube measuring 10 X 10 x 11.35 cm, which can grow to 12U in volume
depending on the payload it will carry for its data-gathering mission. The structure
of a CubeSat, in particular its mechanical architecture in view of its payload, with
reference to the UVSQ-SAT and UVSQ INSPIRE-SAT 7, as well as its main
functions, are described, in particular those concerning the links between the
satellite and the ground-based data collection stations. Mechanical optimizations,
using finite element method simulations to ensure robustness against environmental
constraints during launch and orbital motion, are also discussed.



The NewSpace Era

This chapter looks at the history of the space age from its very beginnings,
marked in time by the International Geophysical Year (IGY) of 1957-1958 focusing
on the event of peak solar activity, and against the backdrop of the Cold War
between the USSR and the USA. This period of early discoveries, notably the
Van Allen belts, was characterized by rivalry between the two world powers in the
space race, with the first man (1961) and woman (1962) in space, and the first man
on the Moon (1969). This was followed by a transition toward scientific objectives,
such as the observation and collection of data on the Earth’s atmosphere for
meteorological purposes, and the exploration of the Solar System, in particular with
Voyagers 1 and 2, which are still operational outside of the Solar System. This era
has been driven by innovation, be it in project management (system approach,
V-cycle, etc.) or technology (digital twins, solar panels, digital communications,
etc.) to achieve the objectives of space projects driven by space agencies (NASA,
ESA, etc.), with a focus on quality and reliability. Initially, satellites were spherical
or cylindrical in shape, weighing no more than a hundred kilograms, but by the
mid-1970s, they were weighing several thousand kilograms and could reach a
weight of up to ten tons.

At the end of the 1990s, visionary entreprencurs initiated daring projects,
including the reuse of space launchers, suborbital flights and exploration of the
Moon and Mars. In 1999, two American universities reduced the volume of satellites
by inventing CubeSats and nanosatellites. This marked the dawn of the NewSpace
era which redefined the space industry and its fields of activity, emphasizing
innovation, cost reduction and increased private-sector participation in space
exploration and exploitation, as embodied, for example, by SpaceX in the United
States (2002) and Rocket Lab in New Zealand (2018).

For a color version of all of the figures in this chapter, see www.iste.co.uk/dahoo/
nanosatellites1.zip.
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1.1. The space age and its evolutions

The history of space exploration can be divided into four distinct periods. The
initial period ran from 1957 with Sputnik 1 to 1970 with the end of the Apollo
program. This was followed by the intermediate period from 1971 when military
satellites were launched against a backdrop of geopolitical challenges, until the end
of the Cold War in the early 1990s. It should be noted that, at the same time, space
research experienced a significant boom, leading to major advances in scientific
research and influential international cooperation.

At the end of the Cold War in 1991, space exploration evolved in a context of
unipolar domination, with the United States in a predominant position. This was the
beginning of the NewSpace era, marked by growing private initiative in the space
industry (SpaceX, Elon Musk; Blue Origin, Jeff Bezos; Virgin Galactic, Richard
Branson). NewSpace brought a new dynamic to the space industry, thanks to
reusable launchers and the miniaturization of satellites. The democratization of
access to space allows a greater number of operators, including start-ups and
research laboratories, to participate in space exploration [NEW 80, LAU 97, POR 98,
SID 00, DIC 06, BIG 14].

Meanwhile, a new satellite format, defined as part of an educational project
in 1999 at California Polytechnic State University and Stanford University (USA),
opened up new prospects for Earth observation. The idea was to imagine,
design, implement, test and operate CubeSats (a 1U cube with dimensions of
10 x 10 x 11.35 cm) in space, as part of a three- to five-year university course. This
approach represents a new era in the conquest of space [HEI 00, JAN 11, 21, 23],
the developments of which are described in the appendix.

1.1.1. The first artificial satellites

Although Isaac Newton’s work on gravity raised the theoretical possibility of
orbiting an artificial satellite from Earth in 1687, it was not until the early
20th century that the theoretical work of Russia’s Konstantine Tsiolkovsky and the
experimental work of American Robert Goddard confirmed that a satellite could be
launched by a rocket.

On October 4, 1957, the Earth’s first artificial satellite was launched from the
Baikonur cosmodrome by an R-7 Semiorka launcher (a large intercontinental
ballistic missile). Sputnik 1 (meaning “satellite” or “companion” in Russian) is a
sphere measuring 58 cm in diameter and weighing 83.6 kg. It was the first artificial
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object launched into space. For 22 days, it transmitted data on solar winds, the
Earth’s magnetic field and cosmic rays. These were the first scientific data to be
recorded directly from space. It was followed a month later by Sputnik 2, launched
on November 3, 1957, with an animal on board, the dog Laika. The onboard
instruments detected radioactivity in the Van Allen radiation belts, but the origin of
the signals transmitted was not identified, as they were picked up by nations other
than the USSR.

As a reminder, the Van Allen radiation belts (see Figure 1.1)" are made up of a
high density of energetic particles, originating from the solar wind in a toroidal zone
of the Earth’s magnetosphere around the magnetic equator. The encounter of these
particles with the molecules of the Earth’s upper atmosphere manifests itself in the
form of polar aurorae.

It took the United States four months to respond and launch its own satellite,
Explorer 1, from the famous Cape Canaveral base in Florida on February 1, 1958.
This first American satellite was followed by Vanguard 1, launched from
Cape Canaveral on March 17, 1958, which became the fourth artificial Earth
satellite. Explorer 1’s four-month mission also enabled Geiger counters to detect the
Van Allen radiation belts. However, it was not until the data recorded by Explorer 3,
launched on March 26, 1958, with the first onboard miniaturized magnetic tape
recorder, that the riddle of the signals resulting from the presence of the Van Allen
radiation belts was resolved.

Vanguard 1 was the first satellite to be equipped with solar cells (six), enabling
its second transmitter to operate until May 1964, almost six years after its launch,
whereas the mission of the first satellites did not exceed four months.

We should also mention the glorious achievements of the USSR, with the first
man in space on April 12, 1961 (Yuri Gagarin) and the first woman in space on June
16, 1963 (Valentina Terechkova); and of the United States with the Apollo program,
the first man on the Moon with the Apollo 11 mission and the moon landing on
July 21, 1969 (Neil Armstrong, Buzz Aldrin and Michael Collins).

By 1957, space systems and associated missions had become indispensable tools
for many disciplines involved in the study and observation of planet Earth and its
near and distant environment, as well as the exploration of the near and far Universe
[NEW 80, LAU 97, POR 98, SID 00, DIC 06, BIG 14, JAN 23].

1 See: https://en.wikipedia.org/wiki/Van_Allen radiation_belt.
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Figure 1.1. Van Allen belts (NASA)
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1.1.2. Planet Earth and its near and distant environment

The formation of ozone holes in the stratosphere above the poles, which, as a
result, could no longer sufficiently filter out ultraviolet radiation, or the increase in
the greenhouse effect due to a rise in the amount of carbon dioxide in the
atmosphere, are just two concrete examples of the benefits of observing the Earth
and studying its near and distant environment in targeting the right causes to these
harmful effects. Satellites have become indispensable in this field, not only for
managing the Earth’s natural resources, controlling the environment, protecting
people and property in danger, providing meteorological services, studying the
climate, space weather, etc., but also for telecommunications, telephony,
communication for multimedia applications, navigation, defense, etc.

An illustrative example is the series of ten experimental meteorological satellites,
Tiros-x (Television InfraRed Observation Satellite), launched between 1960 and
1965 by NASA (the US space agency) into polar orbit to supplement data obtained
by traditional ground-based devices and used for weather forecasting. In an
international cooperation between CNES (the French space agency) and NASA
(the EOLE program), a first PEOLE satellite was also launched in 1970 by the
Diamant rocket from the Kourou base in French Guiana, followed in 1971 by the
EOLE satellite developed by CNES and launched by NASA from Wallops Island by
the Scout rocket. These satellites retrieved meteorological data provided by 500
weather balloons launched from Argentina, drifting from west to east at an altitude
of 12,000 m in the Southern Hemisphere on an eight-day cycle [MOR 66, 02,
LET 13].

Since then, the analysis of the data collected by various observation instruments
has shown that human activities are responsible for modifying the composition and
the warming effect of the Earth’s atmosphere. In light of the visible and measurable
consequences on the ecosystem and climate, it is more than necessary to design
instruments that can continuously monitor the state of the Earth’s atmosphere by
observing its near or distant environment, with quality data to benefit from
subsequent analysis and correcting actions.

1.1.3. Exploring the near and distant Universe

Scientific missions enable us to study the nearby Universe in the solar system —
for example, the Sun (see Figure 1.2(a))” and the terrestrial planets Mercury, Venus,
Earth and Mars (see Figure 1.2(b)) — or the more distant Jovian planets, Jupiter,
Saturn, Neptune and Uranus.

2 See: https://en.wikipedia.org/wiki/Sun.
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a) The sun b) The telluric planets

Figure 1.2. The Sun and the Solar System's telluric planets
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These observation and analysis activities can be carried out either by the study of
the Earth from ground-based observatories or the ISS orbital station, or from space
systems such as satellites, rovers, probes or orbiters launched to get as close as possible
to the objects under study. Examples of the latter include Mars Express and
Venus Express, orbiters dedicated to studying the atmospheres of Mars and Venus.

Mars Express (MEX) is the first European planetary mission to the Red Planet,
developed in collaboration between LATMOS (formerly the French Aeronomy
Service) in France, BIRA-IASB (Royal Belgian Institute for Space Aeronomy) in
Belgium and IKI (Russian Space Research Institute) in Russia. Launched on June 2,
2003 by a Soyuz rocket, the 1270 kg orbiter was placed in an elliptical polar orbit
around Mars on December 25, 2003, with a pericenter altitude of 259 km and an
apocenter altitude of 11,559 km, for a period of 7.57 hours. A measurement and
observation instrument, called SPICAM (Spectroscopy for the Investigation of the
Characteristics of the Atmosphere of Mars), has enabled the spectroscopic study of
the UV and IR signatures characteristic of the atmosphere of Mars. Dedicated
primarily to the study of the atmosphere of Mars, the spectrometer operates in the
ultraviolet and infrared ranges [BER 06].

The 1,042 kg ESA Venus Express orbiter was launched on November 9, 2005 by
a Soyuz rocket, and was the first mission to apply solar and stellar occultation
techniques to the atmosphere of Venus, with the SPICAV/SOIR (Solar Occultation
in the InfraRed) instrument. Based on the SPICAM model, the SPICAV instrument
(V for Venus) comprises a suite of three spectrometers with a variety of scientific
objectives. As for SOIR, it is one of three high-resolution spectrometers on
Venus Express, with a new optical design enabling it to achieve a resolution power
AAL = 15,000-20,000 for a volume and mass (6 kg) that are reasonable for space,
working in the 2.2—4.3 um range. This is the highest resolution for planetary space
exploration [BER 07, 08].

1.1.4. Space activities

The space sector encompasses a wide range of activities and applications. The
main ones are listed below:

1) Scientific research: space plays an essential role in scientific research,
enabling us to observe the Universe, study cosmic phenomena, collect data on the
Earth, explore the planets, etc.

2) Telecommunications: telecommunications satellites are used for long-distance
communications, data transmission, television, broadcasting, cell phone networks, etc.

3) Navigation and positioning: satellite navigation systems such as GPS (Global
Positioning System) enable the precise determination of position, speed and time
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throughout the world, and are used in many sectors, including transport, logistics
and cartography.

4) Earth observation: Earth observation satellites provide invaluable data and
images for monitoring the environment, studying climate, meteorology, natural
resource management, monitoring natural disasters, etc.

5) Space exploration: space exploration includes sending probes and robots to
study planets, moons and asteroids, as well as sending astronauts to explore space
and destinations such as the Moon, Mars and beyond.

6) Military and defense applications: space is used in military applications for
surveillance, secure communication, intelligence, reconnaissance, etc.

7) Commercial applications: the space sector is increasingly exploited by private
companies for activities such as space tourism, satellite launches,
telecommunication services, Earth imaging, etc.

8) Education and awareness: the space field also plays an important role in
educating and raising public awareness through education programs, exhibitions,
events and activities designed to inspire future generations and promote interest in
space exploration.

According to Janson, the space era can be divided into three periods since 1957:
the first era from 1957 to 1970, the great era from 1971 to 1996 and the new space
era from 1997 onward, which can be described as NewSpace [JAN 11, 21, 23].

1.2. NewSpace in the 21st century

Observation sciences and space technologies have followed a trajectory marked
by technological transitions and strategic choices for exploration and observation,
particularly by the American (NASA) and European (ESA) space agencies. In the
initial phase of the 1960s, satellites equipped with the latest technologies were
spherical or cylindrical in shape and weighed no more than 100 kg. Since the
mid-1970s, however, the design of objects for observation and space technologies
has given rise to a diversity of systems — be they satellites, probes, orbiters, rovers or
drones — that are increasingly based on a systemic approach to design, sometimes
relying on digital twins with weights in excess of a few thousand kilos and
sometimes reaching tens of tons.

It was in 1999, outside the decision-making sphere of space agencies or military
organizations, that a new era in the conquest of space began. Thanks to an
educational project, the first CubeSats — cubes measuring 10 x 10 x 11.35 cm (1U) —
saw the light of day in California, inspired by Professor Jordi Puig-Suari of
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California Polytechnic State University and Professor Bob Twiggs of Stanford
University [KIT 94, HEI 00]. The method implemented enabled a complete
spacecraft to be designed, deployed, tested and operated in space within a reasonable
timeframe, in a three- to five-year curriculum, to train academics with off-the-shelf
technologies. The first six CubeSats were launched on June 30, 2003 by Eurockot’s
Rockot launcher from the Plesetsk site. This educational project democratized the
use of small satellites that can be designed in a laboratory for space research
programs, and paved the way for a sector of industrial activity in this field. Since
2013, space agencies have shown that the reliability of CubeSat missions can be
greatly improved by optimizing design engineering.

Ja

1957 Sputnik, already NewSpace 2003 AAU CubesSat

Small aluminum sphere, 58 cm in 1U cube (10 x 10 x 10 cm?)

diameter + Weight1kg
+ Weight 83.6 kg + 4antenna _

Four antenna + Orbit: 830 km altitude

Elliptical orbit at an altitude of between + Period: 101.4 mn

230 and 950 km * Images acquired with a 1.3

Period: around 98 minutes Mpixel Cmos detector, with a
- satellite temperature? resollution of 120x120 m per

pixe

- Diameter of optics?

Figure 1.3. Satellite evolution between 1957 and 2003

Figure 1.3 summarizes the characteristics of the satellites designed in 1957,
when the space age began, and those of the CubeSats developed in 2003. The
diameter of the sphere has been reduced from 58 cm to a cube with sides of 10 cm,
which means a reduction in volume by a factor of approximately 100. At the same
time, the mass has been reduced by approximately 80, knowing that a cube is easier
to build than a sphere. The orbit has moved from elliptical, with an altitude between
230 and 950 km, to circular at 850 km, but with an almost identical period (98 min
vs. 104.1 min). The spectral range of observation is wider in range with the CubeSat
which, in addition to four antennas in the microwave range, was equipped with
Cmos detectors to record images. However, last but not least, the constraints of
temperature and optical resolution have yet to be overcome.

NewSpace has been emerging since the 2000s, and a number of new challenges
have arisen. The last decade has seen significant advances in space technologies and
an intensification of public communication about space. Today, space exploration is
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no longer the prerogative of government agencies, but is open to private enterprise,
marking the beginning of the NewSpace era. This new space era has brought with it
new participants and a deep transformation of the space ecosystem. NewSpace is
attracting a great deal of interest, as its dynamic players are injecting new energy
and speed into the space sector. This democratization of space has been made
possible by the use of innovative reusable launchers and the increasing
miniaturization of satellites. These advances, combined with the development of
space tourism, the return to the Moon and the exploration of Mars, have rekindled
the general public’s enthusiasm for space. The conquest of space is inevitably
accelerating, with projects for space travel, lunar and martian exploration. The
American space agency, NASA, is preparing for an odyssey to Mars as part of its
Artemis program. This new space age promises exciting discoveries and major
technological achievements, paving the way for a future in which space exploration
will play a central role.

Satellites play a major role in the new era of space conquest. A mass criterion is
often used to classify satellites, as shown in Table 1.1, in the FAA (Federal Aviation
Administration) classification in the United States. In this classification, the first
Sputnik 1 satellite was of micro type, as was the first CubeSat of 2003, as shown in
Figure 1.3. The Mars Express and Venus Express orbiters were in the category
above, medium and mini respectively.

In economic terms, a low-orbit satellite costs between €8,000 and €12,000 per kg
to build and launch. Compared with an average cost of €8 million for a
medium-sized satellite with a mass of approximately 800 kg, a 10 kg CubeSat only
costs €100,000, making it affordable for academic scientific research programs to
observe the Earth [CAM 19].

Satellite class Mass (Kg)

Very heavy > 7100
Heavy 5401-7000
Large 4201-5400

Intermediate 25014200
Medium 1201-2500
Average 601-1200
Mini 201-600
Micro 11-200
Nano 1.1-10
Pico 0.09-1

Femto 0.01-0.1

Table 1.1. Payloads and specifications
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1.2.1. Development priorities for the NewSpace era

A number of areas of development are emerging in this new NewSpace era:

1) Satellite launches: this is one of the largest sub-sectors of NewSpace. Satellite
launch companies focus on the technology and infrastructure needed to send
satellites into near-space and low-Earth orbit.

2) Internet via satellite: NewSpace companies focus on improving Internet
connectivity through low-Earth orbit satellites, wireless broadband, optical
communications and other technologies.

3) Deep space exploration: NewSpace companies are developing high-level
missions to transport people and goods beyond the Earth’s atmosphere to the Moon,
the surface of Mars and beyond.

4) Lunar landing: NewSpace companies are mainly focused on missions to the
Moon, or on construction products and infrastructure for lunar missions.

5) Industrialization and manufacturing: these include the development of
spacecraft, hardware, propulsion systems, engines, etc.

6) Earth observation: imaging, tracking and analysis technologies are being
developed to monitor weather, climate, marine data, GPS technology, etc.

7) Asteroid mining: these cutting-edge companies are developing technologies to
extract water, rare minerals and metals from near-Earth asteroids.

8) Space debris: these analyze human-made objects orbiting the Earth. Debris
has to be monitored to avoid collisions with satellites and spacecratft, etc.

9) Space tourism: access to space for individuals, explorers, etc.

How are research activities faring in the NewSpace era?

1.2.2. Research development

The following questions may be asked:
— Is NewSpace leading us toward the privatization of space?
— What kind of legislation and governance will be needed in the future?

— Are we facing a new paradigm (see Figure 1.4)?

This means that, alongside the major standard observation and analysis projects
with space agencies (NASA, ESA, CNES, etc.), we need to be able to implement
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new systems that are smaller, more efficient, less costly and faster, in an “agile”
approach.

This implies greater flexibility, with public—private partnerships and the creation
of international networks, to take a new approach to scientific research linked to
planetary observation and data analysis.

By way of example, we can cite the spin-offs for scientific research of this new
paradigm. LATMOS and OVSQ at the Universit¢ Versailles-Saint-Quentin-en-
Yvelines have positioned themselves, within the framework of national and
international collaborations, on atmospheric observation to provide data for climate
studies, as shown in Figure 1.5. They used the CubeSats UVSQ-SAT [MEF 20] and
INSPIRE-SAT 7 [MEF 22a] built by these two institutions thanks to Meftah and
teams from LATMOS, OVSQ and UVSQ.
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Figure 1.4. A new paradigm for implementing space programs

COMMENT ON FIGURE 1.4.— The figure demonstrates the mass development of
satellites by comparing the scale of production between the past and the future. In
the past, only four satellites per year were put into orbit, compared to an expected
two satellites per day in the future. The figure also compares the characteristics of
the old versus new satellites. The satellites of the past have zero risks, maximal
performance and there is only one type with one function. They are also expensive
and used by institutional customers and major operators. The satellites of the future
will be of different types, with multiple functions and carry multiple risks. They will
be more affordable in price and open up the market to digital players.
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NewSpace and future climate constellations

2021 UVSQ SAT 2023 INSPIRE-SAT 7

1U cube (11.5x11.5x 11.4 cm?) 2U cube (11.5x 11.5x 22.7 cm?)
+ Weight of 1.2 kg * Weight of 3.0 kg
* Power consumption of 1.2 W + Power consumption of 3.2 W
* 4 antennas * 4 antennas
» Orbit: 534 km altitude * Orbit: 534 km altitude
Period: 95.2 mn * Period: 95.2 mn
- Satellite temperature? - Satellite temperature?

Figure 1.5. Nanosats: UVSQ-SAT (2021); INSPIRE-SAT 7 (2023)

1.3. The space system

Engineering is the application of science. Its aim is to convert scientific laws into
applied reality, whether for medical concerns or space travel. In the process of
designing intelligent objects, the engineer’s job is to provide solutions to problems
that ultimately have an impact on society. As a result, space programs have been the
source of many innovations. They required the application of new project
management methods for the manufacture of satellites intended to be propelled into
space from launch sites, emphasizing a system approach to the design and
manufacture of a satellite or probe [NAS 95, 19, GPG 07, CHI 17, MEF 22b].

Issues such as reliability, logistics, coordination of different teams (requirements
management), evaluation measures and other disciplines become more difficult
when large or complex projects are involved. This is why the so-called V-cycle
method has been used as part of the system approach, as described in section 1.4.

Digital simulation methods based on a digital model of the physical system (the
forerunner of the digital twin) were also used in the Apollo programs. The digital
twin is a concept of virtual equivalent or dynamic digital representation of a real
system.

The first definition was formulated by NASA in its Integrated Technology
Roadmap (Technology Area 11: Modeling, Simulation, Information Technology &
Processing Roadmap, 2010):
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A digital twin is a multiphysics, multiscale, probabilistic simulation of
an as-built vehicle or system that uses the best available physical
models, sensor updates, fleet history, etc., to mirror the life of its
corresponding flying twin [SHA 10].

Let us also note Michael Grieves’ definition of the digital twin [GRI 02] as “a set
of information constructs that fully describe a potential or actual physical
manufactured product, from the micro-atomic to the macro-geometric level”.

Finally, we should also mention the implementation of a communication system
to collect and transmit data in digital form, whether passive or active. The coupling
of this system with the satellite’s digital image has paved the way for Industry 4.0.
This concerns the automation and exchange of data in manufacturing industries with
the additional technology of cyber software, IoT, cloud, and including identification,
problem-solving and decision-making (cognitive computing). [0ST (Internet of
Space Things) is emerging alongside IoT (Internet of Things).

It should also be noted that space activities are particularly focused on data,
whether for observation or control, from satellites, telescopes or platforms. These
include meteorology, telecommunications (telephone, radio, television, Internet), the
GPS and the Internet of Things.

1.3.1. The system concept

The noun “system” is used in many different situations. It can be used to refer to
air traffic control systems, the solar system or biological systems. The fact that the
word is used in so many different ways is an indication of the complexity of the
concept itself.

According to the Centre national de ressources textuelles et lexicales (National
Center for Textual and Lexical Resources), a definition was proposed in 1552: “A

whole whose parts are coordinated by a law™.

In Etienne Bonnot de Condillac’s 1749 philosophical work Traité des systémes
[BON 49], the term is defined as:

[The] arrangement of the different parts of an art or science in an order
in which they all support each other and in which the latter are
explained by the former. Those that give reason for the others are
called principles.

3 [DET 87]: “I am ready to show you the composition of this System” (author’s translation).



The NewSpace Era 15

According to [DER 75], in general terms, a system is a set of dynamically
interacting elements organized in function of a goal. A system can thus be considered as
any entity, conceptual or physical, made up of interdependent parts. In other words, it is
a set of elements in permanent interaction, organized and open to its environment, to
which it must constantly adapt in order to survive (see Figure 1.6).
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Figure 1.6. System, subsystems and interrelationships

A system is a set of elements interacting with each other according to certain
principles or rules. It is determined by:

— its boundary, i.e. the criterion of belonging to the system (determining whether
an entity belongs to the system or, on the contrary, is part of its environment);

— its interactions with its environment;

— its functions (which define the behavior of the entities making up the system,
their organization and their interactions).

The system’s approach stems from the 1940s encounter between biology and

electronics:

— the birth of cybernetics (1948) [WIE 48], with the study of regulation in living
beings and machines, and the introduction of the ideas of loop, feedback and
regulation;

— a unitary vision of the world expressed by biologist Von Bertalanffy (1950)
[VON 50, 68], with open systems everywhere.

The study of systems is carried out within the framework of the system’s
approach, which follows on from the methods advocated by the Palo Alto school
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in the 1950s as well as the work of Gregory Bateson [PIC 13]. The system approach
has been the subject of numerous publications and applications, whose
non-exhaustive references are given in the appendix [CHU 68, ACK 74, MPH 74,
WEI 75, LEM 77, FOR 84, FLO 93, 99, SEN 93, CHE 99, HIT 07, BOA 08,
RAM 09, LAW 10, DEW 11, INC 12, 15].

1.3.2. Designing a space system

A space system must be considered within the framework of systems
engineering, which is also one of the methodological products of space activities in
project management. It is an interdisciplinary field of engineering, focusing on the
design and management of complex engineering systems throughout their life cycle.
Issues such as reliability, logistics, coordination of different teams (requirements
management), evaluation measures and other disciplines become more difficult
when dealing with major or complex projects. Systems engineering deals with work
processes, optimization methods and tools for complex projects. It covers both
technical and human disciplines, such as control engineering, industrial engineering,
organizational studies, project management, etc. [DAH 21, 22, MEF 22b, 23].

1.3.3. The two main sectors of a space system

The space sector can be broken down into two sectors: that of the space vehicle
design environment, the “space sector”, and that of the users who implement the
vehicle’s functionalities, the “user sector”. In the system approach, these sectors are
two subsystems that interact with each other.

The space sector

Space vehicles — satellites, probes, landers, rovers, orbiters — are characterized by
their capacity and the type of mission to which they are dedicated. Applications can
be scientific, commercial or military. Their definition must take into account all
trajectories and orbits followed from launch to end-of-life. The mission-critical part
of the spacecraft is called the payload.

The space sector includes the design of satellites from technical specifications. It
can be divided into:

— the launch from a site, i.e. the launch center, the launcher and the operations to
be carried out from launch into orbit to separation of the launcher from the satellite
or probe;
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— the operations, including a command and control center with radio links to
steer the satellite, and a scientific mission center to process the data.

The user sector

The user sector includes the means for receiving, processing and distributing
information associated with the space mission (mission center at one or more sites).
1.4. Implementing a space project
1.4.1. The initial spatial project and management methods

The two basic elements to consider when launching a space project are:
— a description of the idea;

— a technological presentation of the idea.

A project’s conception and realization is shown in Figure 1.7. It starts with an
idea and requires a budget and resources for its realization. The next step is to draw
up a schedule and manage its implementation.
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Figure 1.7. Project management
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Project management involves setting up a program to achieve an objective,
which is often the design of a product or service.

There are generally three essential stages:
— identifying and describing the project;
— organizing and planning the project;

— monitoring the project and managing discontinuities (or discrepancies)
between forecast and actual status.

There are many methods available to help manage a project. The teamwork.com
website indicates that there are some 8,462 project management methods.

To implement a space system, it is necessary to use a system approach for
decision-making (DM) within the framework of collaborative engineering, in order
to meet the requirement of integrating project management (PM) with systems
engineering (SE).

The V-cycle is an example. This is shown in Figure 1.8 and is an example of
project management. It is based on a cascade model theorized in the 1970s. It allows
development processes to be represented linearly, which leads to sequencing in the
processes in successive phases from design to realization and validation.
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Figure 1.8. The V-cycle for project management associates
a validation phase with each implementation phase
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The V-cycle is a common graphic representation of the system’s engineering life
cycle, generally applied in the space industry. The left-hand side of the V-cycle
represents concept development and the decomposition of requirements into
functions and physical entities, which can be organized in the form of an
architecture for design and development. The right-hand side of the V-cycle
represents the integration of these entities (including appropriate testing to verify
that they meet requirements) and their final transition to the ficld, where they are
operated and maintained.

The implementation of a “small satellite” program can also rely on a simplified
approach to guarantee the success of a mission, which has to be developed within a
limited time (two years). LATMOS implements some of these programs using a
simplified organizational structure. The aim is to promote an agile approach while
avoiding the vertical management model, which often proves ineffective for rapidly
driving a space program from its definition and analysis phase (phase 0/A) through
to its exploitation phase (phase E). In this type of program, it is necessary to spur the
active participation of the technical and scientific teams throughout the project, thus
emphasizing flexibility in the face of possible changes and minimizing the
importance of traditional procedures. Despite the simplified organization, a space
project is still a complex process that requires meticulous planning, precise
coordination and the consideration of numerous variables.

1.4.2. Key issues from idea to realization

When undertaking a space project, such as, for example, putting an atmospheric
observation system into orbit from a CubeSat, it is necessary to formulate it in a few
lines [MEF 23]:

— a description of the idea;

— a technological presentation of the idea.

Then, there are several questions to answer:

— What needs are being met?

— Who are the potential users?

— What is the type of project: experimental, application?

— What resources and budget are required for the program?

— What are the project contingencies?
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— How do we obtain financing for the project?
— What do we bring that is new to the table?
— What sets this technology apart from competing technologies?

— What can we do that others cannot?

1.4.3. Academia and industry

1.4.3.1. Academic state of the art

— Which are the main academic laboratories (on an international scale) working
in the project’s technological field?

— What do they do exactly?
— What are the competing technologies?
— What are the strengths/weaknesses?

The answers to these questions can then be organized in an easy-to-read
summary table.

1.4.3.2. Industrial state of the art

— Who are the main manufacturers (on an international scale) supplying the
project’s technological solutions?

— What do they do exactly?
— What are the competing technologies?

— What are the strengths/weaknesses?

1.4.4. Questions and steps once the project is defined

Once the project has been defined, the following questions are usually answered:
— What is it?
— Who is involved?

— How do we do what needs to be done?
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We can then, for example, break down the space system into subsystems, such
as:

— NewSpace launcher;
— satellite;
— transfer and landing vehicles;

— IOVer.

To carry out this project, we can then form four groups with a leader for the
themes linked to each subsystem:

—a NewSpace launch group;
— a satellite group;
— a transfer vehicle and landing gear group;

— arover group.

This is the approach adopted in the UVSQ-SAT (2021), INSPIRE-SAT 7 (2023)
and UVSQ-SAT NG (2025) projects mentioned above [MEF 20, 22a, 23].

A system’s complexity is motivating new approaches to their design, grouped
together under the term “systems architecture”. System architecture is a conceptual
model of a system that describes its external and internal properties and how they
are projected onto its elements, their relationships and the principles of system
design and evolution.

Figure 1.9 shows an example of a satellite operation center linked to the space
sector. The purpose of this device is to control the satellite and receive data from it.
It is often associated with a scientific mission center, which enables the data to be
processed. Figure 1.10 shows an example of a “project” breakdown. The space
sector of this program is broken down into two segments: space and ground.

Every project is based on a stated objective, which requires programming of the
tasks to be carried out, identification of the services to be called upon and the
expected results. In the case of the design of an artificial satellite of the CubeSat
type, the various phases can be summarized, as shown in Table 1.2.

As an example, we give a comparison of the procedures to be followed with
regard to the different phases named by ESA and NASA, as well as the documents
to be compiled in Table 1.3 [NAS 95, 19, ESA 09].
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UVSQ-SAT
INSPIRE-SAT 7 system

Payload,
Command & Control (C2),
Telemetry (TT&C)

Space Data Link
Protocol (SDL)
Ground
Station

Ground Network

Space Link Extension
Services

Space Operations Center

Figure 1.9. Example of a satellite command and control center (applicable
to UVSQ-SAT and INSPIRE-SAT 7 space missions)
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Figure 1.10. INSPIRE-SAT 7 subsystems and interrelationships
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0

1

o

Analyze the mission: define the objectives and list the various parties
involved.

Feasibility study: carry out initial feasibility and sizing studies.

Define preliminaries: select technical solutions; study solutions and assess the
feasibility of each one by identifying cost, operational, scheduling and
organizational constraints.

Define the project in detail: express and finalize requirements and confirm
the technical feasibility of the chosen solution based on the results of the
studies.

Carry out and qualify the project: manufacture or acquire the space system
and test its various components to qualify their performance.

In-orbit phase: satellite launch and constraints to be met with the launch
organization and the first connection with the satellite in orbit.

Operational phase: data acquisition and satellite control.

Service withdrawal phase: close the project.

Table 1.2. Design phases of a CubeSat nanosatellite

T N Y

0

Qo R W N =

Mission Analysis/Requirements Analysis Design studies (MCR)

(MDR)

Feasibility study (PRR) Feasibility study (SRR-MDR)

Preliminary definitions (PDR) Preliminary design (PDR)

Detailed definitions (CDR) Final design and manufacturing (CDR-SIR)
Production/Qualification Test (AR) System assembly, Integration/Testing (SAR-ORR)
Launch Launch

Operation Operations

Table 1.3. ESA/NASA phases in satellite design

COMMENT ON TABLE 1.3.— MDR: mission definition review, PRR: preliminary
requirements review;, PDR: preliminary definition review; CDR: critical design
review;, AR: acceptance review; MCR: mission concept review, SRR: system
requirements review, MDR: mission definition review; PDR: preliminary design
review;, CDR: critical design review,; SIR: system integration review, SAR: system
acceptance review;, ORR: operational requirement review.
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1.5. Building a spacecraft
1.5.1. Spacecraft subsystems

A spacecraft such as a satellite or an orbiter is generally decomposed into two
sub-assemblies [MEF 22b].

The platform (bus) is a device designed to support one or more payloads. It must
provide the resources needed for proper operation under the required conditions.

The platform’s main functions are:

— supporting structure and mechanisms;

— thermal control of equipment;

— propulsion and in-orbit attitude modification systems;

— energy storage and distribution;

— in-orbit attitude control to modify vehicle orientation and telemetry;

—remote control and vehicle location with a GPS device;

— onboard data processing, storage and management.

The payload is the set of elements designed to fulfill a scientific, commercial or
military mission.

These are generally measuring or observation devices that collect data in line
with the mission objectives, such as:

— the telescope;

— the spectrometer with the different UV, VIS, NIR, MIR, IR channels;
— the antennas;

—the LiDAR;

— the radiometer.

Examples of payloads are shown in Table 1.4. Their functions and the type of
orbit associated with their observations are briefly described.
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Payloads

Functions

Orbit type

Telescopes
-» Newton-type telescope
= Two-mirror telescope

Mirror telescope for small-field
observation (a few degrees) and high
spatial resolution (a few arcs) = Sun

Low orbit
Heliosynchronous
Geostationary

(Cassegrain, Ritchey-Chrétien) ...

Low orbit
Heliosynchronous
Geostationary

Radiometers
- Measurement of emitted,
diffused or reflected luminous flux

Imaging and radiation balances

Lidars

-> Doppler (for speed Measurements of concentrations, Very low orbit

measurements) temperatures, species detection Balloons
- Pulsed (for distance or (water vapor, CO,, etc.), velocity Planes
concentration measurements)
Spectrometers ¢ ; i ;
P Vertical atmospheric sounding or Low orbit

-> Vertical

multi-spectral imaging
-> Imager peetrs il

Geostationary

Table 1.4. Payloads and main functions

1.5.2. Example of an optical payload

Optics is used in a wide range of instruments, such as altimeters, gyrometers,
optical telecommunication and metrology systems, atomic clocks for service
equipment, and equipment for observation and measurement in scientific
experiments.

Onboard instruments are part of the satellite or orbiter payload. Figures 1.11 and
1.12 show examples of payloads for optical measurements using the Sun as a
light source. The optical diagram of the space mission telescope is shown in
Figure 1.11(a). It is a Ritchey—Chrétien telescope (specific Cassegrain) designed to
eliminate the optical aberration known as “coma”. This space telescope acquired
images of the Sun in the UV, visible and NIR wavelengths from June 2010 to
mid-2014. Figure 1.11(b) shows the optical diagram of the SOLSPEC instrument.
This is a Czerny—Turner spectrometer (double monochromator) that operated on
board the International Space Station. This instrument measured the solar spectrum
between 165 nm and 3,000 nm over approximately one solar cycle (from 2008 to
2017). Figure 1.12 shows a schematic diagram of a space radiometer. This design
corresponds to that of the DIARAD instrument, which has been used on several
space missions. In particular, it was used on board the SoHO solar and heliospheric
observatory, which was launched into orbit in 1995 — and is still operational today.
The aim of the DIARAD radiometer is to measure the total solar irradiance at the
top of the atmosphere. This measurement is of major interest, as it enables us to
track the evolution of solar flux over time.
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Figure 1.12. Radiometer used to measure total solar irradiance

Figure 1.13 shows an example of a LiDAR dedicated to the observation of
atmospheric parameters. This is a ground-based laser remote sensing system based
on a remote measurement technique that analyzes the properties of a beam of light
reflected back to its transmitter. This device is installed at the Dumont-d’Urville
base on Petrels Island, a few kilometers from Antarctica. This instrument can be
used to measure aerosols, cirrus clouds and polar stratospheric clouds. Ground-based
measurements are particularly interesting. They can be coupled with observations
from space.

One of the challenges is to develop micro-LiDARs on board satellites to observe
scientific variables of interest.
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1.6. The digital twin of a space vehicle

The concept of the “digital twin”, also known as the “mirror image” of the
satellite system, was first proposed in the 1960s during the Apollo program.

NASA'’s system was used to drive back Apollo 13 (launched April 11, 1970) to
Earth:

Behind the scenes at NASA, there were 15 simulators used to train
astronauts and mission controllers in all aspects of the mission,
including several failure scenarios (some of which proved useful in
averting disaster in Apollo 11 and 13, edla). The simulators
represented one of the most complex technologies in the entire space
program: the only real things in simulation training were the crew,
cockpit and mission control consoles, everything else was an
imaginary world created by a bunch of computers, lots of formulas
and skilled technicians.

The idea was that if we created a digital representation of a physical object, we
could then use it to better understand how it works and eventually control the
physical object in its environment, particularly if the latter changes.

@
£ 2
= 2017
e
> 2015,
=
° 2010
o 2002
£
2
s
S| 1970
(o]
1960-1985 1985-2000 2000-2015 2016-Present
] ] 1 ] . . ]
1970 1980 1990 2000 2010 2020 2025

Figure 1.14. Development of digital twin technology
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Figure 1.14 shows the development of this technology, which originated in the
space industry. It has been made possible by the increasing digitization of processes
in the manufacturing and service industries in the context of Factory 4.0 — a concept
proposed in Germany in 2011 — and the democratization of the Internet of Things
(IOT). The term “digital twin” (DT) was proposed by Michael Grieves of the
University of Michigan in 2002 in connection with product lifecycle management
[GRI 02, 05, 06, 16, GLA 12, DAH 22, 23, XIA 22].

A few dates represent key milestones in the development of digital twin
technology:

—1970: NASA uses matching technology for the Apollo 13 mission;

—1977: flight simulators with numerical simulations were introduced;

— 1982: Autodesk launches AutoCAD, used to produce 2D and 3D models;

— from 1982 to 2002: AutoCAD became popular and was used in the design and
engineering departments of almost all industries;

—2002: Michael Grieves presents the concept of the digital twin at the
University of Michigan;

—2010: NASA and the USAF (US Air Force) publish articles on the digital twin;
—2015: general electric “digital twin” wind farm initiative;
—2017: the digital twin is ranked among the top 10 technology trends by Gartner;

—2018: major software and industrial companies include the digital twin in their
portfolio;

—2019: the digital twin for rapid qualification of 3D-printed metal components;
—2021: first international conference on digital twin technologies ICDTT 2021;

—2022: proceedings of the first digital twin and edge Al workshop for industrial
IoT, AIIOT “22;

—2023: digital twins via data-driven strategies integrating a graphical neural
network and IoT data;

—2024: first international symposium on digital twins for healthcare.

A digital twin can be broken down into parts:
— the physical part, which has the ability to detect, monitor and actuate;

—the virtual or digital part, which has the capacity to link data and store
information;
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—the data part, which comes from the connection between the virtual and
physical parts, and has the capacity to simulate, predict, optimize and delegate tasks
to Al agents.

A spacecraft such as a satellite or orbiter is usually broken down into
sub-assemblies. Its digital twin is a digital representation of these sub-assemblies.
Sensors are implemented on the satellite to supply its digital twin with data in
operational mode. This data constitutes in situ information, which engineers can use
to analyze operational functions and optimize satellite operation.

Figure 1.15 shows the concept of the digital twin.

Digital Twin

Engineers

: \7 //-:?;‘\
| \ (Y
satellite Battery iirﬁk Trajectory

Figure 1.15. Figure illustrating the concept of a satellite’s digital twin

It also provides useful feedback for future design and operation. For example,
engineers can determine which parts wear out first and/or quickly. They can assess
under which conditions the battery has to supply a lot of electrical energy and
discharge faster. They can optimize the operation of sensors that retrieve
information in operational mode for insurance companies and organizations
verifying compliance with legal standards. Real-time satellite tracking, for example,
can be used to acquire weather data, assess the state of atmospheric warming and
track the flow of particles in the atmosphere.

Engineers can use the accumulated data from a large number of these digital
twins to refine future satellite designs. They can optimize their performance in a
system approach with a feedback effect, as shown in Figure 1.16.
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Figure 1.16. Feedback from the digital twin of a satellite

A cognitive digital twin is a virtual replica of a physical system or process that
uses artificial intelligence (Al) and machine learning algorithms to simulate, predict
and optimize its performance. Unlike a traditional digital twin, which focuses on
monitoring and collecting data from physical assets, a cognitive digital twin is
designed to learn and improve from the data collected. It uses advanced analytics
and Al to identify patterns, predict outcomes and optimize its performance.

1.7. Conclusion

This chapter has covered the space age since its kick-off in 1957, describing its
evolution, innovations and development prospects. It traces this evolution over a
period of some three quarters of a century up to the NewSpace era, covering the
diversity of both its context and its handling through numerous innovations in
technologies and methods. The various sources of motivation that are worth noting:
from rivalries between different political systems and underlying military activities,
to research activities in the quest for knowledge, leading to the development of
nanosatellites, or the realization of the dream of space travel and conquest, not to
mention the socio-economic activities made possible, such as weather forecasting
through more precise knowledge of atmospheric dynamics, data telecommunications
for radio, television or the Internet, and the development of new digital-based
technologies such as the Internet of Things or digital twins. In this respect,
NewSpace and its expectations in terms of economic activities, production,
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exchange and consumption should be conceived according to principles of systemic
organization integrating humans and their environment. This is the approach
developed by Passet in his book L ’économique et le vivant [PAS 79], for whom the
reproduction of the economic sphere cannot be thought of independently of the
environment that encompasses and supports it.

1.8. Appendix
1.8.1. Worldwide satellite development

As described in section 1.1, Sputnik 1 and Explorer 1 were the first Soviet and
American satellites launched in 1957 and 1958 respectively. They were technically
classified as SmallSats. With the exception of Sputnik 2 and 3, all of the satellites
launched in the 1950s were SmallSats, including Luna 1, 2 and 3 to the Moon’s
surface in the 1960s. SmallSats continued to be used in many countries for a variety
of applications, as the launchers available could not lift heavier payloads until the
1960s.

The USSR’s Strela constellation was developed for military communications,
while in the USA, Ranger 7, 8 and 9, as well as Lunar Orbiter 1-5, were launched to
study the Moon. SmallSats were also used in the Mariner (Mars probes) and Pioneer
(interplanetary science) programs.

Countries other than the USA and USSR began launching SmallSats in the
1960s, the first being Canada’s Alouette 1 and 2 and ISIS-1, the UK’s Ariel 1 and 3,
Italy’s San Marco 1, France’s Asterix and FR-1, etc. Most of these satellites carried
instruments for measuring radiation, electric and/or magnetic fields, as well as for
telecommunications experiments.

China, Japan, Czechoslovakia and India joined the movement in the 1970s with
Dong Fang Hong 1 (173 kg), Ohsumi and Shinsei (24 kg and 64 kg), Magion 1
(15 kg) and Aryabhata (360 kg), respectively. Spacefaring nations considered as
small ones continued to launch a few SmallSats, but thanks to increased launch
capacities, the USA and the Soviet Union expanded their mission portfolios with
larger satellites, such as those for the Viking or Mariner programs in the USA, or the
Luna, Mars and Venera programs in the Soviet Union.

SmallSats continued to be used by the major space nations, but in smaller
numbers and for more specific missions, such as Pioneer 10 (260 kg) in
interplanetary space or Uhuru (141 kg) for X-ray spectroscopy astronomy. In a first
case of “piggybacking”, a 35 kg PFS-1 “subsatellite” was even superimposed on
Apollo 15 and 16 in the 1970s to study the lunar environment [LIN 75].
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In the 1980s, other nations began to gain direct access to space with large
satellites, such as Bulgaria 1300, a 1,500 kg satellite from Bulgaria, or Morelos 1, a
650 kg satellite from Mexico. The first satellite launched by Israel in 1988, the 155 kg
Ofeq-1, was a SmallSat. Most of the nations that had already gained access to space
launched large satellites, with a few exceptions such as Japan’s 216 kg Tenma, for
X-ray spectroscopy astronomy, and Czechoslovakia’s Magion program, with a 52 kg
satellite.

Large satellites were generally conceived in the 1990s, with a few exceptions
such as Japan’s launch of Hiten and its Hagoromo sub-satellite, with a total mass of
197 kg, which were the first non-American, non-Soviet satellites to reach the Moon.
After that, a growing number of countries took an interest in space. All of them
launched SmallSats, including North Korea and Argentina, with the exception of
Turkey.

The golden age of satellite design, no longer limited by the launch capabilities of
SmallSats, began in the 2000s. Today, most small spacecraft developed are CubeSats
(1U CubeSat is a 10 x 10 x 11.35 cm cube), which are standardized nanosatellites
(cubesat.org) that were created in 1999 at Stanford and Cal Poly San Luis Obispo
universities. The introduction of this standard democratized the transport of such
spacecraft in spring-loaded deployers (also known as P-PODs), considerably
facilitating access to space for this class of satellites. Similarly, standardized
subsystems have emerged that enable a CubeSat project to be built from scratch and
launched typically after a maximum of three years of development, with an
associated cost of approximately 500,000 USD per unit. Today, CubeSats are used in
a variety of programs for scientific, military and/or commercial applications, mainly
in LEO, and more recently in interplanetary space too. Scientific spin-offs with
SmallSats have been discussed in various groups such as COSPAR [MIL 19], NASA
[TAN 21] and the Keck Institute [NOR 14].

SmallSats are currently used for scientific missions in the fields of heliophysics,
astrophysics, earth sciences, planetary sciences, astrochemistry and astrobiology.

Examples include heliophysics missions such as MinXSS [MOO 18] and
MinXSS-2 [MAS 20] to measure solar soft X-ray spectra, CeREs [KAN 18] to
measure radiation belt electron excitation and loss, spectra and microbursts, CuPID
[WAL 21] to measure soft X-rays emitted by the solar wind, and Picard to measure
total solar irradiance and absolute spectral irradiance [COR 13, MEF 16].

INSPIRE, International Satellite Program in Research and Education, includes
several CubeSats in orbit for exploring the ionosphere [EVO 18], studying the Earth’s
radiation budget (BRT or ERB: Earth Radiative Budget) [MEF 21] and probing the
ionosphere [CHI 22]. The CubeSats (UVSQ-SAT and INSPIRE SAT-7) operated by
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LATMOS are part of this program. A third French CubeSat, UVSQ SAT NG, has
been developed for launch in 2025.

Although military applications are not well documented, in recent years, defense
agencies have been acquiring commercial data from SmallSats constellations,
showing an interest in such missions. Military SmallSats missions include the
ELISA constellation, based on the Myriade platform, which is a constellation of the
French military [DAN 19]. The US Naval Research Laboratory Graduate School is
also interested in the satellite class, as evidenced by the launch of NPSAT-134 in
2019 for education and technology [SAK 02, 06, NPS 19].

Many publications now rely on imagery data from commercially available
constellations such as PLANET (DOVE constellation), such as tropical forest
carbon stock [CSI 19] or coral reef assessment [ASN 17]. Spire also provides Earth
observations and GNSS-R data to NOAA and NASA [JAL 20].

The number of missions under development is now booming. Capabilities and
technologies are becoming ever more advanced, not only in the military field, but
also in scientific and commercial applications [KOS 19, JAN 23, SON 24].

1.8.2. Electromagnetic theory

This appendix gives a summary of the equations and other theorems essential for
understanding electromagnetic phenomena, and in particular for interpreting the
existence of the Van Allen belts (see Figure 1.1) and the aurora borealis. Further
details on their application can be found in specialized books [MAX 54, BRU 65,
FEY 65, LAN 66b, 69, DEB 68, MIZ 72, JAC 98, HEC 05]. For readers unfamiliar
with the notions of scalar (one value), vector (three values or three components) and
operations on these quantities, please refer to the appendix in Chapter 2 of this book.

The work of Dufay (1698-1739) and Benjamin Franklin (1706—1790) led to the
postulation of the existence of two types of charge, positive and negative. In 1799,
Volta invented the battery as a source of electrical energy. In an electrically
conductive wire, an electric current can be made to flow, which is the movement of
a set of particles carrying an electric charge. These particles are called “electrons”, a
term rooted in the Greek word amber. This term comes from Thales of Miletus, who
identified the electrification of objects by friction in the 6th century BCE, 600 years
before the modern era, or 27 centuries ago. In 1802, André-Marie Ampére (1775-1836)
proposed the concept of electric current to explain the discharge of the Volta battery.
The study of circuits and currents is one of the phenomena studied in electrokinetics.
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Electrostatics is the part of physics that studies phenomena related to
static-electrified bodies (positive and negative charges), and magnetostatics is the
part of physics that studies phenomena related to moving electrified bodies.

In electrostatics, the space around a point charge Q (unit of charge: coulomb,
symbol: C) or a charge distribution (see Figure 1.17) can be assimilated to a polar
vector field (see the appendix in Chapter 2) that can act on charged objects. This
vector field is called the “electric field” or “electrostatic field” of the charge Q placed
in P, whose expression E (M) (unit of E (M): volt per meter, V/m) at point M is
given by Coulomb’s law, such that:

= _ 1 QPM _ 1 Quy
EM) = ameo |pa|®  4meo T2 [1.1a]

where P is the point where this charge is located, &, is the electrical permittivity of
2
vacuum (g, = 8.854 10712 % or— =910° Nclz) and 1 is the distance between P and

pre
M. The electric field of a charge Q is the force per unit charge around the charge Q. It is
a polar vector, so the electric field is parallel to planes of symmetry and perpendicular
to planes of antisymmetry.
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Figure 1.17. Electric field around point charges

It should be noted that the notion of field was first formulated in magnetism,
following the work of Faraday, by determining the properties of a magnet (see
Figure 1.18) consisting of a north pole and a south pole. The field lines follow a
trajectory from the north pole to the south pole. Unlike electrical phenomena, which
are due to the existence of two types of charge, it is not possible to isolate magnetic
charges, so every magnetic system has a north and a south pole. Quantum theory, by
postulating the existence of spin variables in the quantum domain, has made it
possible to explain the physical phenomenon whereby transition elements such as
iron, cobalt and nickel lead to magnets, which is not possible with other transition
elements. Explanations of these phenomena can be found in works dealing with
quantum theory [KEM 37, MES 64, COH 73, LAN 75, SAK 11]. In Chapter 4 of
[DAH 16], we have given some background on this phenomenon.
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Figure 1.18. Magnetic field around a magnet or the Earth

Any point charge q in space is subjected to a force given by F(M) = qE(M).
Coulomb’s law can then be expressed as the force exerted by Q on q, between two
point charges, in the following form:

2 _ 1 QgPM _ 1 Qquf
F(M) = amey P> 4meo T2 [1.1b]

In magnetostatics, the space around a charge or a distribution of charges in
permanent motion (see Figure 1.19) can be assimilated to a field of axial vectors B M)
(unit of B (M): tesla, T) (see the appendix in Chapter 2), which can act on charged
objects. This field of vectors is called a “magnetic field” or “magnetic induction field”,
whose expression B (M) at point M for a point charge g moving with velocity V at
point P (see Figure 1.19(a)) is given by Biot and Savart’s law, such that:

= _ ﬂqVAW_ Ho VAT
T e T e

where P is the point where this charge is located, y, is the magnetic permeability of
vacuum (u, = 1.256 107° % orf:—;; =10"7 TTm), and r is the distance between P and M.

The fact that the B(M) field is the vector product between qV and PM gives it
symmetry properties different from those of the electric field, particularly in a
reflection in a plane of symmetry. The magnetic induction field is perpendicular to
the symmetry planes and parallel to the antisymmetry planes.

If we consider the magnetic field of a set of charges in permanent motion, such
as a current I flowing through a wire (see Figure 1.19(b)), equation [1.2a] shows that
the expression of this field is given by the following equation:

o IAIAPM _ po 1dIAT;
an |pa|)®  4m 72

dB(M) =

[1.2b]
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where P is the point where the oriented dl wire element carrying current I is located,
Uo 1s the magnetic permeability of vacuum and r is the distance between P and M.
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Figure 1.19. Magnetic field around permanently moving charges

In the static regime (independent of time), the work of the electric force from
point A to point B does not depend on the path followed, because it is a conservative
force. This property can be translated for the electric field by saying that the
circulation of the field between two points A and B does not depend on the path
followed, meaning that on a closed contour, this circulation is zero (Kirchhoftf’s
second law or loop rule for voltages):

$EM)dI =0 [1.3a]

It is then possible to postulate the existence of an electric potential V from which
the electric field is derived via the following relation:

E(M) = —gradv [1.3b]

Just as the electric force of a point charge q in the electric field of a source
charge is given by F M) = qE (M), we can determine the electrical potential energy
acquired by the charge q by the product W = qV.

Electrical phenomena can therefore be interpreted by means of an electric field if
electric force is of interest, or an electric potential if electric energy is of interest.

Using the Stokes—Ampeére theorem:
$ E(M)dI = [[ curlE(M)dS [1.3¢]

under static conditions, the property of null circulation of the electric field can be
expressed by the following Maxwell equation:

B —

curlE =0 [1.3d]
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Note that equation [1.3d] is compatible with relation [1.3b], since we have:
curlE = —curlgradV = 0 [1.3¢]
In the case of the magnetic induction field B, the magnetic force Fis expressed

differently depending on whether we are considering a point charge moving at
speed V, in which case, the force has the expression:

T

=qV AB [1.4a]

or depending on whether we consider a set of charges moving in steady state in a
wire in the form of a current I, in which case, the elementary force dF over an
elementary length of wire dl has the expression:

> =

dF =1dl AB [1.4b]

Expressions [1.4a] and [1.4b] are called Lorentz and Laplace forces, respectively.

¢ Magnet
Coi '{‘ I 1

) \\\wll

Wire |
a) Static B field b) Variable B field
around a wire inside a coil

Figure 1.20. Static and dynamic magnetic fields

In the case of a wire carrying a current I, the magnetic field lines are circular. By
integrating the expression in [1.2] for a wire of length 1 tending toward infinity, we
can show that the expression for this field at point M, at a distance of r from the
center of the wire in a perpendicular plane, is given by:

- J N
B(M) = i,

[1.5a]

i, is the unit vector tangent to the circle of radius r (see the appendix in Chapter 2).
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If the wire is placed in a magnetic field, the total force on the wire of length I is
given by:

F =BIli, [1.5b]

U, , the unit vector that gives the orientation of the force F,is perpendicular to
the wire and the field B.

When the physical situation presents symmetries such as the wire of length 1
assimilated to a wire of infinite length through which a current I flows (see
Figure 1.20(a)), we can use the Stokes—Ampere theorem to show that the circulation

of B (M) on a closed contour is as follows:
$B(M)dI = pol = o [[7dS = [f curlB(M)dS [1.6a]

where J is the current density vector passing through the oriented surface that lies on
the closed contour. Note that the current I, which is the amount of charge passing

through the surface S per unit time [ = %, is also given by the flux of J through this
surface I = [[ jdS.

Applying this theorem, we can easily show, given the symmetry properties of the

magnetic field E(M), that its expression is indeed given by equation [1.5a], hence
Hol =
2mr Lo

Furthermore, it allows us to show, in the static regime, another Maxwell
equation, which is given by:

curlB = pof [1.6b]

In the static regime, it can be shown that this relationship leads to the
conservation law of the current density vector J (Kirchhoff’s first law or junction
rule for current) by applying the div operator to both terms of the equation, so that:

divcurlB = 0 = podivj = divj =0 [1.6¢]

In the variable regime (time dependent), experiments on the effects of magnetic
fields led to the laws of Lenz (1834) and Faraday (1831), which show that when the
flux of the magnetic field B through a circuit varies (see Figure 1.20(b)), an
electromotive force on the mobile charges (the electrons) gives rise to a current that
flows through the circuit. The direction of this current is such that it produces a
field B' which tends to cancel out the variation in the variable magnetic field B.
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The Lenz—Faraday law is expressed as:

do
e=—— [1.7a]
where e is the potential difference that gives rise to the current and ® = [f BdS is

the flux of B across the surface crossed by the circuit.

Given the relationship between an electric field and the potential difference
[1.3a], it is possible to express e as the circulation of an electromotive electric field,
such that:

$EM)dl=e = -2 = -2 [[BdS [1.7b]

This electromagnetic induction phenomenon is used in many applications
(motors, generators, transformers, induction plates, eddy currents) and is studied in
electrical engineering for its industrial applications. Applying the Stokes—Ampere
theorem [1.3c], equation [1.7b] leads, in the dynamic (time-varying) regime, to the
following Maxwell equation:

curlE = -2 [1.7¢]

which differs from equation [1.3d], valid in the static regime, and is to be compared

with equation [1.6b]. To symmetrize the effect of BandEina time-varying regime,
Maxwell proposed the following equation:

curlB = pof + pogo 5 [1.7d]

from which it can be shown that visible light is only a small part of a much broader
spectrum of electromagnetic waves, all propagating at the same speed as light.

Note that from Maxwell’s postulate, we can associate a displacement current
with the variation of the electric field as a function of time, such that:

Ip = 075, [1.7¢]

In a dynamic regime or time varying operation, this current is used to interpret
the coupling that can occur between the two plates of a capacitor.

Finally, application of Gauss’s theorem allows us to connect the electric field
flux E across a closed surface to its sources expressed as a charge density, such that:
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gﬁﬁﬁ-d§=fffdivﬁdr=ifffpdr [1.8a]

where @ = ¢f E - dS is the flux of E through a closed surface, [ pdt is the amount
of charge contained within the surface and &, is the electrical permittivity of
vacuum.

The volume integral [[f divEdt is the transformed form of the flux & by
Green—Ostrogradski’s theorem. This gives us the first Maxwell equation
(Maxwell-Gauss) between the divergence of the electric field and its sources, such
that:

divE = £ [1.8b]
€0
Given the absence of magnetic charges in volume, we obtain the following
expression in the case of field B:

divB = 0 [1.8¢]

The last expression leads us to postulate the existence of a vector potential A (the
analogue of the scalar potential V associated with the electric field), such that:

E—

B = curld [1.8d]

Equation [1.8b] shows that Maxwell’s postulate [1.7d] leads, by application of
the div operator, equation [1.7d] to the following expression for the conservation of
electric charge in the form:

ap Lo
Pl divy =0 [1.8¢]

In steady state, equation [1.6¢] holds true.

1.8.3. Light-matter interaction

In the context of light-matter interaction, electromagnetic waves are used to
study a physico-chemical system: molecules, materials, aerosols, atmosphere and
environment. The properties and characteristics of matter can be analyzed by
making it interact with electromagnetic waves (see Figure 1.21).

Generally speaking, the electromagnetic wave incident on the object under study
is generated in a known state using a suitable source and filter system. In space, the
Sun is often used as a light source. A detection system consisting of detectors and
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suitable filters is used to measure changes in the electromagnetic wave relative to its
initial state at incidence. By studying changes in the characteristics of the reflected,
transmitted or scattered electromagnetic wave, we can determine the properties of
the system under study, or identify it when it is absorbed.

Incident wave Absorption

Emission, Transmitted wave

Luminescence, —

Scattering, etc.

Gas, Liquid, Solid, Plasma, ISM,
Fullerene, Clathrate, Surface...

Figure 1.21. Light—-matter interaction

Maxwell showed that electrical and magnetic phenomena can be described in a
vacuum, in the presence of charges and currents, by means of four equations, whose
expressions are:

VE = divE =2 9a

VE = divE = £ [1.9a]
€0

VAE = curlE = —aa—’: [1.9b]

VB = divE =0 [1.9¢]

5 o o o oF

VAB=curlB =y, j teo, [1.9d]

These equations, which achieve the unification of electric and magnetic
phenomena, summarize the local properties of the electric field E and magnetic
field B in terms of the sources p, the charge density vector, and j, the current density
vector, and where L, is the magnetic permeability of vacuum and ¢ is the electric
permittivity of vacuum.
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In the MKS system of units, these fields and sources are defined by vector E
in V™, vector B in Tm™', pin Cm™ andjin Am™.

It can be shown that Maxwell’s equations lead to a propagation equation for the
E and B fields in the form:

27 27
OF _AF-L12F _ [1.10]

AF
— &y —— =
Hofo 52 c2 at2

where F represents the E or B fields.

In electromagnetic theory, Maxwell’s equations lead to the same expression for
wave velocity ¢ in vacuum in terms of the electrical permittivity €y and magnetic
permeability p,of vacuum for all radiations (see Table 1.5). With g = 8.86 10" Fm™
and po = 41107 Hm™, ¢ is equal to 310° ms™ (2.9979245810% ms™).

The wave front carrying an electric field and a magnetic induction field moves
transversely to these fields, unlike mechanical longitudinal waves whose movement is
in the direction of the mechanical phenomena (compression—expansion). The energy
carried by the wave travels perpendicular to the electrical and magnetic phenomena.
The direction of wave propagation is parallel to the direction of E x B, which is
perpendicular to the wavefront. Thus, we define the Poynting vector S to represent
the energy flux per unit time by:

S=1ExB [1.11a]
Ho
expressed in joules per second per unit area: [J/(s.m?)].

From the electromagnetic energy density, u is given by the formula:

u=2fF24 1 g2 [1.11b]
2 2uo
and by using the balance equation translating the conservation of electromagnetic
energy in a vacuum — for in the absence of matter there is no loss of energy, and
therefore no dissipation — we can show that:

2y +divs =0 [1.11¢]
The norm of the Poynting vector therefore represents the instantaneous power

carried by the electromagnetic wave across a unit surface, perpendicular to its
direction of propagation.
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Maxwell’s equations show that light is a transverse electromagnetic wave, which
can be decomposed into two linearly independent electrical components,
corresponding to the polarization of light. It propagates as two mutually coupled
vector fields, E and B. Table 1.5 summarizes the different domains of electromagnetic
waves. Optics corresponds to the frequency range between 10'> Hz (far IR) and
10" Hz (far UV), while the visible spectrum extends from 4 10" to 8 10" Hz.

Cosmic rays 104 GHz and above

Gamma rays 10'%-10'3 GHz
X-rays 108-10° GHz
Ultraviolet radiation 10°-10% GHz
Visible Light 10°-10° GHz
Infrared radiation 10°-10* GHz
Microwaves 3-300 GHz

Radio waves 470-806 MHz
Short waves 54-216 MHz

Table 1.5. Electromagnetic waves and associated frequencies

Classically, light-matter interaction can be established using Poynting’s
theorem, which establishes a relationship between electromagnetic energy, the Joule
effect and the flux of the Poynting vector, such that:

2y +divS = —J.E [1.11d]

where the term J. E represents the Joule-effect dissipation term in the presence of
matter, J being the current density vector and E being the electric field of the wave.

At the atomic or molecular scale, the process of light—matter interaction is of a
quantum nature. In this case, to interpret the photoelectric effect, we must consider that
light is made up of energy grains, according to Einstein’s corpuscular formulation
of light. Each energy grain corresponds to a quantum of energy carried by a photon.
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S — y
SOLAR-ISS |
Solar irradiance at the Earth's surface - AM1.5

Wavelength

Figure 1.22. The Sun's emission spectrum and spectral solar irradiance
at the Earth's surface ([MEF 18], Solar-ISS, A & A, 2018)
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The energy E of a photon is expressed as a function of its frequency v, such that:
E=hv [1.12a]

and its momentum p is given by De Broglie’s relation (which De Broglie applied to
the electron, regarded as a particle, thus giving it wave properties) as a function of
its wavelength A:

p=h/2 [1.12b]

Note that this interpretation a posteriori justifies the method proposed by Planck,
who had hypothesized the quantization of matter in terms of oscillators capable of
emitting and absorbing light in the form of energy quanta given by the relation
E = hv. Although, after Maxwell’s work it had been established that light is a
transverse wave made up of an electric field and a magnetic induction field in a plane
perpendicular (the wavefront) to its propagation, the quantization of oscillator
energy had enabled Planck to interpret the emission spectrum of a black body at
temperature T, such as, for example, the Sun (see Figure 1.22), by the following
formula:

8mwhv3 1

c3 exp(z—;)—l

where U (v, T) is the spectral energy density at temperature T, / is Planck’s constant
and k is Boltzmann’s constant.

UQ,T) = [1.13]

Figure 1.22 shows different solar spectra (at the top of the atmosphere (red) and
on the ground (blue)). The top-of-atmosphere spectrum was obtained with the
SOLAR/SOLSPEC instrument (see Figure 1.11).

An absorption or emission corresponds to a transition between two energy levels
(see Figure 1.23) by the absorption of a photon (induced absorption) or by the
emission of a photon (induced or stimulated emission) as proposed by Einstein.

For each frequency range, it is customary to identify a wave by a parameter
specific to the field of application, according to the scientific or user communities
(see Tables 1.5 and 1.6).

In the energy scale, we use the relationship E = hv, and the electromagnetic wave
is characterized by its frequency expressed in hertz (Hz). The wave can also be
characterized in terms of its wave number (G) or in electron volt (eV). A wave can also
be characterized by its wavelength, expressed in nanometers (nm), microns (jtm) or
angstroms (A) on the momentum scale. Figure 1.24 summarizes these different
notations.
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E, — E,
FATAY O AVAV
Incident photon AN
A Incident photon
Induced photon
Emission Absorption
Physico-chemical processes Energy
* Absorption and emission of photons E =hv; E=hc/A =hco

* Elastic scattering (Rayleigh)
Momentum

p =h/A; p=(h/2n)k

* Inelastic scattering (Raman, Compton...)

* Dissociation, lonization

Figure 1.23. Light—-matter interaction, a quantum phenomenon

Field of application Associated frequencies

Sterilization 10 GHz and above
Vision 1019-10"*GHz
Photography 10%-10? GHz
Radar, microwaves 10°-10% GHz
Satellite communication 10°-10° GHz
UHF television 103-10* GHz
VHE television VHFE, FM waves 3-300 GHz
Radio waves, small waves 470-806 MHz
AM Radio 54-216 MHz
Cancerotherapy 3-25 MHz
RX-ray examination 535-1605 KHz

Table 1.6. Frequency-dependent use
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11 microns (10%m)
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Wavelength
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Speed: C=Av

Energy: E=hv=hc/AL=hco

Momentum: p = h/A

Figure 1.24. Characterization of light in the electromagnetic spectrum

The relationship between frequency and wavelength is A = c/v, where c¢ is the
speed of light. In space, we distinguish between the optical and microwave domains,
such that:

Optical domain:

— gamma rays — wavelengths < 0.3 A;

— x-rays — wavelengths from 0.3 A to 100 A;

— ultraviolet (UV) — wavelengths from 10 nm to 400 nm;

— visible (VIS) — wavelengths from 400 nm to 700 nm;

— violet (400—446 nm); blue (446-500 nm); green (500—578 nm);

— yellow (578-592 nm); orange (592—620 nm); red (620—700 nm);

— infrared — wavelengths from 0.76 pm to 500 pm.

Radio-electric domain:
— microwaves and radar — wavelengths from 1 mm to 10 cm;

—radios — wavelengths greater than 10 cm.

Sl Bl e

2.418 10'* Hz 12,339 A 8065.5 cm! 11,605 K

Table 1.7. Scale conversions
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Orbital Parameters of a CubeSat

The laws of mechanics made it possible to calculate the orbit of a natural or
artificial satellite around an attracting center. It took almost 4,000 years for the laws
or principles of Copernicus, Kepler, Galileo, Newton and Einstein to be gradually
established. These allowed us to describe the motion of a massive object in the
gravitational field of the Earth or a planet, as well as the development of mechanics
and its mathematical tools. For instance, given the Earth’s heliocentric motion
around the Sun, a satellite’s orbit is calculated by applying Newton’s universal law
of attraction and laws of motion, which also allow us to trace Kepler’s empirical
laws. It should be noted that when the system of interacting particles is greater than
two, it is more convenient to use the Lagrange method to calculate the particle
trajectories. The orbit of a natural or artificial satellite around the center of an
attractor can be circular or elliptical and positioned at different altitudes. Six
so-called “Keplerian” parameters are used to describe the orbit of a satellite around
the Earth in the equatorial plane, taken as the reference plane. The design of a
spacecraft requires a good knowledge of its orbit. However, as each spacecraft is
designed for a specific space mission, this orbit is itself a function of the type of
observations that a satellite, probe or orbiter is likely to make while moving in the
particular orbit. Lower altitudes are preferred for high-resolution observations, and
higher altitudes cover a large area in a single observation, implying lower spatial
resolution. A compromise between these two spatial coverage possibilities is
generally achieved by choosing an elliptical orbit. This provides high spatial
resolution but low coverage around the periastron (periapsis), the closest point to the
planet under observation in the plane of the orbit, and high coverage but low spatial
resolution around the apocenter (apoapsis), the furthest point from the planet in the
same plane.

For a color version of all of the figures in this chapter, see www.iste.co.uk/dahoo/nano
satellites1.zip.
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2.1. Using conics to describe a satellite orbit
2.1.1. Conics

The Earth moves in an ellipse around the Sun. An ellipse is a section of a cone,
called a conic. In Euclidean geometry, a conic can be obtained by the intersection of
a plane with a cone of revolution, as shown in Figure 2.1, for different conics: the
parabola, the circle, the ellipse or a hyperbola.

The locus of the points of a conic is defined by a straight line called the
“directrix” and a point called the “focus”. The directrix is the straight line which,
together with the point called the focus, defines a conic as the locus of points whose
distance from the focus is proportional to the horizontal distance from the directrix,
e being the constant of proportionality (see Figure 2.2(a)).

If e = 1, the conic is a parabola, if e < 1, it is an ellipse, and if e > 1, it is a
hyperbola.

Figure 2.1. a) Parabola, b) circle, c) ellipse and d) hyperbola

In the appendix to his Discourse on the Method [DES 37], “Geometry”, René
Descartes transforms the way mathematicians approach geometric problems by
laying the foundations for analytical geometry. This approach enabled curves and
geometric shapes to be represented by mathematical equations, thus establishing a
relationship between algebra and geometry. Conics can now be expressed as
algebraic equations, and the curve of a conic can be represented by equations in
polar or Cartesian coordinates. The algebraic equations are given in Figure 2.2, with
a directrix as the reference point for a current point P on the conic (see Figure 2.2(a))
or in a Cartesian axis system (see Figure 2.2(b)).
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Figure 2.2. Polar and Cartesian algebraic equations of an ellipse

Conics are curves that describe the trajectory in a plane of a planet around the
Sun in the Solar System, or of a satellite around a planet. Depending on the point of
view adopted, they are perceived as sections of cones materialized by the
intersection of a plane in 2D dimension with a cone in 3D dimension, or as
trajectories described by algebraic equations in a given reference frame.

2.1.2. Observations, analyses and laws of physics

The Latin root of the term “physics” is physica, which comes from the Greek
physiké, meaning “knowledge of nature”. In physics, as in other fields of research,
scientists attempt to identify the characteristics of the phenomena they study, based
on observations and data analysis, and to deduce laws from them. The process of
understanding observational data is carried out within the limits of the technological
means available, and consequently the construction of this knowledge is in perpetual
evolution.

2.1.3. From Babylon’s Goseck to Aristotle’s Ancient Greece
Archaeoastronomy suggests that knowledge of the solar cycle was important in

determining the time of sowing, harvesting and the various stages of agricultural
work. The first sites (Goseck, Stonehenge, etc.) identified as astronomical
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observatories, in particular for tracking the movement of the Sun, Moon and stars,
served, on the one hand, as instruments for tracking time by dating the equinoxes,
and, on the other, as places of worship and centers of social life [NOR 96, AVE 97,
RUG 99, RUG 05, PAS 06, PAR 08, SCH 18, ENG 24, GOS 24, SCH 24].

The oldest known astronomical tables on the observation of celestial bodies
come from Babylon and date back approximately 2,000 years (Egypt, Mesopotamia)
[PAR 50, NEU 55, NEU 60, NEU 67, NEU 75, CLA 95, PIN 97, SWE 98, SWE 00,
HUN 01, SHA 03, RAD 11, DEJ 21]. The measurement methods of the time show
that the movements of these bodies in the sky appear to be approximately circular.

Eudoxius of Cnidus (390 to 347 BCE), one of Plato’s astronomers who had
studied astronomy at the Heliopolis observatory in Egypt, was responsible for the
theory of planetary motion known at the time (five nonfixed stars: Aphrodite-Venus,
Hermes-Mercury, Cronos-Saturn, Ares-Mars and Zeus-Jupiter), in a cosmological
system based on homocentric spheres. The spherical planets, including the Sun,
described circular trajectories around the immobile Earth, the center of the world
[LAS 66, DIC 85, ROB 09]. The Greeks, influenced by Plato, adopted this
explanation of the Universe, with the planets in circular motion centered on the
Earth [MAC 37, TOO 87, JUS 24].

This cosmological system was later perpetuated by Aristotle (On Physics), with
the division of the Universe into two parts, the Cosmos, synonymous with
perfection, subject to laws different from the terrestrial laws of the sublunary world,
which govern the dynamics and imperfect evolution of the Earth, Moon and Sun
system [DIC 70, MUG 71].

At the time of Hipparchus (130, 2nd century BCE), who invented trigonometry,
the astrolabe, explained eclipses, determined longitudes, etc., and Ptolemy (150, 2nd
century CE), who published the Almagest, etc., planetary motion was therefore
considered to be combinations of circular motions (epicycles of ancient theories),
because perfect motion could only be uniform and circular. Moreover, the
movement of the stars could only be geocentric, with the Earth immobile at the
center of the Universe, until Copernicus challenged this hypothesis [TOO 87, JUS 24,
JON 10].

2.1.4. Copernicus’ heliocentric approach and Kepler’s laws

Copernicus’ work [COP 43], published in 1543 in De Revolutionubus orbium
coelestium, favors a heliocentric approach, with the heart of the Universe centered
on the Sun, and the Earth revolving around it like any other planet (planétos in
Greek means “wandering star”) in a circular motion with epicycles, and a constant
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speed to explain the planets’” movements. Note that Archimedes reports in his
writings (L 'Arénaire, from the Latin arena, meaning sand or sand reckoner) [MUG 71]
that Aristarchus of Samos (310-230 BCE) [HEA 13, DIC 70, LLO 70] had already
proposed a heliocentric approach, placing the center of the Universe at the center of
the Sun, with a radius of the Universe extending well beyond the Sun—Earth radius,
to take account of distant stars, which were, like the Sun, fixed in the Universe. In
his model, the Earth describes a circular motion around the star on a spherical
surface with a radius smaller than that of the sphere of the Universe, which includes
the distant stars [EVA 98, LIN 04, JON 10].

Later, based on the astronomical observations of Tycho Brahe [BRA 02],
Johannes Kepler [KEP 09, KEP 19] adopted Copernicus’ heliocentric system
[COP 43, GIN 73, CAS 93], but corrected the latter’s two other hypotheses
(epicycles and constant velocity), enabling him to easily explain planetary motion
(Astronomia nova [KEP 09]; Harmonices Mundi [KEP 19]) by integrating them into
three laws (Kepler’s laws), which are stated as follows:

— The planets orbit elliptically, with the Sun at one of their foci (see Figure 2.3(a))
(1609).

— The area (A,) swept by the Sun—planet vector ray, when the planet passes from
a point P, to a point P,, is equal to that (A;) swept in the same time At when the
planet passes from a point P; to a point P4: “the line segment connecting the Sun to a
planet sweeps equal areas for equal durations™ (see Figure 2.3(b)) (1609).

—If T is the planet’s period of revolution (time for a complete revolution), and a
is the semi-major axis of its orbit around the Sun, the ratio T*/a’ is constant and takes
the same value for all planets. Another way of formulating this law is as follows:
“the squares of the periods are proportional to the cubes of the axes of the orbits”
(see Figure 2.4) (1618).

F’ Aphelion

b)

Figure 2.3. Kepler’s first and second laws
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Third law: the law of periods
For every planet in the solar system, the ratio between the square of the period *“T” of revolution
and the cube of the semi-major axis “a” is the same:
T? 4xm?
@ GM;
is a constant. It is called the constant of the law of areas. It does not depend

o 4 5
on the planet in question. It depends only on the gravitational constant (G = 6.67. 10! SI) and
the mass of the sun (M)

The value

Figure 2.4. Kepler’s third law

The heliocentric hypothesis considerably improves our understanding of
planetary motion. Kepler’s laws based on observation are descriptive and improve
our understanding of the movement of stars in the sky. However, they are not based
on any physical principles.

2.1.5. The Galilean frame of reference and Galileo’s principle of
relativity

In those days, planets were considered to be massless bodies moving in fixed
orbits. Galileo Galilei came to the same conclusions as Copernicus about the
position of the Earth and other planets in relation to the Sun: in 1610, using his
astronomical telescopes, he first observed three small stars next to Jupiter, then a
fourth, and published his findings in Sidereus nuncius [GAL 10]. This discovery was
the starting point for the noun “satellite”, since to describe Jupiter’s “little
companion stars”, Kepler, in his Narratio [KEP 10] coined the neologism satellite
(“bodyguard” in Latin). Today, systems orbiting planets, whether natural or
artificial, are called “satellites”.

Galileo first put forward the concept of relativity in Riposta (“Answer”), which,
circulated privately to defend Copernicus’s heliocentric hypothesis [GAL 32b,
DRA 53]. Indeed, on the basis of several experiments conducted aboard moving
ships, he concluded: “[...] Nor will you be able to determine whether the ship is
moving or standing still by events concerning your person”. This observation,
repeated in his Dialogue Concerning Two Chief World Systems, published in 1632
[GAL 32a], thus poses the problem of the principle of relativity. Seen from the
Earth, it is the Sun and the other planets that appear to be moving, and if it were
possible to place ourselves at the level of the Sun, it would be the Earth and the
other planets that would be in motion. Galileo’s experiments thus posed the problem
of the principle of relativity [SHE 70].
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Albert Einstein, in The Theory of Special and General Relativity, asks the same
question based on a thought experiment [EIN 05, EIN 15, EIN 16, EIN 38, ROS 93]:

Suppose I am standing in front of the window of a uniformly moving
train carriage, and I drop a stone onto the embankment without giving
it any impulse. I can then see the stone falling in a straight line
(disregarding the influence exerted by air resistance). But a pedestrian
observing the mischief on the path will notice that the falling stone
describes a parabola. I now ask: are the points reached by that the
stone as it travels really located on a straight line or on a parabola?

The answer reads:

The stone describes a straight line with respect to a coordinate system
rigidly linked to the carriage, but describes a parabola with respect to
a coordinate system linked to the ground. This example shows that
there is no motion per se, but a trajectory relative to a given reference
body.

To describe a physical process taking place in nature, we need to define a
reference frame. All motion is then related to this frame of reference, in other words,
a system of coordinate axes that allows us to locate the position of particles in space,
and to a clock that indicates time. There are frames of reference where the free
motion of bodies occurs at a constant speed, i.e. the motion of bodies not subject to
the action of external forces. These reference frames are called “inertial” or
“Galilean”. For example, a frame of reference attached to the Earth in its rotational
motion is not a Galilean frame of reference.

If two reference frames are in uniform rectilinear motion relative to each other,
and if one of them is inertial, the other will also be inertial (all free motion is also
uniformly rectilinear). There are therefore as many inertial reference frames, in
uniform translation with respect to each other, as we can imagine.

However, although his observations contradicted the cosmological system
adopted since Aristotle, for political and religious reasons, Galileo had to reject the
heliocentric hypothesis (Dialogue concerning the two chief world systems, 1632)
which he had initially defended:

On June 22, 1633, before the court [...], he repudiated under oath the
heliocentric doctrine as contrary to the Christian faith [BER 17].

Heliocentrism would be rehabilitated a century after Galileo’s trial and
eventually adopted [DRA 57, FIN 89, BLA 91, SHE 03]:
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A century after the trial, [...] the optical proofs of heliocentrism were
recognized and a mausoleum was erected to Galileo in a Florentine
church. In 1741, the official imprimatur was given to Galileo’s
writings.

Galileo had also demonstrated through experiments that all massive objects
move in the same way in the gravitational field, irrespective of their mass. At the
time, he lacked the mathematical tools, notably the differential calculus that would
be independently invented by Newton and Leibniz to calculate the duration of
trajectories. He is also credited with the study of the free fall of several masses in the
Earth’s gravitational field from the top of the Leaning Tower of Pisa. The masses
reach the ground at the same time, whatever their value, assuming that the effects of
friction with the air are negligible.

2.1.6. Newton’s law of universal gravitation

It was in 1686 that these empirical laws were justified by Newton’s discovery
[NEW 12] of the law of universal gravitation between two masses m and M
separated by a distance r:

mM -

F=-6%-1, [2.1]

r2

where F is the attractive force between masses m and M, a central force that varies
. . . - . - [ .
with 1/, oriented along the unit vector %, (see Figure 2.3(a): i, = W) and acting

along the straight line connecting the center of the masses (the “—” sign reflects the
attractive nature of the force exerted by the Sun on the Earth), and G being the
gravitational constant (6.6743 10" nm*/kg?).

Kepler’s empirical laws can be traced back to the law of universal gravitation,
and are thus based on physical principles derived from the laws of conservation
(Philosophice naturalis principia mathematica, Newton) [NEW 87]. Considering,
for example, the motion of the Earth around the Sun, it is shown that since the
attractive force between the planets is radial, this leads to making the angular
dr di dL _
=M =T
takes place in a plane perpendicular to L, which corresponds to part of the first law
for trajectory in a plane and to the second law for equality of swept areas over the

momentum L = #Am AF = 6) constant, so that the trajectory

same duration, since L is proportional to the swept area |/Y | per unit time.

To show that this trajectory is an ellipse, we need to use polar coordinates and
Binet’s formulas for calculating acceleration in a frame of reference centered on the



Orbital Parameters of a CubeSat 59

Sun (see Figure 2.3(a)): OP = r and 0 being the angle between OP and Ox. Solving
the differential equation in variables u = 1/r and 0 leads to the polar equation of an
ellipse.

Newton’s laws of motion (Philosophice naturalis principia mathematica)
[COH 71, WES 80, NEW 87, NEW 99] determine the trajectory of any system
subjected to a force. They are expressed as follows:

— Principle of inertia (first law): a body persists in its state of rest or uniform
rectilinear motion, unless it is forced to change this state by the action of a force:

A free particle, isolated in space, remains at rest or moves at constant
speed.

— Fundamental principle of dynamics (second law): the rate of change of a
body’s motion is proportional to the force applied and takes place in the direction of
the force:

The total force F acting on a particle is equal to the product of its mass
m by the acceleration d such that F = md = %nzv).

— Principle of equal action and reaction (third law): for every action, there is an
equal and opposite reaction (see Figure 2.3(a)):

When two particles interact, the force ﬁop exerted by one noted O on
the other noted P is equal and opposite to the force ﬁpo exerted by P
on O (Fop = —Fpo).

Applying Newton’s second law, we calculate an acceleration d equal for all
masses, such that:
dav M

i=2_

a - mur [22]
where R is the radius of the Earth, h is the distance of the object above the Earth’s
surface, G is the gravitational constant, M is the mass of the Earth and 4, is the unit
vector radius on the line of action of the gravitational force between the center of the
Earth and the barycenter of the object.

They show that the motion of a body of mass m in the gravitational field does
not depend on mass, since inertial mass is equal to gravitational mass.
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From the differential equation for velocity, we can calculate the time taken by an
object launched, for example, with zero velocity from height h (leaning tower of
Pisa) and show that it is the same for all objects, whatever their respective masses, in
line with Galileo’s observations in his experiments on falling bodies. In this context,
it is worth noting that Newton’s first law is equivalent to Galileo’s formulation of
the motion of free objects: “A body subjected to zero force must have a constant
velocity”.

Unlike Kepler’s laws, which are based on observations, Newton’s laws are
postulates. They lead, notably through the second law of the fundamental principle
of dynamics, to differential equations that allow us to calculate the trajectory of
particles subjected to a force, in this case the force of gravitation, such that:

F=m®=_ ™y [2.3a]

dt r2

Newton’s law of gravitation can be expressed as a gravitational field g which is

the force exerted per unit mass and which derives from a potential U(r) = —G %,
such that:
§(r) = =G i, = —grad U(r) [2.3b]

where r is the distance from the center of mass M to the point where the field is
evaluated.

Newton’s equations are simply expressed in a Cartesian coordinate system, but
have a more complicated form in a cylindrical or spherical coordinate system, even

if the same reference frame is used, as shown in Figure 2.5.

Cartesian coordinates Cylindrical coordinates Spherical coordinates

OM = xé, + yé, + zé, OM = pé, + 2¢, OM = ré,
Fixed base: (&, €, ,&,) Local base: (&, ,ég ,€,) Local base: (€, €y ,€,)

Figure 2.5. Coordinate systems
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2.1.7. Lagrange’s and Hamilton’s analytical mechanics

When the system of interacting particles is greater than two, it is more
convenient to use the method of Joseph-Louis Lagrange (1788) [LAG 88] to
calculate particle trajectories. This method uses generalized coordinates, which have
the advantage of not changing form when moving from one coordinate system to
another.

If we consider a mechanical system made up of a particle of mass m in a
Cartesian coordinate system, its kinetic energy 7 has the following expression:

T =—mv? =-m(i? + 3 + 22) [2.4]
In the generalized Lagrange coordinate system, T has the following expression:
1 1 . . .
T =-mv? =-m(47 + 45 + 43) [2.5]

where q; are three generalized coordinates, corresponding to the number of degrees
of freedom.

If we know that this particle is constrained to move on a sphere, the expression
of kinetic energy is the same in Cartesian coordinates. However, with the Lagrange
system, its expression is as follows:

T =—mv? =-m(¢? + ¢3) [2.6]

Because of the constraint, there are only two degrees of freedom left. They
could be, for example, the angles 6 and ¢ of the spherical coordinate system
(see Figure 2.5).

If, while constrained to move on a sphere, the particle is held by a wire fixed to
one pole of the sphere, the expression of T will be the same in the Cartesian system.
However, in the Lagrange system, the system has only one degree of freedom. The
expression of this kinetic energy is therefore:

T = %mv2 = %mqf [2.7]
The constraints reduce the system’s degrees of freedom.
Lagrange constructed a mechanics to exploit the dynamics of a multi-particle

system or sub-system under stress, which is widely used to study systems with
n material points, which have 3n degrees of freedom, since each point has three
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degrees of freedom. These are not necessarily the Cartesian coordinates of a point,
and can be spherical or cylindrical coordinates, depending on the symmetry of the
problem under consideration. These coordinates, which identify the n points, are
called “generalized coordinates” and symbolically noted q (¢ = (g1, 42, -+, q3n))-

To determine the mechanical state of the system, it is also necessary to give the
generalized velocities, which are the derivatives of the generalized coordinates with
respect to time, and symbolically noted ¢ (q =(q 1,qz, -+, §3r))- Knowing the
coordinates ¢ and velocities ¢ at an instant t allows us to determine the state of
the system and the accelerations ¢ at that instant. As a result, the subsequent motion
of the system can be calculated over an infinitesimally small-time interval
At (dt = limy;_,, At). The equations of motion are obtained from the relations
that relate accelerations to velocities and coordinates, knowing that
5% _24d &y = a%q

dt de?’

T t

The law of motion of mechanical systems is not determined from Newton’s
laws, but from the principle of least action [LAG 56], Hamilton’s principle
[HAM 34] and Maupertuis’ principle [MAU 44]. In this framework, we define
the Lagrange function of the mechanical system, which formally depends
on generalized coordinates, generalized velocities and time: L(q,gt) =

L(qll q2, - q3n, C.hl C‘IZ' ety C‘1311' t)'
L(g.qt) =

The action, symbolically denoted by S, is defined by an integral of the system’s
Lagrange function between two instants noted t; and t, as:

S= f:L(q,qt )dt [2.8]

where the time dependence of the Lagrange function is not always explicit and is
achieved through q(t) and ¢(t) . In this case, S is said to be a functional, or a
function of functions.

The principle of least action consists of varying the functional S (variational
calculation) by increasing q(t) and {t) (q(t) +3dq(t), t) +64t)) and
calculating the corresponding variation in S. By canceling this variation, we obtain
the Lagrange equation, or the Fuler-Lagrange equation [WHI 37, PAR 43,
LAP 43-46, LAG 56, FEY 63, SOM 64b, LAN 66a, GOL 76, ARN 78, LAN 86,
GOL 01, MAR 03, TAY 05], or Lagrange equations (if we take into account n
particles and 3n degrees of freedom), which are written as follows:

d o0

w3r (L@at) =5 (L@.4t)) =0 [2.9]
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dtaq 2 (L(q,4t)) ——(L(q Gt))=0 [2.9b]
where i varies from 1 to 3n.

Generally speaking, the Lagrangian of a system is expressed as the difference
between its kinetic energy T(q) and its potential energy V (q), such that:

L(q.gt) =T(q(®)) —V(q(t)) [2.10]

where the time dependence can be expressed in terms of generalized coordinates and
generalized velocities. In this case, Lagrange’s equations result in:

dtaq T(q(t)) = ——V(Q(t)) [2.11]

Given the expression for kinetic energy and the fact that the gravitational force is

a conservative force derived from a potential (F(q) :—%V(q(t))), Lagrange’s

equation reverts to Newton’s equation as follows:

40 — p(q) [2.12]

In this way, the principle of least action is equivalent to Newton’s second law,
but leads to a system of differential equations that do not depend on time. The
principle of least action makes it possible to formulate the laws of dynamics in a
generalized coordinate system, without any reference to particular coordinates. The
principle of least action states that if we seek to determine the trajectory of a
material point between instants t; and t,, then calculating the action integral between
t; and t, leads to a stationary value on the trajectory actually followed by the
particle.

Hamilton’s equations can also be used to determine the motion of a system of
particles. The Hamilton function is defined using:

H = %" piqi — L(q1, Gz, - 43 41, G2, -, G3n, £) [2.13]
where p; = ;—qL_ is the canonical momentum.

Hamilton’s equations of motion are written as follows:

OH

a0 = —p; [2.14a]
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OH _ .

0_pi = q; [214b]
OH oL

m__z [2.14c]

Usually, the Hamilton function of a system is expressed as a sum of its kinetic
energy T(q) and its potential energy V (g), such that:

H(q,p,t) =TP®)) +V(q(t)) [2.15]

2.1.8. The principles of relativity and equivalence

Newton’s law of gravitation paved the way for celestial mechanics. However, it
also raised the question of the stability of the Solar System and its planets, which are
not only attracted to the Sun, but also to each other. This contradicts Kepler’s model in
the sense that the small perturbations caused by the attraction of the planets to each
other prevent elliptical orbits from being fixed. For example, Jupiter is affected in its
trajectory by Saturn, and Neptune is affected by Uranus. However, these deviations are
calculable, and it is thanks to the work of Joseph-Louis Lagrange and Pierre-Simon de
Laplace [LAP 43-46, 94] that it was shown that the semi-major axes have periodic
variations that remain small for the Jupiter—Saturn pair. When the calculation is
performed for the planet Mercury, Newton’s law of gravitation does not give a
satisfactory result for the calculating of the secular variation (long-term changes)
corresponding to the rotation of the planet’s semi-major axis.

Newton assumed that there is a fixed absolute space among all stars and galaxies
in which his equation is true without the need to apply corrections to fictitious
forces. Such an absolute space would have to contain physical entities in addition to
the object being measured. Otherwise, it would not be possible to establish a
reference frame for measuring acceleration. The existence of stars (or the Universe)
is therefore essential to absolute space and Newton’s equation. Describing the
processes taking place in nature requires a reference frame, meaning a system of
coordinates (x, y, z) to locate the position of particles in space, and a clock to
indicate time ¢.

Experience reveals the existence of the principle of relativity. This principle
states that all of the laws of nature are identical in all reference frames of inertia.
This means that the equations translating the laws of nature are invariant to the
transformations of coordinates and time corresponding to a change of inertial
reference frame. Expressed in terms of coordinates (x, y, z) and time ¢, the equation
describing a law of nature has the same form whatever the chosen frame of
reference.
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The interaction between the particles of a mechanical system is described by
means of the interaction potential energy, which is a function of the coordinates of
these particles. This implies the instantaneity of interactions, meaning an infinite
propagation speed of this interaction. In this case, the forces exerted by the other
particles in the system on a given particle depend at all times solely on the position of
the particles.

Michelson and Morley [MIC 87] have shown that the measurement of the speed
of light cannot be used to determine absolute space. The speed of light is identical in
all reference frames. In the theory developed by Albert Einstein, the speed of
propagation of interactions is considered finite, being equal to the speed of
propagation of light (¢ = 2, 99792 458 10® ms™) according to the principle of
relativity enunciated in 1905 as part of the theory of special relativity. This principle
implies that time is not absolute, and that its measurement leads to different values
in different inertial reference frames moving in uniform translation with respect to
one another.

Bear in mind that reference frames in which the free motion of bodies, or the
motion of bodies not subject to the action of external forces, takes place with a
constant velocity (generally parallel to the Ox axis) are said to be inertial or
Galilean; in accordance with experimental evidence, which reveals the existence of
the principle of relativity. From the relationship between the coordinates along the
Ox and Ox' axes, given x = x' + vt', it is easy to see that acceleration in the two axis
systems coincides.

Einstein has shown that, under the assumption that ¢ has the same value in all
inertial reference frames, when moving from one inertial reference frame R to
another R’ in motion relative to R, with a constant velocity v taken parallel to the Ox
axis, the following equations apply in terms of space—time coordinates:

x =y + Bct’) x" =y — Bct) [2.16a]
y=y y' =y [2.16b]
z=12 z'=z [2.16¢]
ct =y(ct' + Bx") ct' =y(ct' — Bx') [2.16d]
. . v 1
where c is the speed of light, § = - andy = =
=

When v is very small, Galileo’s equations can be used to switch from the (x, y, z)
coordinate system to the (x’, y’, z’) coordinate system. Within the framework of the
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theory of special relativity, with ¢ having the same value in all inertial reference
frames, the wavefront of light emitted from the origin of the coordinate system
(x,y, z, £) at time t = 0 is given by:

cit? —x?2—y?2—22=0 [2.17a]

If the coordinate system (x’, y’, z’, t’) coincides with the coordinate system
(x, v, z, £) at time t = 0, then the following also applies:

c2t? —x"?—y?—2" =0 [2.17b]

which implies that, since the relative velocity between the two systems is constant,
time ¢ must flow differently from ¢ In four-dimensional space—time (Minkowski
space), each point s is an event, so that the wavefront describes a cone around the time
axis ¢, called the “light cone”, which as a function of s has the following expression:

s? =c?t? — x?—y?—z? [2.17¢]

An event is on the cone if s’ = 0, is considered time-like if s° > 0 and is
considered space-like if s° < 0.

The simultaneity of the falls of material bodies already described with Galileo’s
experiment from the top of the Leaning Tower of Pisa is easily interpreted by the
equivalence between inertial mass and gravitational mass in Newton’s second law.
Mach proposed that the mass of an object should somehow reflect the entire
Universe. This is known as Mach’s principle [MAC 19]. The consideration of
noninertial reference frames led Einstein to formulate the equivalence principle.

The transition from the theory of special relativity to the theory of general
relativity is based on Einstein’s equivalence principle (1907), which states that the
effects of the gravitational field are identical to the effects of acceleration in a
non-Galilean frame of reference, as experienced by an observer in an elevator in
nonuniform motion. Einstein also predicts that if light can enter through a hole in an
elevator in free fall in the gravitational field, the observer inside will see that the light
follows a parabolic trajectory, whereas an observer on the ground will see rectilinear
light propagation. Einstein deduced that the gravitational field can deflect light, even
though a photon has no mass. These considerations were translated into the theory of
general relativity in 1915 in the form of a field equation [EIN 15, EIN 16, BOR 62,
WEI 72, MIS 73, WHE 92]:

1 876
Rix =5 gucR + gueA = :_4Tik [2.18]
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where the indices i and & represent the dimensions of space—time, with i and k=0, 1,
2 or 3, 0 being referred to the time coordinate #, 1 to the spatial coordinate x, 2 to the
spatial coordinate y and 3 to the spatial coordinate z. The expressions on the
left-hand side of the equation represent the curvature of space—time, the first term
R;;, being the Ricci curvature tensor, the second one being the metric tensor g
multiplied by R, the scalar curvature, and the third one, the product of the metric
tensor g;;, multiplied by A, the cosmological constant. On the right-hand side, we
have a term representing the effect of mass and energy in the form of a product of the
energy-impulse tensor multiplied by a term comprising the ratio of the product of 8 pi
and the gravitational constant, and the speed of light to the 4th power. Given that
there are four values of i and &, equation [2.18] represents a priori 16 equations that
reduce to 10 in total. These equations indicate that mass is responsible for the
curvature of space—time and that the curvature of space—time is responsible for the
displacement of mass. The equations were published by Albert Einstein in 1915
[EIN 15] in the form of the tensor equation [2.18], which relates the curvature of
local space—time (expressed by the Einstein tensor on the left) to the local energy,
momentum and stress in that space—time (expressed by the stress-energy tensor on
the right).

It was not until 1915, for example, that Einstein’s theory of general relativity
improved on Newton’s law of universal gravitation, making it possible to calculate
the advance of Mercury’s perihelion in its elliptical trajectory around the Sun, in line
with observations. This phenomenon refers to the slight rotation of Mercury’s
elliptical orbit around the Sun, which could not be fully explained by Newtonian
mechanics alone (Mercury anomaly).

Indeed, by applying Einstein’s equation [3.18] to Mercury’s motion, we can
calculate Mercury’s perihelion advance. The contribution of general relativity theory
leads to the following expression:

61GM

Aw = =M [2.19]

cZa(1-e2)

where Aw is the advance of Mercury’s perihelion at each orbit, @ is the semi-major
axis of the ellipse and e is its eccentricity. This calculation gave an additional
precession of approximately 43 arc-seconds per century, corresponding exactly to
the unexplained part of the observed advance of Mercury’s perihelion.

Expressed as a function of coordinates and time, the equation describing a law of
nature has the same form, whatever the chosen reference frame of inertia. In 1905
[EIN 05], Albert Einstein completely abandoned the concept of absolute space and
extended the concept of relativity of physical measurements to include the
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measurement of the speed of light. Einstein demonstrated that this new point of view
provides a deeper understanding of physical quantities such as momentum, energy
and fields. A noninertial frame of reference is equivalent to a gravitational field. In a
uniformly accelerated noninertial frame of reference, freely moving bodies will
undergo a constant acceleration opposite to that of the frame of reference.

This history of the establishment of the laws of gravitation shows that it took
almost 4,000 years for the laws of Copernicus, Kepler, Newton, Einstein and
probably others to be gradually put in place to describe a reality based on different
principles that are better specified in their applications, such as the principle of
relativity, Mach’s principle or the principle of equivalence.

In this respect, let us quote Karl Popper in the conduct of the search for
knowledge by scientific methods and the criterion of demarcation between science
and nonscience [POP 45, POP 59, POP 63, POP 72]:

The criterion of scientificity of a theory resides in the possibility of
invalidating, refuting or testing it.

It should be noted, however, that this method is suited to the natural sciences
concerning inert matter, for which deduction is appropriate. For the life sciences,
however, the test phase is not always possible, and it is the inductive method that is
appropriate, eventually based on a statistical approach.

We can also recall the methodology Descartes left us in his Discourse on the
method [DES 37], in the form of rules to follow in the pursuit of knowledge:

— First rule: “never to accept anything for true which I did not clearly know to be
such”. This is the rule of evidence. Accept as true only the obvious, the certain, not
the probable.

— Second rule: “to divide each of the difficulties under examination into as many
parts as possible, and as might be necessary for its adequate solution”. This is the
rule of dividing the complex into simple elements (analysis). We must examine the
objects of knowledge, see what is simple and what is compound, analyze what is
compound and explain it by its simple constituents.

— Third rule: “to conduct my thoughts in such order that, by commencing with
objects the simplest and easiest to know, I might ascend by little and little, and, as it
were, step by step, to the knowledge of the more complex”. This is the rule of order.
This order is the order of reasons. We must start from the obvious and deduce. It is
the order of reasons, not of subjects: we do not necessarily start with the most
important or the most fundamental.
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— Fourth rule: “to make enumerations so complete, and reviews so general that |
might be assured that nothing was omitted”. This is the rule of enumeration. To
carry out a complete, general review of objects, which calls for prudence and
circumspection.

From Ptolemy and Aristotle’s geocentric model, we arrive at Copernicus’
heliocentric model, despite politico-religious opposition. Newton’s system of axes
pointing to the stars defined an absolute frame of reference to describe mechanical
motion, based on his three laws of motion, and Galileo’s principle of relativity led to
inertial frames of reference in which motion are relative. Following Newton’s law of
gravitational attraction, Newton’s three laws of motion make it possible to interpret
Kepler’s three empirical laws within the framework of Copernicus’ heliocentric
model, and to interpret Galileo’s observations on the free fall of bodies. Lagrange’s
formalism enabled him and Laplace to demonstrate the stability of planetary motion
around the Sun, and to interpret the perihelion advance observed for all planets
except Mercury. As a first step, Einstein improved Galileo’s principle of relativity
by including time as a parameter that can vary as space coordinates do in the motion
of a material body. Einstein also set a limit to the propagation of electromagnetic
interaction at a distance, via the speed of light, within the framework of special
relativity. Following the principle of equivalence, which enabled Einstein to consider
the motion of bodies in noninertial reference frames while maintaining the principle of
relativity, he demonstrated that even light, which has no inert mass, can follow a
curved trajectory in the vicinity of a massive body. Within the framework of the
theory of general relativity, Einstein [EIN 38] showed, with a different approach to
Newton’s, that it is the curvature of space—time that is responsible for the effects of
gravitation.

2.2. Selecting orbital parameters
2.2.1. Keplerian parameters of a satellite’s orbit around the Earth

The orbit of an object such as a natural or artificial satellite around a central
body, which can be a planet or a star, is defined by means of six parameters called
“Keplerian elements”, as shown in Figure 2.6 for a satellite orbiting the Earth:

— the semi-major axis a and the eccentricity e define the shape of the orbit;

— the inclination 7 indicates the angle between the orbital plane and a reference
plane (e.g. the equatorial plane of the central body or that of the Earth);

— the longitude Q of the ascending node indicates the angle between a reference
direction in the reference plane and the direction of the ascending node;
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— the argument ® of the periastron, or perigee, represents the angle (in the plane of
the orbit) between the direction of the ascending node and that of the periastron, which
completes the characterization of the object’s orbit;

— the true anomaly v, on the other hand, gives the object’s position on the orbit at
a given date (which is indicated at the same time as the value of the previous six
elements).

Terrestrial North

Perigee

Descending node N

ne
=y p\a
o‘a‘o“
Q/O.
Direction of (
the Earth’s
rotation
Vernal point " ”@,‘2@
"o s a

Apogee Satellite

Figure 2.6. Keplerian parameters of a satellite’s orbit around
the Earth with the equatorial plane as a reference plane

An orbit has two nodes: an ascending node and a descending node, which are the
points of intersection between the orbit and the reference plane. The ascending node
is the point in the orbit where the satellite crosses the reference plane in the direction
of celestial north. In contrast, the descending node is the point in the orbit where the
satellite crosses the reference plane in the direction of celestial south.
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When describing the orbit of an object around the Earth or the orbit of a planet
around the Sun, we use the direction of the mean vernal point y calculated at
01/01/2000 12:00:00 (Julian date J2000). The vernal point is the position of the Sun
as seen from Earth at the vernal equinox. The corresponding vector is therefore
defined by the intersection of the Earth’s equatorial plane and the ecliptic (the plane
of the Earth’s orbit around the Sun (see Figure 2.7)).

The J2000* (aka EME2000) frame definition is based on the earth’s equator and
equinox, determined from observations of planetary motions, plus other data.

Z is normal to the mean equator of date
at epoch J2000 TDB, which is
approximately Earth’s spin axis
orientation at that epoch. (J2000 TDB is
2000 JAN 01 12:00:00 TDB, or JD
2451545.0 TDB).

Equatorial plane

Plane normal to the earth’s Ecliptic plane

spin axis, Z \ <€—— Plane defined by
movement of the earth
around the sun

& ;;?“"‘-x,,_ .
L > Y 2000

/ \Intersectiun of Y =Zcross X
K equatorial and
X 2000 ecliptic planes,
called vernal

Figure 2.7. The vernal point defined by the intersection
of the Earth’s equatorial plane and the ecliptic

Based on Newton’s laws of motion and the law of universal gravitation,
calculating the velocity v (in ms™) of a satellite in its orbit around the Earth leads to
the following expression:

v= |[-& [2.20]

MR

where M (in kg) is the mass of the Earth, R (in m) is the distance between the center
of the Earth and the satellite, and G is the universal gravitational constant.
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To calculate the Earth’s orbit around the Sun, we replace the mass M by that of
the Sun, and the corresponding value of R between the center of the Earth and that
of the Sun.

2.2.2. The different types of orbit

The orbit of a natural or artificial satellite around an attracting center can
therefore be of two types, circular or elliptical, and positioned at different altitudes:

— The circular orbit, as its name suggests, its trajectory is circular. It has neither
apogee (the point of orbit closest to the Earth) nor perigee (the point of orbit furthest
from the Earth).

— The elliptical orbit is not circular. It has an apogee and a perigee.

The inclination of the orbit relative to the equatorial plane is also important as it
determines the overall coverage of a planet throughout a mission. Equatorial orbits
do not allow for observation of the polar regions, unlike polar orbits, whose
inclination is close to 90°. A polar orbit is ideal for global coverage of a planet.

Three different orbits can then be distinguished according to their altitude (see
Figure 2.8):

— Low orbit: this is, as its name suggests, the lowest orbit, and therefore the
closest to the Earth. It is located between 200 and 2,000 km in altitude.

— Medium orbit: this is located above low orbit. It is therefore further from the
Earth than low orbit, and lies between 2,000 and 35,786 km in altitude.

— High orbit: this is the furthest orbit from the Earth. It is above the medium orbit,
at an altitude of over 35,786 km. High orbit can be confused with geostationary orbit.

There are two quite different types of orbit:

— Geostationary orbit: this is a circular orbit with an inclination of zero. This
means it follows the trajectory of the equator. A satellite placed in a geostationary
orbit is always above the same point on the Earth, which is an advantage for
telecommunications.

— Sun-synchronous orbit: for an artificial satellite, this is an orbit in which the
angle between the orbit plane and the direction of the Sun remains more or less
constant. The satellite will therefore pass over a given point on Earth at the same
local solar time.
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0 km - Sea level
215 km - First artificial satellite (Sputnik 1)
340 km - International Space Station
~ 595 km - Hubble Telescope
700-1700 km - Satellites in polar orbit 35,786 km

2,000 km
Lm\_r Medium orbit T
orbit

Geostationary
orbit

384,000 km
L
High orbit Moon

Figure 2.8. Low, medium and high orbits according to altitude
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The geostationary or geosynchronous orbit (GEO) is very popular with
telecommunications satellites. It is ideal for applications requiring a fixed satellite
position relative to the Earth:

— semi-major axis: 42,164 km;

— inclination: < 0.1 degree;

— orbital period: 86,164 seconds.

The geostationary transfer orbit, GTO, is a provisional orbit. All geostationary
satellite launches pass through this transfer orbit (with the exception of some
Russian satellites launched with Proton rockets). The launch vehicle injects the

satellite into this orbit. The satellite is consequently fitted with an engine so as to
propel and place it into its orbit. Its characteristics are as follows:

— perigee altitude: 180 km;

— apogee altitude: 35,780 km;

— inclination = 7 degrees;

— orbital period: 37,800 seconds.

Low-Earth orbit (LEO) is a circular orbit at an altitude of 200-2,000 km, at a

steep angle to the equator (from 50° to over 90°). Applications include observation,
meteorology and telecommunications (satellite constellation).

The sun-synchronous orbit (SSO), at an altitude of between 600 km and 800 km,
is such that the direction of the Sun is always at an angle to the orbital plane. The
area covered by the satellite is thus always observed at the same time. This is the
preferred orbit for high-resolution terrestrial observation (SPOT, HELIOS, ERS,
TOPEX, etc.).

Other orbits include the high eccentric orbit (HEO).

2.2.3. Orbit parameters, beta angle and orbit eclipse duration

The parameters of a satellite’s orbit around an attracting mass center can be
determined from Newton’s laws of motion and the universal law of gravitation.
With reference to Figure 2.6, we can calculate the following.

— The orbit’s period:

a3 (RE+—ha+hp)3
=L4TM [—= LT [—————— .
T=2 2 2 [2.21]
u Gmg
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where a is the orbit’s semi-major axis, u is the Earth’s standard gravitational
parameter (3.986004418 10" m’s?) according to the WGS84 standard, Rj; is the
Earth’s mean radius (6.371009 10° m), G is the gravitational constant, my is the
Earth’s mass and /e and /hp are the satellite’s altitude at apogee and perigee
respectively.

— The inclination i:

i = arcos (—E% (i)z £) [2.22]

3 ]2 \Rg u

where (), is the rate of precession. For Sun-synchronous motion, the rate of
precession (), is equal to the average motion of the Earth around the Sun, which is
360° per sidereal year (1.9910 107 radians per second). J, is the coefficient of the
second zonal term (1.082626174 10™), corresponding to the flattening of the Earth
according to the EGM2008 standard.

— The eccentricity e:

R ..
e~ —2LREGy; [2.23]
2J, a

where /5 is the third-order coefficient of the zonal harmonics of the gravity field
model according to the EGM2008 standard.

— The shape of the orbit:
_ a(-e?)
" 1+ecosf Rg [2.24]

— The apogee and the perigee are given by:
h, =a(l+e) —Rg [2.25a]

h, =a(l—e) —Rg [2.25b]

— The satellite’s speed:

_ |
v= [2.26]

The beta angle (see Figure 2.9):
3 = arcsin(cosI'sinQsini —sinT cosecossini + sinT sin € cosi)[2.27]

where I is the true solar ecliptic longitude, Q is the right ascension of the ascending
node (RAAN) and ¢ is the obliquity of the ecliptic (~ 23,44 degrees).
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Sun

Sun vector

Satellite’s Projection of Sun vector
orbital plane onto orbital plane

Figure 2.9. Beta angle on the orbit

The true solar ecliptic longitude I' is obtained from the following equations:

L = 280.46 + 0.9856474 (JDN — 2451545) [2.28a]
g = 357.528 +0.9856003 (JDN — 2451545) [2.28b]
I'=L+ 1.915sin(g) + 0.02sin(2g) [2.28¢]

where L is the Sun’s mean longitude in degrees, g is the Sun’s mean anomaly in
degrees and JDN is the Julian day number. T is equal to 0 degrees when the Sun is at
the vernal equinox of spring (March 20) and varies from 0° to 360°. Assuming that
the Earth’s orbit around the Sun is almost circular, variations due to seasonal
changes (I') are close to 0.986 degrees per year.

The Sun’s declination is calculated as follows:
6 = arcsin(sin(¢g)sin(I")) [2.29]

The oblateness of the Earth is the cause of the variation for right ascension (£2)
and the argument of the periapsis ().

The variation in the angular rate of the ascending node due to precession of the
orbit function of orbit altitude and inclination is defined as follows:

. 3. (Rp\? )
a=-25(%) \/gcom [2.30]
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Figure 2.10. Eclipse of the Sun in orbit

The choice of orbit and the duration of eclipses are fundamental parameters for:
— scientific observations;

— power balances, etc.

The duration (7,) of the solar eclipse over one revolution is determined as
follows:

Te = feT [2.31]
where f; is the eclipse fraction.

The eclipse fraction is determined using:

1 Vh24+2Rgh .
fe =—arcos (—(RE+h)Cfsﬁ) if 1Bl <8 = [2.32]

where B *= arcsin (R—E) Otherwise, f, = 0.
Rg+h

2.3. Conclusion

The orbital parameters of a CubeSat or any other artificial satellite are indicators
or characteristic elements of information that can be used to describe its trajectory
around a body of greater mass. This trajectory can be calculated using the laws of
classical mechanics, the theory of universal gravitation and Newton’s differential
calculus. This chapter traces the history of advances in astronomy: from the first
astronomical sites to the first theoretical proposals, through Kepler’s work and
Newton’s law of gravitation, right up to the birth of classical mechanics with
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Newton’s laws and his method of differential calculation, Leibniz’s method as well
as Lagrange’s work. This chapter shows how interest in celestial objects since
Antiquity, based on the traces left by our ancestors, has led to the mechanics of
systems and the laws enabling the construction of models in line with physical reality.
These include the heliocentrism of the Solar System, the elliptical motion of Mercury
and the constant evolution of gravitational theories (Newton and Einstein). This
evolution of science, thanks to the continuous improvement in our understanding of
natural phenomena, is achieved by comparing theories with observations (Descartes,
Comte, Bacon, Popper, etc.). This is made possible by the use of instruments to probe
the Solar System as well as the Universe, thanks to satellites whose trajectories are
defined by parameters adapted to all.

2.4. Appendix
2.4.1. Coordinate systems and point mechanics

Determining the trajectory of a point mass using Newton’s laws of motion means
determining the positions of the mass at different times. To do this, we need to find a
reference frame that allows us to locate the point object at different times.

In classical mechanics, reference frames are chosen according to the symmetry
of the problem addressed. If the symmetry is that of a cube or a parallelepiped, the
motion is more easily determined in a Cartesian frame of reference. The cylindrical
reference frame is used if the symmetry is suitable, as for axisymmetric motion. The
spherical reference frame is used if the symmetry is suitable for motion on the
surface of a sphere, for example.

Before presenting these references in three-dimensional (3D) space, let us take a
look at the situation in two-dimensional (2D) space. Descartes invented the method
to represent a point in a system of perpendicular axes by means of a pair of points
marked (x, y), which represent the distance to be covered on each axis to reach the point
marked M, as shown in Figure 2.11.

Space is represented as a grid of squares materialized by parallel straight lines
perpendicular to axes OX, the x-axis, and OY, the y-axis. In accordance with Euclid’s
axioms, two parallel lines never meet. By giving ourselves a metric, the length
between two points, we can give values to x and y relative to an origin represented by
the axes OX for the y-value and OY for the x-value, and which pass through the
origin O. By applying the Pythagorean theorem, we can calculate the distance
between two points, as shown in Figure 2.11, in the expression for the distance OM,

which is \/x2 + y?2.
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Figure 2.11. Cartesian representation of a point in 2D space

This point can also be represented by a vector starting from the origin and whose
components are x and y, as shown in Figure 2.11. Vector notation is useful for
representing velocity, acceleration, force, moment; in other words, any quantity
characterized by a scalar value representing its amplitude or modulus, and a
direction and sense in that direction.

The vector notation of a vector V can be in the form of a linear combination of
independent basis vectors or in the form of column vectors, such that:

V=2xl+yj=xé +yé, [2.33a]
L X
V= (y) [2.33b]

7=2 =(} [2.34a]
(o)
j=é ((1)) [2.34b]

In the Cartesian system, these base vectors are fixed and do not change over
time.

In this case, the two-dimensional space is associated with a vector space, with
rules for addition, subtraction and multiplication between vectors internally, and
rules for external multiplication by real variables or real constants.



80 Nanosatellites, CubeSats of the NewSpace Era for Space Observation 1

1 - xl — xz
Consider two vectors i (y]_) and Vy = (yz)

The addition or subtraction of two vectors can be written as follows:

= (=)= (120)

i.e. each component is added or subtracted:

Vit Vo= (g x0T (v £y,)] = (;1 i;ﬁ) [2.35b]
Multiplication by a constant A is written as follows:
W, =1 (;1) = (i;l) = Ax,8, + 1,8, [2.35¢]
1
Scalar product:
V-V, = (;i) . (;Z) = XXy + V1Y, =V, - Yy [2.36a]

The result of the scalar product is a scalar. The scalar product is commutative
and symmetrical. We verify the following:

7-7= (é) : ((1)) =0 [2.36b]

The scalar product is used to calculate the norm (intensity or length) of a vector:

9.l = T v = () () = AT+ o7 [2.37a)

The geometrical point of view of the scalar product:
Vy - Vy = |V4|[V2] cos(Vy,V,) = |V4][V,]cosB [2.37b]

It represents the projection of V, onto V; multiplied by the norm of V;.

Vector product:

— — X X - N
Vi AV = (J’D A (yz) = (x1Y, — %91k = (x1y, — x2¥1)€, [2.38a]
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where k or &, is a vector perpendicular to the OXY plane, such thatk =7 A Jor
€, =& A é,.

The vector product gives a vector that is in the direction perpendicular to the
plane in which V; and ¥, lie. It is not commutative like the scalar product. It is an
antisymmetric product.

We check that TA T

IAT= ((1]) A (‘1’) - 1k [2.38b]

It is more convenient to add a component of column-vector form to calculate the
vector product. This is known as a “pseudo-vector”.

In this case, the calculation is as follows:

X1 Xy 0
ViAV, = ()ﬁ) A <J’2) = ( 0 ) = (X1, — x2y1)k [2.38c]
0 0 X1Y2 = X2)1

The geometrical point of view of the vector product:
Vy AV, = [V4][V,] sin(y, V) k = |V,][V,|sind k [2.38d]

It represents the oriented surface of the parallelogram built on V; and V,. The
vector product is useful for calculating the flux of a vector field across a surface.
Changing the position of the vectors in the vector product leads to the same surface,
but oriented in the opposite direction.

When the 2D system under consideration is of circular symmetry, as in the case
of an object constrained to move on a circle, it is more convenient to use the polar
coordinate system. A point M is then represented by its polar coordinates (», 6). The
vector OM is then expressed in the base adapted to the polar coordinates.

Figure 2.12 shows a comparison between the representation of a point in the
Cartesian coordinate system, with the grid based on straight lines used to determine
the (x, y) pairs, and the polar coordinate system, with concentric circles of increasing
radii starting from the origin O to locate the radius » and an array of intersecting
straight lines starting from O to locate the angle & that the direction OM makes with
the x-axis.
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Figure 2.12. Representation of a point in 2D space: Cartesian and polar systems

Figure 2.12 shows two points, M and M’ with coordinates (x, y) and (x y) in
the Cartesian system and coordinates (», €) and (', 6" in the polar system. When we
consider the base vectors that allow us to represent these points vectorially, we can
determine the following for the Cartesian system:

— N N X

OM = x&, + y&, = (y) [2.39a]
— - _ (X

OM = x'&, +y', = (y) [2.39b]

and for the polar system in the base (€,, €g):

OM =18, = (6) [2.39¢]
OM =r'e. = (g) [2.39d]

Even if r” = r, the unit base vectors are oriented differently in the polar system,
whereas in the Cartesian system, the base vectors are identical. In the polar system,
the unit base vectors are defined locally, at the location of point M or M ; whereas in
the Cartesian system, the base vectors are fixed. This means that when an object
moves, the local base vectors are modified and therefore depend on time, which is
not the case for the base vectors of the Cartesian system. This peculiarity of local
bases must be taken into account when calculating their rates of change.



Orbital Parameters of a CubeSat 83

It can be shown by expressing the polar base vectors in the Cartesian system that
we have the following relationships between €, and €g:
g e 0
€y =5, and —€, = 5 [2.39¢]
Figure 2.13 summarizes the representation of a point in both Cartesian and polar
systems for a two-dimensional space.

i AT S
/ _ CARTESIAN M(x, y) | / [ POLAR M(r,9) J
\ { S
{ Vector space (€, , €, ) W ( Vector space (é,,éy) J
— - & i = - X AR = oy = _ T
L OM =v V=f’f€x+y€y v—(y) | M=V V=r1é v_({))

Fixed base (€, , €, ) ALY
Does not depend on M ) ( er,ep )
X =V-é,
x =vcos(0)

Local base
L Depends on M

|' r=v.é ,
T § R = Ole
y=v-e, | U ———

y =vsin(8) =\/ﬁ

J I

/

. [¥] =V -V ||dOM = dxé, + dyé r= 2212 ||dOM = dré, +rdoé,
\ v |/ y

\ v=1/x2 +y2 , \ /|/

Figure 2.13. Representation of a point in 2D space: Cartesian and polar systems

In three-dimensional space, we add an axis (OZ axis) perpendicular to the XOY
plane for the Cartesian system, and likewise we add an axis (OZ axis) perpendicular
to the XOY plane in which polar coordinates are defined for the cylindrical system.
In this case, €,, the third base vector, is the same in both systems and does not vary
over time. Therefore, in the Cartesian system, a point M with coordinates (x, y, z)

will be represented by the vector OM in the fixed base (&,, €,, €,), such that:

X
OM = x&, + ye, + zé, = (y) [2.40a]
VA

and a point M with coordinates (p, 6, z) for the cylindrical system will be
represented by the vector OM in the local basis (€, €p €,), such that:

OM = g€, + 76, = <§> [2.40b]
VA
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Figure 2.13 shows the representation of a point M in both Cartesian and polar
coordinate systems, specifying the fixed or local base and the expressions for an
elementary displacement.

A third system is also available for 3D, using spherical coordinates (see
Figure 2.14) to locate a point on a sphere, such as the Earth.

Cartesian coordinates Cylindrical coordinates Spherical coordinates
Fixed base : (&, ,, ,&,) Local base : (€, €5 ,€;) Local base : (€, €y ,€,)
OM = xé, + yé, + zé, OM = pé, + z€, OM =718, 7

Z

. Er Moo

X Ao
28, %1y
x peost\ ga FT R de  sind
(y) = (psfnﬁ) J_P =& x rsindcosg\ oM
% < g V| =|rsindsing | & =—
2 rcost
dOM = dx2; +dyly +dzéy dOM = dpé, + pd0dé, + dzé, dOM = dré, + rdfdé, + rsinfdpdé,

Figure 2.14. Coordinate systems in a 3D space

The spherical coordinate system is adapted to spherical symmetry. The three
parameters used to locate a point M on a sphere are:

— the distance from point O at the center of the sphere (origin of the coordinate
system) to point M, which is its radius 7;

—the angle 8 between the axis passing through O and M and the OZ axis taken
as a reference, which can vary from 0 to w, with point M describing a semicircle in
the ZOM plane;

—the angle ¢ that the ZOM half-plane makes with a reference plane defined by
the ZOX plane, which can vary from 0 to 2.

In this system, the vector OM in the local basis (&,, €, €,,) is written as follows:

T
OM =18, = (0) [2.40c]
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Using the relationship that gives the components €, in the fixed base (€, €, €,),
it can be shown that the vectors €,and €, can be obtained from the base vector €,
by the following operations:

~ 08

g, = % [2.40d]
2 —_1 98

€ =13 29 [2.40¢]

It is sometimes useful to determine the surface and volume elements in these
coordinate systems. The volume elements are determined from the expressions for
the elementary displacement dOM, recalled in Figure 2.14, by multiplying the terms
that give the elementary displacements according to each base vector. For the three
coordinate systems, Cartesian, cylindrical and spherical respectively, we calculate
the following:

dV = dxdydz [2.41a]
dV = pdpdfdz [2.41b]
dV = ridrsinf8dfde [2.41c]

For surface elements, it is necessary to choose the surface to be considered. In
the Cartesian system, the volume element is a cube with sides of elementary lengths
dx, dy and dz, with six different faces. A surface is obtained by the vector product of
the two vectors on each of the six faces. When z is held constant, the two vectors to be

considered are given by the components of the elementary displacement dOM on the
surface in question, ie. (see Figure 2.14) dOM(z = constant) = dx&, + dyé,,.
Evaluating the vector product:

dS, = dxé, Adyé, = dxdy(&, A&,) = dxdyg, [2.42a]
The elementary surface vector is determined for the surface at Z = constant. In
expression [2.42a], the surface normal €, is a pseudo-vector or vector oriented with

the rule that the surface normal vector always points outside the elementary volume.

Likewise, we evaluate the various vector products for the elementary surfaces at
x = constant and y = constant to obtain:

dS, = dyé, Adzé, = dydz (&, A&,) = dxdyg, [2.42b]

dS, = dzé, A dx@,

dxdz( €, A€,) = dxdze, [2.42¢]



86 Nanosatellites, CubeSats of the NewSpace Era for Space Observation 1

For the cylindrical system, we evaluate the surface element at p = constant and
z = constant to determine:

dS, = pdfey A dzé, = pdfdz (&5 AE,) = pdhdze, [2.43a]
ds, = dpé, A pdféy = pdpdB (€, Aéy) = pdpdhE, [2.43b]

For the spherical system, we evaluate the surface element at » = constant to
determine:

dS, = rd68g A rsinfdgé, = r?sinfd0de( €y A€,) = r’sinfdodeé,
[2.44]

This last expression is used, for example, to calculate the solid angle at which a
luminous flux reaches the surface of a detector. Each point on the surface is
considered to be the origin of a sphere whose elementary surface, at a distance of
from the aperture diaphragm of the detector, makes an angle with the normal on the
surface of the diaphragm.

2.4.2. Classical point mechanics

Kinematics is the study of the geometry of motion through the trajectory
followed by a point. It was developed by adding the variable time to the geometric
variables of position. The term “reference frame” is used to locate a point or object.
The set of all coordinate axis systems linked to a single reference solid S constitutes
a point of reference. The set of a coordinate system linked to a reference solid S and
a chronology constitutes a reference frame.

In the context of planetary motion around the Sun, Newton’s laws of motion can,
to a first approximation, be applied to point masses (Gauss’s theorem assimilates a
planet or star to a point mass at its center). The introduction of the mass variable into
the study of motion led to the construction of dynamics, which assimilates every
geometric point to a point mass.

The transformation of velocities by the law of compositions leads to the
equations of kinematics, when we pass from one Galilean or inertial frame of
reference to another Galilean or non-Galilean frame of reference. The position of a
material point in space is determined by its radius vector OM = 7, whose
components coincide with its Cartesian coordinates x, y, z in the Cartesian system.

The derivative of #* with respect to time ¢, V = %, is called the velocity and the
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.. 5 d%F . .
second derivative a = d—t]zr, the acceleration of the point. Note that we use the

following notations for the first and second derivatives, such that v =fand 3 =I.

Whether in 2D or 3D, expressions for velocity and acceleration are
straightforward in the Cartesian system, as it is sufficient to differentiate the
components of the vector, such that:

dOM _ dx dy_, dz

v = _dt = Eex + y + _eZ [2'45a]
~ _d?*0M _ d?x- , d?y. d?z
Aa=—a =& t——Se, +t e [2.45b]

dt?

When the coordinate system is such that the bases are local, the change in base
orientation during movement must be taken into account.

In 2D in the polar system, velocity V corresponds to:

dOM _ dr dé, _ dr dérdo _ dr, .
V=— é} r—L=—8, +r—=—=—%8, +rwéy [2.46a]
at at  dt a6 dt  at

where EE’T is the relative speed along the radius, rw€y is the driving speed
dt
perpendicular to the radius and w is the angular speed of rotation. To derive €, with

respect to time, we used the relatlonshlp —L =¢,.

Similarly, for the acceleration @, we can calculate:

- ad*¥ _ d*r. dr dé, do - dw dég db

a=—=—¢ ——+— Weg+r—egtru—r—— 2.46b
atz  atz "' at a at o at 9 a6 dt [ ]

- d*v _ d*r

a=_S =6+ 2 (1)39 + r—eg - rw?%e, [2.46¢]

a’r o . . . . S . ..
where 26 is the relative acceleration along the radius, — rw?€, is the driving

. . . dr - . ..
acceleration along the radius, or normal acceleration, Z—weg is the driving
acceleration perpendicular to the radius, or tangentlal acceleration, r eg is the

driving acceleration perpendicular to the radius and o “ is the angular acceleratlon of
rotation.

In circular motion, the relative velocity is zero and the angular velocity of
rotation is constant, so the expressions for velocity and acceleration are reduced to:
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V = 7 = T'(l)gg [2473]
> _ 4%V - z,
a= d—t;/ = —rw?e, = —V7er [2.47b]

If we consider any trajectory, we can approximate it by a set of circular
trajectories of different radii at each point along the trajectory. At each point M on
the trajectory, the velocity of the particle is tangent to the trajectory at that point, as
in circular motion, and has the following expression:

V=——=vg, [2.48a]
The tangent vector is equivalent to the €4 vector of circular motion.

The derivative of the velocity V leads to the acceleration a, which involves the
derivative of the modulus of the velocity v and the tangent vector €, such that:
g W _dve @8 dve | Vg
Aa=—=—e+tv—_—=—e + —¢ [2.48D]
where R is the radius of curvature at the point considered on the trajectory and €, is
the vector normal to the trajectory obtained from €, by rotation of g (trigonometric

direction).

2.4.3. The metric tensor in general relativity

To determine the distance between two points in two-dimensional space in the
Cartesian coordinate system, we apply the Pythagorean theorem. This states that the
square of the length of the hypotenuse of a right-angled triangle is equal to the sum
of the squares of the distances of the other sides (see Figure 2.15). When the triangle
is not right-angled, the Al-Kachi or cosine—sine formula is used.

7 N N
Pythagorean Al-Kachi cosine and
formula b sine formula 2\ ¢
4
c2=2a2 + b2 c?>=a’ + b>—2abcos
2 (v) g
| sina/a = sinf/b = 1/c | | sino/a =sinf/b = siny/c @

FaN N/

Figure 2.15. Length of a side of a triangle: Pythagoras and Al-Kachi
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The reason for using the Pythagorean theorem in the Cartesian coordinate system
is that we use the Euclidean space to grid 2D space with lines parallel to the x-axis
and y-axis (see Figure 2.12). These two sets of lines being perpendicular to each
other. The distance between two points marked by the pairs (X, y;) and (X,, y2) is
given by the metric defined from the Pythagorean theorem, such that:

a=x,—x;,b=y,—vy,and ¢? = a? + b? [2.49a]

This metric is used to convert coordinate intervals into distances using a scale of
graduations.

Similarly, in a three-dimensional space, let s° be the squared distance between
two points marked by the coordinates (x;, y, z1) and (X», V2, Z,) in the following
form:

st = (0, —x)% + (v, —y1)* + (2, — 21)? [2.49b]

If the “grid” used to locate a point is not built on parallels that form a 90° angle
with each other, then Al-Kachi’s formula (see Figure 2.15) must be used in 2D
space. Two lengths and an angle are needed to determine the length between two
points. In a three-dimensional space, we need three lengths and three angles,
requiring us six parameters to determine the length between two points.

In classical mechanics, a point in space is identified by three parameters that
depend on the coordinate system used to describe the geometry of that space:
Cartesian, cylindrical or spherical (see Figure 2.14). To describe motion in these
spaces, we determine the trajectory followed by a material point under the effect of
the gravitational force between two masses, using a fourth variable given by a clock
to measure the elapsed time. Time is the same in all inertial spaces, because the
interaction between two masses is assumed to be instantaneous, meaning that its
propagation speed is infinite.

Einstein has shown that it is necessary to consider the time it takes for this
interaction to propagate. Einstein postulated that the limiting speed of propagation
could not exceed the speed of light or of an electromagnetic wave, all of which,
irrespective of their frequency or wavelength, propagate at the same speed c. In this
case, it is necessary to include time as a parameter that can change when calculating
the trajectory of a particle, especially when its speed is close to that of light. In this
case, the motion of any object must be determined in a four-dimensional space that
includes the time ¢ associated with the three space variables (x, y, z). The
transformation formulas, which allow us to move from one inertial reference frame
to another in a uniform translational motion parallel to the OX axis (formulas
[2.16a], [2.16b], [2.16c], [2.16d]), have made it possible to establish an equivalence
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between the variables cf and x in special relativity. In this theory, space is described
locally by a Euclidean space at each point, so that the interval between two points in
special relativity is given by the generalized Pythagorean formula, if we allow the
time axis to be imaginary by using the quantity i such that a point or event in a
four-dimensional space is given by (ict, x, y, z). In this case, we can write that:

ds? = (icdt)?+ (dx)? + (dy)? + (dz)? [2.49¢]

The metric is thus defined locally at each point in a Euclidean space.
Conventionally, these four coordinates are identified by the parameters (xo x4, X7, X3).

In general relativity, a four-dimensional space is constructed in a Riemann space
where, unlike Euclidean space, two parallels can meet (the reference points are not
necessarily inertial reference points). Determining the length between two events is no
longer performed with the generalized Pythagorean formula, but rather by including
other parameters in the calculation, as is the case with Al-Kachi’s 2D formula. In the
3D formula, six parameters are needed to calculate the length, and the 4D formula,
four more. The matrix representation of the metric tensor used to evaluate length
therefore comprises ten elements represented in a 4 x 4 matrix, such that:

Joo Yo1 Yoz Yo3
(Y901 911 G12 Y13
Gire = Goz Y12 Y22 Y23
Gos Y13 Y23 Y33

[2.50]

Note that the matrix is symmetrical with respect to the main diagonal.

Figure 2.11 shows the need for a metric tensor to evaluate distances in
two-dimensional space. Measuring a distance requires a ruler to evaluate the
distance between two points. Coinciding the two grid systems, Cartesian, on the one
hand, and polar, on the other, is only possible if we measure distances gradually,
using intervals between two closely spaced points (events), which is over an
infinitesimal distance.

When comparing the polar and Cartesian coordinate systems, we observe that
the Cartesian grid is built on perpendicular lines, just as for the polar grid
(see Figure 2.12). However, the distance measurement is on a curve in the direction
defined by the base vector Ug. As an example, let us calculate the metric tensor to go
from coordinates (x, y) to coordinates (», 8) by means of infinitesimal differences,
such that:

dx = cosOdr — rsin6d6o [2.51a]

dy = sinfdr + rcos6d0o [2.51b]
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The length of the interval is calculated using the Pythagorean theorem:

ds? = dx?+ dy? [2.51c]
We have:

dx? = cos?(0) dr? + r?sin?(0)d0? — 2rcosOsinfdrdo

dy? = sin?(0) dr? + r?cos?(0)d0? + 2rcosfsinfdrdo

ds? = dr? + r2d6?

In this case, the metric tensor that allows us to switch from Cartesian coordinates
to polar coordinates (old components as a function of new ones) is given by:

(ge o= ) [2.52]

In general, if we switch from one coordinate system (x, y) to another (x’, "), such
that:

dx'=adx+Bdy [2.53a]
dy'=ydx+8dy [2.53b]
we calculate ds? such that:
dx'? = a? dx? + p?dy? + 2afdxdy
dy'? = y?dx? + §%dy? + 2y5dxdy
ds? = (@? +y?) dx? + (B% + 6%) dy? + 2(ap + y8)dxdy
so that the metric tensor is given by:

Joo YJor\ _ ((@*+y*) (af+v5)
(901 .911) - ((O.’B +y8) (B*+ 52)) [2.53c]

Similarly, Einstein’s metric tensor allows us to move from a non-inertial
reference frame, characterized by a curvature of space-time, to another in
four-dimensional space.






3

Space Launchers for CubeSat Satellites

Launching a satellite into orbit requires a launcher to lift it above the Earth’s
atmosphere. Initially, launchers were provided by state institutions, such as NASA at
Cape Canaveral, ESA in French Guiana and the Russian Space Agency at Baikonur.

As the space industry has developed, the number of sites and launchers has
increased. Today, in addition to institutional launchers, private companies such as
SpaceX are also active in the launcher market. This has helped to reduce the cost of
launch and orbiting, which in turn has benefited CubeSats.

3.1. Propulsion systems and launch sites

A satellite is put into orbit by a launcher, which is the external subsystem to be
considered when designing a satellite. Launchers are equipped with a propulsion
system that enables them to overcome the Earth’s gravitational pull in order to bring
the satellite above the Earth’s atmosphere and position it in its final orbit around the
Earth or another planet.

A satellite’s propulsion system has two functions:

— transferring the spacecraft from the launch vehicle orbit to its final orbit, or to
an interplanetary trajectory for scientific missions;

— station keeping (in-orbit control) and attitude control in certain satellite
operating modes.

For a color version of all of the figures in this chapter, see www.iste.co.uk/dahoo/
nanosatellites1.zip.


http://www.iste.co.uk/dahoo/
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Figure 3.1. Active and decommissioned launch sites worldwide
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The propulsion system must provide forces and torques with thrust forces
ranging from a few mN to a few hundred N. These thrusts are obtained by ejecting
pressurized, high-temperature gases that are expanded through a convergent—divergent
supersonic nozzle.

The propulsion system is made up of the thrusters, the components needed to
store and supply propellant to the thrusters, and sometimes a sub-assembly for
pressurizing the propellant tanks. The mass of such a system can represent up to
20% of a satellite’s total mass. A distinction must be made between dry mass and
the mass of onboard propellants.

Initially, when the space age began, launchers were provided by state institutions
such as NASA at Cape Canaveral and the Russian Space Agency at Baikonur,
followed a little later by ESA through France in French Guiana. As the space
industry has grown, so has the number of sites and launchers.

Today, in addition to other state institutions such as China, India and Canada,
private companies such as SpaceX are taking over to exploit the launcher market
and participate in the space industry. Figure 3.1 maps the various active or soon-to-
be-active launch sites and those that have been decommissioned.

3.2. Launcher selection and satellite orbiting

This section looks at the criteria for selecting a space launcher to put satellites
into orbit, as well as the main geographical areas where these launches take place.

Selecting a launcher depends on a number of parameters, such as:

— desired orbital parameters: the characteristics of the desired orbit (altitude,
inclination, type of orbit) strongly influence the choice of a launcher. Some
launchers are optimized for low, medium or geostationary orbits;

— launcher reliability: reliability is crucial, as it affects the probability of mission
success. Launchers with a track record of success are often preferred;

—number of launches in a year: a high launch rate may indicate a launcher’s
maturity and operational capability;

— launcher vibration levels (quasi-static, sine, random, acoustic, shock, etc.):
vibrations (quasi-static, sine, random, acoustic, shock) can affect satellite integrity and
must be minimized,

—launch cost: cost is a major factor influencing the economic viability of the
mission;
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— geographic launch zone: the geographic position of the launch site can
influence possible trajectories and logistics costs;

— geopolitical situation: geopolitical tensions may affect access to certain
launchers or launch sites;

—ITAR-licensed equipment: the US International Traffic in Arms Regulations
(ITAR) regulate the export of sensitive technologies. Satellites containing
components subject to ITAR may be restricted to use on US launch vehicles.

In terms of launch density, the major satellite launch zones are the United States,
the European Union, Russia and China (see Figures 3.2 and 3.3).

The Kennedy Space Center in the United States, Baikonur in Kazakhstan
(Russia), the Guiana Space Center (Europe) and the Xichang launch base in China
are the main key centers.

As shown in Figure 3.3, there are very few centers operated by countries in the
Southern Hemisphere.

Starship
SLSBlockz Supertiea
Launchers Satum v Calgn

Country N1
Height SLS Block 1

LEO payload Lueg Merch's
GTO payload I
TLI payload Yenisel - b
MTO payload

Falcon 9 Falcan Heavy

Ariane &

Space Shuttle

Aiane5  Starship

.
——

Y

— T

EU usa EU Usa

48m 50m 63m 70m

201 e 2171 2281

1061 kil | 15t 831

B89t 97t 70t

40t 1681 441

Soyuz-2 Atlas V Titan IV Proton-M  Vulcan Centaur Delta IV Heavy
Russia/EU UsA USA Russia UsSA UsA
46.3m 583m 62m 58.2m 61.6m 72m
8.2t 2051 2171 231 vzt 28.81
331 89t 571t 69t 1441 1421

1211

Figure 3.2. The different launchers in the world’s four main zones
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Figure 3.3. Launch sites around the world
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Figure 3.4. The different phases in putting a satellite into orbit
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In the case of CubeSats, the relevant values for a 3U CubeSat (see Figure 3.2)
are payload and thrust.

In summary, the choice of a space launcher is a complex process that depends on
many technical, economic and geopolitical factors.

The main launch centers are located in the Northern Hemisphere (see Figure 3.3),
reflecting the historical and current concentration of space capabilities in these
regions. This analysis highlights the crucial considerations that influence decisions in
the field of space launches.

Figures 3.4 and 3.5 show the various phases of the launch process. In the case of
Figure 3.4, which concerns a Soyuz-type launcher, no parts of the launcher are
recovered. The various phases are shown in Table 3.1.

1 Take-off (KP) 0.0
2 Maximum dynamic Pressure 72.0
3 Intermediate thrust boosters 112.0
4 Vernier cut-off boosters 117.7
5 Separation of stages I-II 118.1
6 Jettisoning the faring 208.4
7 Separation of stages 1I-111 287.6
8 IIT Rear stage clearance 300.4
9 III Motor stage shutdown 558.6
10 Separation of nose module 561.9
11 ACS thruster ignition 566.9
12 Firing the MPS Frigate 621.9
13 MPS Frigate cut-off 1685.0
14 S/ Separation -2000 (Depends on S/C

separation conditions)
Depending on mission

15 De-orbiting the Frigate ;
requirements

Table 3.1. The different phases in putting a satellite into orbit
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Figure 3.5. The launch phase and recovery of launcher components
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Figure 3.6. Trajectories during launch and orbit with Soyuz
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Unlike the type of launch illustrated in Figure 3.4, the example shown in
Figure 3.5 concerns launchers that can be recovered for reuse.

Here, we distinguish between two phases in the trajectory: the orbiting phase and
the recovery phase.

The different phases in the orbiting of a satellite are carried out on different
trajectories.

In the case shown in Figure 3.6, a Soyuz rocket has six different stages in the
launch and orbiting phase of its trajectories around the Earth. The trajectory
parameters are given in Table 3.2.

nnnnnn

h,(Km)  -1165 196

h, (Km) 236 713 689 610
1 (degrees) 90 91.1 98.2 98.1 98.0 98.0

a (Km) 7071 6988

e (Km) 0.0009 0.0015

Table 3.2. The different trajectory parameters in orbiting

—Stage 1 corresponds to the launch from the launch pad on a suborbital
trajectory in the ascent phase.

— Stage 2 corresponds to the first firing of the frigate or rocket for orbit transfer
to the second trajectory.

— Stage 3 corresponds to the separation orbit after the second rocket firing, for an
orbit on which there are different load separations from the parent rocket:
1) Pleiades-HR1; 2) 4 S/C ELISA.

—Stage 4 corresponds to the third firing of the frigate or rocket for the
intermediate orbit.

— Stage 5 corresponds to the SSOT separation orbit after the fourth rocket firing,
for an orbit in which there are different load separations from the parent rocket:
1) the upper part (ASAP-S); 2) SSOT.

— Stage 6 corresponds to the re-entrance orbit after the fifth rocket firing, for an
orbit on which the rocket re-enters the Earth’s atmosphere.
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Figure 3.7. The different phases and trajectories of Ariane

In the case shown in Figure 3.7, the different phases from launch to orbit can be
distinguished in the trajectories followed around the Earth by an Ariane rocket.

3.3. Important parameters for launcher selection

When designing a space system, it is necessary to anticipate the vibration and
acoustic parameters of launchers in order to constrain their effects. Tables 3.3 and
3.4 show the frequency characteristics of the Soyuz launcher.

Frequency range (Hz)
Direction 1-5 5-10 10-20 20-30 30-40 40-60 60-100
Sine amplitude (g)
Longitudinal 0.4 0.5 0.8 0.8 0.5 0.5 0.3
Lateral 0.4 0.6 0.6 0.4 0.4 0.3 03

Table 3.3. The characteristic frequencies of a Soyuz launcher (sine)
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ST-type fairing

Flight limit level (dB)

Octave Center

Frequencytiz) (reference: 0 dB = 2105 Pa)
315 86
63 92
125 93
250 99
500 103
1000 107
2000 {1ie]
OASPL ™ (20-2828 Hz) 118.3

(1) OASPL: Overall Sound Pressure Level

Table 3.4. The characteristic frequencies of a Soyuz launcher (acoustic)

Figure 3.8 shows the expected PSD (power spectral density) as a function of
vibration frequency in random mode for a Falcon 9.
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Figure 3.8. Falcon 9 vibration parameters in log—log scale
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Figure 3.9. a) Block diagram; b) example of a satellite
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There is a quasi-static regime of 15 g around an average of 33 Hz, and a
percussion regime corresponding to a shock of 1,000 g at 1,000 Hz.

It is therefore necessary to anticipate the various impacts and consequences on
the satellite system.

A block diagram and an example are given in Figure 3.9 for a reminder of the
various subsystems and the physical parameters to be considered such as volume,
mass balance, power balances, linkage balances, scientific need, etc.

UVSQ-SAT is made up of several subsystems, including the mechanical
structure, the power subsystem, the thermal control subsystem, the attitude
determination and control subsystem (ADCS), the command and data handling
subsystem (CDHS), the communication subsystem and the payload subsystem
(Earth Radiation Sensor (ERS), UVS, TSIS and a three-axis accelerometer/
gyroscope/compass (TW sensor)).

To illustrate the key elements involved in putting a satellite into orbit, Figure 3.10
shows those of INSPIRE-SAT 7: launch, ejection, deployment, reception of the
beacon identification signal and flight operations.

Confirmation of satellite

release from podSat
(INSPIRE-SAT 7 is ON)

Ejection successful xx/xx/2023 e ——

- e ~
-
-
i // Antennas deployment
FE / & detumbling phase
s / (INSPIRE-SAT 7 beacon sent
/ | every 30s)
! ‘\ ‘l Reception successful xx/xx/2023
I
| \ I
| Launch onboard \ . B
s X Falcon9 \ Satellite commissioning
| ([NgglieE SATa'/’ c%‘:ﬁ N ~ (First INSPIRE-SAT 7 beason received
= s
- on ground}
Deployment Launch xx/xx/202
successiul xx/xx/20 xx/xx/2023

Flight operations
(Science, Technology,
HamRadio)

Figure 3.10. Key milestones in the launch of INSPIRE-SAT 7
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3.4. Setting up and maintaining a satellite

As described in section 3.1, the main functions of a propulsion system are to
transfer the satellite from the launch vehicle injection orbit to its final orbit (or to an
interplanetary trajectory for scientific missions), and to provide station keeping (in-orbit
control), as well as attitude control in certain satellite operating modes.

The parameters given for each phase can be identified as examples of the
requirements of a propulsion system with a specific impulse (50-2,500 s) in the two
main phases of orbit and attitude transfer and control.

— the transfer phase:

- spin 3—15 rpm,
- apogee 1,500 m/s,
- despin 15-0 rpm;
— the orbit and attitude control phase:
- fine positioning 8.5 my/s,
- N/S positioning 45 m/s per year,
- E/O positioning 3.5 m/s per year,
- deorbiting 6 m/s,
- attitude acquisition 8,500 N,
- three-axis control 10° Ns;

— a launcher can rely on different types of propulsion:
- solid propellant,
- cold gas (0.05-20 N),
- liquid, electric, plasma (0.1 N),
- electrostatic (0.02 N),
- electrothermal (0.2 N), etc.;

— ergol consumption, specific impulse and thrust: when launching a rocket, the
parameters to consider are mass consumption of ergol, specific impulse and thrust.

The mass of ergol consumed in kg is given by the following equation:

AV
AM = M, (1 - eyofsp> [3.1]



Space Launchers for CubeSat Satellites 107

where M, (kg) is the launch mass, AV (ms") is the velocity increment and

Jo = 9.81 ms™2 is the standard acceleration of gravity.

Igp, (s) is the specific impulse of the thruster, which can be expressed as:

F
Iy = — [3.2]

=
where F (N) is the thrust and 1 (kgs™) is the mass flow rate.
The thrust F (N) of the thruster is written as:
F = mVs + As(Ps — P..) [3.3]

where Vs (ms™) is the ejection velocity, Ag (m?) is the nozzle outlet cross-section,
Ps (Pa) is the pressure in the outlet plane and P, (Pa) is the external pressure.

To launch a rocket into orbit, it is necessary to know the weight of the rocket, the

thrust of the engine and the resistance of the air. These are the three forces to which
the rocket is subjected, as shown in Figure 3.11.

A rocket is subjected to three forces during its flight:

Its weight P, a vertical force applied to its Center of Gravity .~
Motor thrust F, the axial force applied to the thrust plate

Air resistance R, the force applied To the Center of Aerodynamic Thrust (C.A.T.)

Figure 3.11. The three forces (weight, thrust and resistance) in rocket take-off

The variation Av (m/s) in rocket velocity between the beginning and end of the
propulsion phase is given by the following formula:
= Mo
Av =v,In - [3.4]
where v, (m/s) is the gas ejection velocity, m, is the total mass of the spacecraft at
the start of the propulsion phase and m, is the total mass of the spacecraft at the end
of the propulsion phase. m, and m, are expressed in the same units.
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It is necessary to determine the forces and torques at work as the satellite moves
along its trajectory in order to keep it on station.

The UVSQ-SAT CubeSat satellite is equipped with various subsystems and
sensors, some of which are used to determine its attitude (ADCS and CDHS). These
instruments are attached to the chassis of the spacecraft body. The CubeSat will
orbit the Earth on an elliptical or circular trajectory, depending on the type of
mission. A priori, at least two reference points are needed to locate the instruments
and determine the satellite’s attitude, i.e. one that is fixed in relation to the chassis
system and one to the Earth system. This involves aligning the satellite’s trihedron as
closely as possible with the orbital reference frame in relation to which the satellite’s
orbit is defined, while ensuring stability and limiting angular velocities around the
satellite’s position.

Since the Earth rotates around its axis of revolution, it is also possible to have a
third reference frame linked to the center of the Earth. Furthermore, the gyroscope
measures angular velocity in the frame of reference linked to the satellite body,
relative to an inertial frame of reference. Consequently, a reference frame is
required. We can thus define an Earth-centered inertial reference frame and an
Earth-centered orbit reference frame:

— Earth-centered inertial reference frame (ECI): the reference frame is defined
with an origin at the Earth’s center of mass. The X axis is defined as the axis of the
vernal equinox at J2000, representing the intersection between the equatorial and
ecliptic planes. The Z axis is defined as the Earth’s rotation axis at J2000. Finally,
the Y axis is defined along the above directions to create an orthogonal base. This
reference frame is mainly used to describe the latitude and longitude of the
satellite’s center of mass in its orbit.

— Earth-centered Earth-fixed reference frame (ECEF): the reference frame is
defined with an origin at the Earth’s center of mass. Its X axis is defined at the
intersection of the prime meridian of Greenwich and the equator. Its Y axis is the
intersection of the equatorial plane and longitude 90°. The Z axis extends across
the true North and South Poles, and coincides with the Earth’s axis of rotation.

— Earth-centered orbit reference frame (OC): the reference frame is defined with
an origin at the Earth’s center of mass, with the X axis toward perigee, the Y axis
along the semi-small axis and the Z axis perpendicular to the orbital plane to
complete the straight-line system.

The different faces of the CubeSat are named in relation to the reference frame
of the chassis, as shown in Figure 3.12. Two opposite faces correspond to an axis.
The frame of reference of each instrument is fixed relative to the frame of reference
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of the CubeSat chassis. The instrument undergoes a single constant rotation relative
to the satellite frame of reference. This rotation must be applied for measurements to
be referenced to the satellite frame of reference.

T.{

3 — axis gyrometer:
w = {wy,wy,wz)

3 — axis magnetometer:
B = {Bx,By,Bz}

6 — panels photodiodes:
®p = [(Ppyx. Pp_x. PPsy, PPy, PPz, Pp_z}

6—ERSCNT:

hent = [dentyy, dent_yg, dent,y, bent_y, dent,z, dont_z}
6 — ERS OSR:

dosr = {Dosr.y, Posr_y, Dosr.y, Dosr_y, dosr,z, Dosr_z}

Figure 3.12. The instrumental frame of reference
is fixed relative to that of the satellite

In this case, the Orbit Reference Frame (O) is used. It is defined so that its origin
is located at the center of the CubeSat or satellite. The origin rotates relative to the
ECI with an angular velocity of wy. Its Z axis points toward the center of the Earth
(the nadir). The X axis is perpendicular to the preceding axis in the direction of
spacecraft motion. The Y axis completes the system in a right-axis frame of
reference. The orbital frame of reference is used for attitude control.

Note that the axes involved in attitude control are such that: the x-axis is that of
roll (left-to-right motion), unit of orbital velocity, tangent to the orbit; the y-axis is
that of pitch (forward-to-reverse motion), unit of angular momentum, normal to the
trajectory; the z-axis is that of yaw (motion around a vertical axis), geocentric.

If we denote w}, the angular velocity vector of the CubeSat body in the ECI, and
I its moment of inertia matrix (/.= 1,,= .. = 0.00205 kg m2), we can demonstrate
that:

Ik = Tgg + Taero + Tr + Ty —wi(Iw) + h) — A [3.5]

where W} is the time derivative of w}, Tg; is the gravity gradient (disturbance
torque), Tyero 1S the aerodynamic drag (disturbance torque), T, is the residual torque,
T, is the control magnetic torque (with a control magnetic moment), /4 is the angular
momentum vector of the reaction wheels and A is the time derivative.
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Unit quaternions provide a convenient mathematical notation for representing the
orientation and rotation of three-dimensional objects. In comparison with
Euler angles, they are simpler to compose and avoid the problem of gimbal
blocking. In comparison with rotation matrices, they are numerically more stable
and can be more efficient.

In this case, the matrix equation in terms of quaternions has the following
expression:

q1 0 Wy ~Woy  Wox q1
‘:12 — 1|7 Woz 3 0 Wox  Woy ||q [3.6]
43 2| Woy Wox 0 w,, q3
Ga ~Wox ~Woy  —w,, 0 [l4s

where W, W,,, and w,,, are the components of the angular velocity of the CubeSat
body (w?) (see Figure 3.13).

This angular velocity vector is linked to the body of the CubeSat (moving
vector). It is expressed as a function of the angular velocity vector linked to the body
of the CubeSat, wj, in the ECI by the following relationship:

wg = wj — Ay /[0 — w, O 3.7]

where A,/ is the transition matrix from reference system i (coordinate system
linked to the Earth-centered orbit frame of reference) to reference system o
(coordinate system linked to the orbit frame of reference centered on the CubeSat,
the moving frame of reference). [0 — w, 0]7 is the transpose of the vector oriented
along the Oy axis of the o frame of reference.

The coordinate transformation matrix A, ;, has the following expression:

a5 —a5+a;  2(q:192 + 93q4) 29193 — 92q4)
Aoy = | 2(q192 — 9304)  —aqi+q5 — a5 +ai 2(q293 + q1qa)|  [3.8]
2(01q3 + 4294)  2(q293 — 0194) —a3—q5 +q5 + 45

Figure 3.13 shows an example of an open-loop simulation with actuation of a
magnetic coupler. In the absence of actuation, the UVSQ-SAT rotates with natural
spin. After ten hours of natural spin, a 0.2 Am” actuation simulation is run along the
CubeSat’s X axis.

An actuation lasting 600 seconds alters the motion of the CubeSat, as shown in
Figure 3.13. An actuation lasting 120 seconds generates a change in attitude rate
greater than 0.05 radians per second (along the Y axis).
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Figure 3.13. Components of the angular velocity of the CubeSat body (wf)

Figure 3.14 shows the UVSQ-SAT example of CubeSat attitude measurement.
Remember that a satellite’s attitude is the orientation of a three-dimensional frame
of reference linked to the satellite in relation to another frame of reference. The
frame of reference outside the satellite is chosen from an inertial frame of reference
(ECI) or a local orbital frame of reference (O): X in the direction of the satellite
velocity vector (determined solely by the orbit), Z directed toward the center of the
Earth and Y, so that (X, Y, Z) forms a direct trihedron. The X and Z axes are both
contained in the orbital plane. Attitude control corresponds to the control of
orientation in space and movements back and forth (pitch), left and right (roll) and
around a vertical axis (yaw). The satellite’s attitude is determined by measurements
along the three axes of the magnetic field, as well as other measurements with onboard
instruments such as the three-axis accelerometer, three-axis gyroscope and solar
photodiodes. The gyroscope makes it possible to eliminate outliers in the initial
determination of the satellite’s attitude by magnetic and solar measurements (ground
data processing). A method based on Kalman’s extended multiplicative filter is used to
determine the attitude, as shown in Figure 3.14.
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Figure 3.14. ADCS general control loop on a CubeSat. In blue,
the ADCS subsystems used in the UVSQ-SAT mission

The gyroscope measures the CubeSat’s rotation speed. The magnetometer
measures the Earth’s magnetic field. This provides a vector that is used to estimate the
spacecraft’s attitude. In addition, a magnetic field model is used to predict the direction
of the field and its intensity at the spacecraft’s position. The accelerometer measures
the acceleration of the CubeSat, but these measurements are not used in determining
the CubeSat’s attitude. The six low-resolution photodiodes provide an estimate of the
vector pointing toward the Sun in the CubeSat body axis reference frame.

The UVSQ-SAT CubeSat has three magnetic couplers. The UVSQ-SAT iMTQ
board features a set of three perpendicular electromagnetic coils or actuators (two
torsion bars for the X and Y axes with an actuator power per rod of 0.2 W, and an
air coupler for the Z axis with an actuator power of 0.7 W). This is used with other
vectors to provide CubeSat attitude information.

The three magnetic couplers create a magnetic field that interacts with the Earth’s
magnetic field. They are used to tilt the satellite after P-POD deployment. A tumbling
mode is also available to reduce the movement of the CubeSat. UVSQ-SAT, with its
iMTQ card, uses a simple algorithm to decelerate satellite rotation. The couplers are
also used to rotate the CubeSat (actuation). In the case of UVSQ-SAT, it is only
possible to operate the couplers using a CubeSat remote control (open loop).

The servo-control system used to maintain the CubeSat’s attitude is made up of
the sensor subsystems gyroscope, magnetometer, accelerometer, six photodiodes
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and Star Tracker, which supply dynamic position and orientation data. After
filtering, the data is sent to a PID, which receives the value of the error on the
estimated position quaternion with respect to the reference value, and the estimated
value of the angular orientation. The latter outputs two signals corresponding to the
required values of Ty, and T,., the required control magnetic torque (with a control
magnetic moment) and the required residual torque, to activate the three reaction
wheels and three magnetic couplers (iMTQ) for CubeSat station keeping.

The satellite’s spin movement is made possible by the use of “magnetic
couplers™. It is possible to vary the magnetic moment by up to 0.2 Am* (0.2 per Tesla)
for each axis of the UVSQ-SAT, with maximum power consumption of the iMTQ
on the electronic board close to 1.2 W.

The magnetic torque T, is given by:
Ty = M,,B [3.9]
where M,, is the magnetic moment and B is the geomagnetic field.

A magnetic coupler with a dipole moment of 0.2 Am” is a good compromise for
flexibility (see Figure 3.13, valid up to a 3U CubeSat). In less than 120 seconds
of activation, the CubeSat can be moved to reach the desired target point (see
Figure 3.14).

Perturbing
iMTQ current Torque torques
control command | 4

Dynamics

Attitude T
Estimate

l_ Byias Boyr
SLrategg,

Figure 3.15. UVSQ-SAT control system diagram

The Earth’s magnetic field, which can be measured by UVSQ-SAT, varies in
intensity mainly as a function of latitude (¢) and altitude (%). A simplified model
leads to the following expression for the field B:

RE
Rg+h

B(x,y,2) = BO( )3 + /1 + 3s5in2() [3.10]
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where By is equal to 30 puT and ¢ is the latitude measured from the equator (0 degrees)
to the poles (90 degrees).

3.4.1. CubeSat trajectory

The equations of motion are linearized to determine the CubeSat’s trajectory.
The dynamic equation expresses the orientation motion as a function of the torques
experienced by the satellite.

In its local reference frame, the application of the moment of inertia theorem
leads to the following equation:

d - — - >
Ia(wb/,)+wb/,/\lwb/, = ZCb [311]

where [ is the inertia matrix, @), /1 1s the angular velocity of the satellite in its frame b

relative to the inertia frame I, and ), C? is the sum of the torques acting on the satellite.

The kinematic equation in terms of the quaternion q(t) is used to determine
velocity variations and is written as follows:

a 1
—q(t) = (wp, ® q) [3.12]
where the quaternion @y, = (0, @y /).

The linearization assumption is justified in the case of small perturbations
between each estimate, leading to Wese 41 = West x + Ow.

Sw(t)

>, so that the
5q(t)

The expression for the state vector is given by X ) = (

dynamic equation is written in the following form:

a(dw®)) _ re Sw(t)
df<6q(t)> —Fee. (6q(t>) B3]

The observation model leads to the following equations:

ék = y)r?zes,k A ygst,k = yrliles,k A Pé’ (qest,k):)_}l(cJ [3.14]

with ¥ determined using the magnetic field model.
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dav(t)

. dar - - -
From the expressions ;—(tt) =V (t) and aral Iy + [hero, the new state vector

takes the following form:

Sw(t)
8q(t)

()
\ 40) /
In-orbit maneuvers to maintain the satellite in orbit are mainly of two types:

major, requiring high-speed increments, or impulse, for in-orbit satellite
maintenance.

X = [3.15]

— major, requiring high-speed incrementation:
- apogee maneuver from GTO orbit to geostationary orbit,
- orbital inclination correction,
- change of program for a space probe, e.g. diversion to a new comet,
- deorbiting maneuver for a return to Earth from an orbital station,

- injection into a hyperbolic escape orbit in preparation for interplanetary
travel,

— impulse, to maintain a satellite in orbit:
- minor corrections to orbital parameters,;
- corrections to avoid collisions,
- orbital time recalibration,

- adjustment of arrival time on a planet.

3.5. Conclusion

Putting a satellite into orbit requires the use of a launcher. In the 21st century,
launchers are being proposed by public state bodies or private companies following
the evolution of the space age presented in the first chapter. Legislation imposes
standards that satellite manufacturers must meet. Satellite specifications are fairly
restrictive in terms of safety, avoidance of collision with other elements in orbit, and
controlled degradation and end-of-life cycle. The selection of a launcher depends on
standard parameters, such as cost and deadlines, and also on the geopolitical
situation and the availability of the launcher. Given the laws of physics, these
launchers are able to put satellites into orbit, generally at altitudes which are
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between 500 and 600 km above the Earth’s surface for CubeSats and higher for
larger satellites. The altitude of the orbit entails different standards to be met, which
are more stringent above 600 km.

3.6. Appendix
3.6.1. The mechanics of a solid body

When studying the orbit of a solid object such as a natural or artificial satellite
around a central body, which may be a planet or a star, it is necessary to have at least
two axis systems: one coincident with the moving solid and the other coincident
with the attracting center. The difference between a material point and a solid body
regarded as rigid to a first approximation, i.e. not subject to vibrations, is that the
solid can be in translational motion as well as in rotational motion.

Two coordinate systems are therefore used to describe the motion of the solid
(see Figure 3.16): an “immobile system”, i.e. a Galilean system XYZ with center O,
and a moving coordinate system X' = x, Y’ =y, Z’ = z (when O and G coincide),
which is assumed to be rigidly connected to the solid body and to participate in all
its translational and rotational motions. As usual, the origin of the moving system is
placed at the body’s center of inertia G. In this case, the position of the solid relative
to the stationary system is completely determined if the position of the moving
system is given.

Let R be the radius vector indicating the position of the origin G of the moving
system (see Figure 3.16). The orientation of the axes of the latter with respect to the
immobile system is defined by three independent angles. With the three components
of the vector R, the system linked to the solid is described by means of six
coordinates, making the solid body a mechanical system with six degrees of
freedom.

To study the motion of a point M(x, y, z) linked to the moving solid, marked by
the radius vector ﬁ’(X’, Y’, Z’) in the fixed reference frame, we decompose the
motion into a translation-only motion from the origin to the center of inertia
G( doG (X,Y,Z)) and a rotation-only motion of the reference frame of center
G(x =0,y =0, z=0) defined by a given axis of rotation marked by a vector 71 and an
angle of rotation di).

Thus, the elementary displacement dW(X " Y',Z") of any point M(x, y, z) is
given by the expression:

dOM = d0G + dy7i A GM [3.16]
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where dOG is the displacement of the center of inertia G in its translational motion
and that of the point M which changes position during rotation by an angle dy
around the axis passing through G and tracked down by the vector 7.

Calculating the velocity of point M(x, y, z) leads to the following expression:

dOM _ dOG |, dy -

V=" =00 AGM_—t+ﬂ* At=V+OAT [3.17a]

where V is the speed of the center of inertia G in its translational motion and Qis the

angular speed of rotation of the satellite or solid body of direction defined by the
axis of rotation 7.

. . .. (dGM dr -, . .

Note that if point M has a velocity (7) = (E) = V' relative to the moving

G G

frame of reference, which moves while rotating, the velocity of point M(x, y, z) is

written as follows:

- dOM = dGM = L, = T =,
V_W_v+(7)c+ OAE=V+V +0OAT [3.17b]
ZI
Z
Mix,p 2
X

Figure 3.16. Systems of direct orthonormal axes: fixed (O, X, Y, Z), associated with
the reference frame of the center of forces (the Earth or the Sun) and assumed to be
Galilean, (G, x, y, z) linked to the equilibrium configuration of the satellite (artificial or
natural) and (G, X', Y’, Z’) linked to the satellite in its translational motion
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When V' is equal to zero, the acceleration of point M(x, y, z) is written as follows:

o _ (d(V4+OAD)  _ (dV dOAF\ _ (dV g -, =, dF
a_( dat )0_(dt)0+( dat )0_(df)0+(dt/\r)0+(Q/\dt)o

[3.18]

av . . . . .. . . .
where 2 18 the acceleration of the center of inertia G in its translational motion. This

gives rise to a driving force (force field of the equivalence principle) when
multiplied by the point mass located at M.

By expanding expression [3.18], we get:

3:(‘2—‘?)0+(§)0/\F’+5/\(§_2’/\?) [3.19]

where 3, the angular speed of rotation of the satellite or solid, is assumed to be

. . dﬁ — = = >
non-uniform, leading to the term AR and where the term QA (.Q/\ r) due to the

rotation of the reference system linked to the satellite gives rise to an inertial
acceleration that results in a so-called “centrifugal” inertial force when multiplied by
the point mass located at M.

If point M has a velocity V' relative to the moving frame of reference, which
moves while rotating, the acceleration of point M(x, y, z) is written as follows:

In this case, we have:

(‘Z—i)o = (%)G +OAV [3.21a]
and:
(g_i/\z—f)o=§/\((Z—f)6/\(§_§/\?)0)0=§/\7’+5/\(§/\F [3.21b]

By expanding expression [3.20], we determine the following expression:

= _ ﬂ d_v’ -~ =7 @ g P ~ =
3= (dt)0+(dt)0+29""+dt” +OA(GAT) [3.22]
where, in addition to the relative acceleration of point M in the translating and
rotating frame of reference, an inertial or Coriolis acceleration term appears. This
gives rise to a Coriolis inertial force when multiplied by the mass of point M.
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Note that this Coriolis inertia term can become significant in a CubeSat’s in-flight
reliability issue if the subsystems attached to the satellite frame are not rigidly fixed
to the frame.

3.6.2. Euler angles and rotation matrix

In order to study block rotations of a rigid system, we rely on the identification
of the axis of rotation defined by a unit vector i and the angle of rotation ¢. The two
angles (polar, 0, and azimuthal, ¢), which in the spherical coordinate system identify
the unit vector and the angle of rotation, ¢, show that three parameters are needed to
define a rotation in three-dimensional space. The same rotation can also be defined
using three Cartesian components of the vector figh. This method is not easy to apply
when studying the properties of rotations. For example, the addition of vectors of
type figp is not possible if successive rotations are to be characterized [HAM 62,
LIP 65, EDM 74, GIL 74, LAN 75, SAK 94, TIN 03].

It is easier to use 3 X 3 orthogonal matrices, which form the SO(3) group under
the matrix multiplication operation (S for special, O for orthogonal and 3 for
dimension 3). It is therefore customary to define the rotation of the molecule’s frame
of reference in terms of the three Euler angles, which position the moving frame of
reference in relation to the fixed one, by means of three rotations around three axes.
These rotations and axes are defined as a rotation by an angle 8 (0 < € < 2x) around
the Z axis of the fixed frame of reference [HAM 62, LAN 66a, ROS 67, EDM 74], a
rotation by an angle ¢ (0 < ¢ <) around the line of nodes (new position of the OY
axis of the starting fixed frame of reference after the first rotation) and a rotation by
an angle ¥ (0 < y < 2m) around the z = 7’ axis of the moving frame of reference
(final position of the OZ axis of the starting fixed frame of reference).

If we refer to R(6, ¢, ) as the operator corresponding to the three rotations and
defined by R(8, @, x) = exp (_—;lsz) exp (%]yr) exp (_—;;G]Z), it can be seen that
we can define the rotation operation with respect to the fixed axes such that
R(6,p,x) = exp (% ]z) exp (% ]y) exp (g ]z) using the transformations R, (¢) =
Rz(0) Ry(¢) Rz*(6)and R, (x) = Ry, (@) R;(x) R;,l (¢), where the three matrices
refer to rotations around fixed axes.

Let (0,)?, Y, f) and (0,%,¥,Z2) be two direct orthonormal coordinate systems.
The orientation of the reference frame (0, X, y, Z) with respect to the reference frame
(0,)? Y, Z ) can be broken down into three successive elementary rotations, namely
@ “precession”, O “nutation” and y “proper rotation” (Euler angles), according to the
following layout:
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0,XY,2) — (0,492
— rotation @ around axis OZ (0,X,Y,Z) — (0,%,,¥,, Z,) with Oz, = 0Z
— rotation 0 around axis Oy, (0, %1, ¥1,2,) — (0, X, J», Z,) with Oy, = Oy,
— rotation y around axis Oz, (0,X5,¥,,Z,) — (0,%,¥,Z) with Oz = Oz,
with reference to Figure 3.17.
1) Rotation of angle ¢ (0 to 2 w) around axis OZ.

The basis vectors of (0, Xy, ¥4, Z;) are expressed in terms of the basis vectors of
0,X,Y,2):

#=cosp X +sinpY + 0 x Z [3.23a]
Jp=—sing X + cosoY + 0 x Z [3.23b]
Zi=0xX+0xY+1xZ [3.23¢]

which can be written in matrix form as:

% cosgp sing 0\ /X
Y1 |=|-sing cosp 0]|Y [3.23d]
7 0 0 1/\7

Figure 3.17. Euler angles for moving from one
reference frame (O, X, Y, Z) to another (O, x, y, z)
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2) Rotation of angle 0 (0 to ) around axis Oy,.

The basis vectors of (0, X,, ¥,, Z,) are expressed in terms of the basis vectors of
(0,%1, 1, %)

¥, =cos ¥ + 0 X y; -sinf Z; [3.24a]
Jo=0X%H +1 X3 +0x 7 [3.24b]
Z, =sinf X; + 0 X j; + cosf Z; [3.24c]

which can be written in matrix form as:

’:‘:2 cosf 0 -sinf ’El
Y2/=1L 0 1 0 Y1 [3.24d]

Z, sinf 0 cosf

Ny

1
3) Rotation of angle ¥, (0 to?2 n) around axis Oz,.

The basis vectors of (0,%, ¥, Z) are expressed in terms of the basis vectors of
(0,%3, 2, 2,):

X=cosy X, + sinyy, + 0 X 7, [3.25a]
y=—siny X, + cosyy, + 0 X Z, [3.25b]
F=0XZ +0XG, +1X5 [3.25¢]

which can be written in matrix form as:

X cosy siny O\ /[%:
(?) = (— siny cosy 0) Vo [3.25d]
z 0 0 1/\z

The base vectors of the (O,X,y,Z) frame are written in terms of the base

vectors of the (0,X,Y,Z) frame by multiplying the matrices and respecting the
order of rotation operations:

X cosy siny O\ /cosd 0 -sinf\ /cosg sing O\ /X
<37> = (— siny cosy 0) ( 0 1 o0 ) <-sin @ cos@ 0) Y
7 0 0 1/ \sinf 0 cosé 0 0 1/ \7

[3.26a]
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Finally, the unitary rotation transformation matrix R(¢, 6, y), which is the
product of the three matrices, is ultimately expressed as:

R(9,0,%)
cos @ cosf cosy — sin @ siny sin @ cosé cosy + cos @ siny —sin@ cosy
= | —cos @ cosf siny —sin @ cosy — sin @ cosf siny + cos @ cosy sinf siny

cos ¢ sinf sin ¢ sinf cosf

[3.26b]
3.6.3. Quaternions

A quaternion is a hypercomplex number that is an extension of complex numbers
in four dimensions, invented by Sir William Rowan Hamilton in 1843 [HAM 44-50].
A quaternion is a quadruplet of real numbers where the first element is a
“scalar” (qo) and the three elements are grouped in the form of a “vector” or “pure

imaginary” number ¢ = (qy, 9z, q3).

A quaternion q is written in the following form:

q=(q909) [3.27]

or as an extension of a complex number z = a + ib = |z|e!® = |z|(cos® + isinh),
operating in two-dimensional space, to a hypercomplex number operating in
four-dimensional space, in the form:

q=qo +iq+jq tkqz=qo+§ [3.28]
with 2 =-1,j2=-1,k*=—-1,ijk=—1 and ij =k = —ji,jk =i = —kj, ki=
j = —ik. Quaternions are used or operate in four-dimensional space. A quaternion

can be represented by ¢y, a scalar, and ¢, a vector.

In the same way that operations with complex numbers can be interpreted as a
computational method for representing rotations in 2D, quaternions can be used to
extend the notion of rotation in three dimensions to that in four. Calculating with
quaternions avoids the gimbal effect when using three rotations with Euler angles to
move from one frame of reference to another in 3D.

3.6.3.1. Quaternion operations
Let there be two quaternions, p and q:
P = Do + il +poj + 3k [3.29a]

q=qo+qii+qzj+qsk [3.29b]
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3.6.3.1.1. Addition

Adding p and q leads to:
P+q=@o+4q0)+ (1 +q)i+ P2+ q2)j+ (ps +q3)k [3.30a]
P+qa=@o+ P)+(q+4§) =@+ q0P+q [3.30b]

3.6.3.1.2. Multiplication
Multiplying p and q leads to:

P4 =Poqo+Pod +qP+PXq—-P-q
=09 — P q Poq+ qop +D %X q) [3.31a]

where the operations between vectors correspond to the outer product (vector
product) and the inner product (scalar product).

Note that multiplication is associative and distributive, but not commutative,
because:
P =Podo+Pod+qP—-PXq4-p-q
= (Po9o —P "4, Poqd + qoP —P X q) [3.31b]
3.6.3.1.3. Conjugation

Conjugating p and q leads to:

9" =dqo— q1l — q2j — g3k [3.32a]

p* =Dpo — 1l —P2j — p3k [3.32b]
SO:

T =q—4q [3.32¢]

P =po—P [3.32d]
and we get:

(pq)" =q'p” [3.32¢]
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3.6.3.1.4. Length (metric)

The length of the quaternion q is obtained from:

lal = Ja g =a2 + @ + a% + q3 [3.33]

3.6.3.1.5. Normalization

Normalizing the quaternion q amounts to constructing a quaternion § of norm
equal to 1. This is obtained as follows:

q == [3.34]

3.6.3.1.6. The inverse of a quaternion

The inverse of the quaternion q can be used for the division operation and can be
defined from:

' =q'q=1 [3.35a]
so that:
g ==L [3.35b]
lq|? ’

Unit quaternions can be used to represent a rotation in three-dimensional space.

3.6.4. Lagrange points

In 1772, Joseph-Louis Lagrange [LAG 67, 72] was interested in solving the
three-body problem in a situation where the mass of one of the bodies could be
neglected. He was thus able to demonstrate the existence of equilibrium points
known as “Lagrange points”. He developed mathematical methods for analyzing the
motions of celestial bodies. His work laid the foundations for many later
breakthroughs in celestial mechanics.

Lagrange discovered five positions in the plane where a small mass can remain
in equilibrium under the influence of the gravitational forces of two large masses.
These points are now known as Lagrange points, or libration points, and are denoted
as Ly, L, L3, Ly and Ls. These are positions where an object of negligible mass can
remain in equilibrium. This is because the gravitational attraction of the two large
masses is balanced by orbital forces (centrifugal force and Coriolis force in a
rotating frame of reference).
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The key steps of the calculation and the results of the work in his dissertation
Essai sur le probleme des trois corps (Essay on the three-body problem) can be
summarized as follows.

The problem addressed was the determination of the motion of three bodies
subject to their mutual attraction according to Newton’s laws, in the special case
where two of the bodies are of large mass (M; and M,) and the third body is of
negligible mass (m << M, and M,). The case of an artificial satellite of the CubeSat
type (m.) orbiting the Earth, in the gravitational field of the Sun (Ms) and the
Earth (Mr), is an example of such a situation. By formulating the problem in terms of
potential energy, Lagrange used the mathematical methods he developed using the
calculus of variations to obtain his results. He determined these equilibrium points by
solving the associated differential equations. Figure 3.18 shows the location of these
points in a plan depicting the potential energy map for the Sun—Earth system.

Figure 3.18. Potential energy map of the Sun—Earth
system illustrating the location of Lagrange points

Three of these points are unstable (crest point for L;, L, and L;) and two are
stable (saddle point for L, and Ls). The unstable points are located on the straight
line connecting the two large masses. The stable points are at the vertices of a
rhombohedron inscribed with two equilateral triangles symmetrical with the large
masses located at the other two vertices (see Figure 3.19). L, is upstream of the
Earth’s orbit, and Ls is downstream. Points L, and Ls are stable orbit locations,
provided that the mass ratio between the two large masses exceeds 24.96. This
condition is satisfied for both the Earth—Sun and Earth—-Moon systems, as well as for
many other pairs of Solar System bodies. Objects found orbiting at points L, and Ls
are often called Trojans, in reference to the names of the three large asteroids,
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Agamemnon, Achilles and Hector, which orbit at points L, and Ls in the Jupiter—Sun
system.

Lagrange also developed part of the theory of perturbations, used to study the
effects of perturbing forces on the orbits of celestial bodies. This theory makes it
possible to understand deviations in the orbits of planets and satellites due to the
influence of other bodies. Lagrange points have become the preferred locations for
placing orbital devices to observe and study the Universe (the birth of stars, the
formation and evolution of primitive galaxies, as well as the chemistry of the space
environment) or the Sun. At point L,, we find the JWST (James Webb Space
Telescope — 2021-2040: to observe and study the Universe, mainly in the IR, to
study the density of matter and dark matter and the age of the Universe), Herschel
(2009-2013: astronomical observations in the far IR and submillimeter domains),
Planck (2009-2013: to map the minute variations in temperature and intensity of the
Cosmic Microwave Background), WMAP (Wilkinson Microwave Anisotropy Probe
— 2001-2010: to map the anisotropy of the Cosmic Microwave Background) and
PLATO (PLAnetary Transits and Oscillations — 2026: to discover and characterize
Earth-like exoplanets around nearby stars).

3.6.5. Calculating the L1 and L2 Lagrange points of the Sun-Earth
system

The three-body problem can be solved within the framework of the universal law
of gravitation and Newton’s laws by neglecting the mass of one of the bodies in
relation to the other two. This is equivalent to neglecting the effect of this mass
(third body) on the other two (Newton’s third law of action and reaction, as recalled
in Chapter 3). In the case of the Sun—Earth system, with masses Mg = 1.9891 x 10* kg
and My = 5.972 x 10** kg, and a CubeSat-type satellite with mass m, of less than
100 kg, this situation is reached.

Before determining the position of the Lagrange points (see Figure 3.19), it is
interesting to consider Kepler’s formula, recalled in Chapter 2 (see Figure 2.4),
expressed as follows:

T3
GM,

T =2m

[3.36]

where T is the orbital period of a satellite around a body of greater mass Mc, 1 is the
radius of the satellite’s orbit, assumed to be circular around the mass Mc, and G is the
gravitational constant. The product GM,, which is called the gravitational parameter,
is a constant. This formula shows that if the orbit radius increases (respectively
decreases), the period increases (respectively decreases), corresponding to a lower



Space Launchers for CubeSat Satellites 127

(respectively higher) velocity v = wr = 2% = # on the orbit. This result is

consistent with what is observed for a planet’s velocity at periapsis (greater velocity,
because of a smaller radius) and apoapsis (lower velocity, because of a greater radius).

The Sun—Earth system is a configuration of two masses in circular rotation
(approximating the Earth’s trajectory around the Sun) around their center of gravity.
The Lagrange points are the points in rotation with the same period at which the

infinitesimal mass undergoing no force is located. Noting ﬁs and ﬁr as the position
vectors of the Sun and Earth respectively in the reference frame of the center of mass,
we have:

MsRs + M;R; =0 [3.37a]

Approximating the real elliptical motion by a circular motion for the bodies, we
can use Kepler’s law to determine the angular velocity of rotation of the fictitious

particle of reduced mass at position 7 = 135 - }_?)T, which is given by:

o=Yo [C0sH) [3.37b]
r |Rs—Rr]|

If we look at points L; and L,, the position of the center of mass implies that the
term |RS - RT| represents the distance between the center of the Sun and the center
of the Earth, which will be denoted as R.

For a satellite positioned at L, denoting 1; as the distance between the center of
the Earth and the point L;, the application of Newton’s second law and the law of
universal gravitation (Chapter 2) leads to the following projected expression of the
force on the straight line connecting the center of the Earth and the Sun:

_ GMgm¢ GMtm,

mea, = Rol)? L [3.38a]
In the rotating reference frame (see the appendix in Chapter 2), we have:
2
a, = w?*(R—1) = (R~ 1) [3.38b]

so that after simplifying equation [3.38a] by dividing by the mass m,., we get:

GMg GMT

272 —
EPR-1) = o5 +55 [3.38¢]
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Figure 3.19. Lagrange points L; (i = 1 to 5) and center of mass (C.M)
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Figure 3.20A. L1 Lagrange points by the graphical method with Matlab
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Figure 3.20B. L2 Lagrange points by the graphical method in Matlab

Proceeding in the same way for point L,, we obtain the corresponding equation:

GMg GMT

Gt [3.38d]

(2?”)2 (R+1,) =

Then, it suffices to solve equations [3.38c] and [3.38d] graphically or
analytically to find [; and [,.

With the following values for G = 6.67 X 10" Nmz/kgz, R = 1.496 x 10" m,
Mg = 1.9891 x 10*" kg, My= 5.972 x 10* kg and T = 86,400 x 365.25 s, we can
calculate [; and [,.

The result can be improved by adding the mass M| of the Moon to that of the
Earth, such that M} = 0.0123My. This gives the values [; = 1.493 10°m and
L, =151110"m.

Figures 3.20A and 3.20B show an example of a Matlab program used to
determine l; and [, respectively.
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3.6.6. Center of inertia for a two-body system

The three-body problem can be solved within the framework of the universal law
of gravitation and Newton’s laws. This is possible if the mass of one of the bodies is
neglected, which is equivalent to considering the motion of a mass in the
gravitational field of a two-body system.

The problem of a system composed of two bodies interacting gravitationally can
be simplified by decomposing the motion of the two bodies into two motions: that of
the system’s center of inertia and that of a fictitious mass, called the “reduced mass”.
The system’s Lagrange function can be used to determine the motion [LAN 66a].

Denoting Mg and My as the mass of the Sun and the Earth respectively, and ﬁs
and ﬁT as the position vectors of the Sun and the Earth respectively, the center-of-
mass reference frame of this system is defined by equation [3.37a], i.e. Msﬁs +
MTﬁT = 0. If we refer to the relative position of the Earth with respect to the Sun as
R= ﬁs — f{‘)T, we can calculate the expression for the Lagrangian of the Sun—Earth
system as follows:

5 2 5 2 -
L=-MsRs + MRy — U(|R]) [3.39a]

where U (|I_€ |) is the potential energy of the Sun—Earth system, which depends only
on the distance between the two bodies.

. . =2 =2 .
In the center of inertia reference frame, we can express Rg and Ry as a function
of R as follows:

M =2

R = Vst [3.39b]
= _ Mg -
Ry = FYPye [3.39¢]
so that the Lagrangian (equation [2.10]) can be written as follows:
1 —'>2 -
L =-mR* - U(|R|) [3.39d]

where m = % is the reduced mass of the system. The problem of the Earth’s
S T

rotation around the Sun can be reduced to that of a particle of mass m moving in the
gravitational field that derives from the potential U (|ﬁ |) symmetrical with respect to
the stationary coordinate origin. The problem of the motion of two interacting
material points by a gravitational force reduces to that of the motion of a point in a



Space Launchers for CubeSat Satellites 131

given external field, which derives from the potential U (|ﬁ |), which amounts to
determining the motion of mass m in a central field.

For the solution R (t) of the two-body problem, the motions of the Sun and the
Earth are given by the trajectories ﬁs (t) and ﬁT (t) of the masses Mg and My taken
separately in the inertial reference frame calculated by formulas [3.39b] and [3.39¢].
The rotation period of mass m is the same as that of the Earth around the Sun. This
means that in the frame of reference of the center of inertia of the Sun and the Earth,
masses Mg and My also have the same rotation periods.

In the central field, the momentum of mass m relative to the center of the field
(center of inertia of the Sun—Earth system) is conserved.

In fact, we can write that the time derivative of the angular momentum of the
motion of mass m with respect to the center of inertia L, is given by the expression:
dZo mM -

=2 =0PAF =R, A =G5, =0 [3.39]

since U, AU, = 6, and where O is the center of inertia, P is the center of mass m, R
is the distance between the center of inertia and the center of mass m, M is the total
mass at the center of inertia (M = Mg + My) and G is the gravitational constant. As
a result, Zo maintains the same orientation and amplitude over time.

Since L, = OP AmV = i, A mvi,, i, and i,, which are the unit vectors along
the radius and tangent to the trajectory respectively, are perpendicular to L.

Since Zo keeps the same orientation and amplitude over time, this means that the
plane formed by 7, and vii, does not vary over time and that the trajectory of mass
m around the center of inertia remains in the same plane.

It is more convenient in this case to express the Lagrangian [3.39d] in polar
coordinates (R, @) as follows:

L =>mR? +-mR?¢? - U(|R]) [3.39f]

Using equation [2.11] from Chapter 2, it is easy to show that conservation of
angular momentum leads to the following expression for L:

Lo = smR¢ [3.39]
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From the expression [3.39f], we can calculate the generalized coordinates, in this

case, the canonical generalized momenta by p; = :—;, to determine the Hamiltonian
L
of the system or calculate the energy function of the system, such that:

L02
2mR?

+U(|R|) [3.40a]

E= %mRZ +%mR2¢J2 +U(|R|) = %mR2 +

from which we can determine R and ¢, and the period of motion around the center
of inertia.

For R, we obtain from:

Rz =2(E-U(|R])) - 22 [3.40b]

m2R2

which allows us to calculate ¢ in the following form:

t=[ L dR + Const [3.40¢c]
2 - Lo?
E(E—UURD)—msz

and, from equation [3.39g], to express ¢ as a function of R in the following form:

o= RZ dR + Const [3.40d]

Formulas [3.40c] and [3.40d] give the general solutions for the motion of mass m
in the gravitational field of total mass M, located at the center of inertia. These
formulas are valid for a satellite of negligible mass compared to the masses Mg and
My, insofar as the satellite does not influence the motion of the Sun and the Earth.
Equation [3.40c] gives the distance R as a function of time, and the trajectory
equation, meaning R as a function of ¢ or vice versa, is given by [3.40d].

Note that in the energy expression, [3.40d] shows that the radial part of the
motion can be considered to be determined by an effective potential given by

L02 = L02 . .
w2 T U (|R|) The term p— corresponds to the centrifugal energy of mass m in the

inertial frame of reference.
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The values of R for which we have equality:

E =

2 -

—o—+ U(|R|) [3.40¢]
lead to the limits in terms of the radius of motion, since these are the points for
which we have R = 0. These are points of trajectory reversal, where the function R(t)
changes from an increasing to a decreasing value and vice versa, while ¢ is not
necessarily zero. For trajectories between bounded values R, and Ry, the
trajectory is inside a ring bounded by circles of radii R,;;, and R,., the trajectory not
necessarily being a closed curve as ¢ varies. These formulas can be used to calculate
satellite trajectories at Lagrange points.

Therefore, in the reference frame rotating around the center of mass, the
centrifugal force and the Coriolis force according to equations [3.18] and [3.22]
must be taken into account in the application of Newton’s second law, so that the
expression of the force on the mass is given by:

- M m - = M m >
Fin = —GS—C3(rC —Rs) +G_)T—C3(

-

|FC_RS| |rc_RT

—2 — s
mcg FC - chg/\ FC
[3.41]

Satellites at Lagrange points are subject to both of these forces, giving them a
trajectory around the Lagrange point when the thrusters maintain the satellites
around L1 and L2, which are unstable points.

3.6.7. SU(2) and SO(3) groups

A correspondence exists between the SO(3) group of rotations defined in the
physical space of rotations and the SU(2) group defined in the quantum space of
spins. The elements presented can be found in references [HAM 62] (Chapter 8),
[GIL 74] (Chapter 5) or [LIP 65] (Chapters 1 and 2).

SU(2) is the set of 2 X 2 complex matrices, M, with determinants equal to +1,
and which satisfy the property MTM =1I:

a b .
M= (_b* a*) with |al? + |b|? = 1 [3.42a]
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Only three independent parameters are needed to determine the elements of the
SU(2) matrix M. A commonly used form is written as follows:

i i
cos2ez¥*  inf ez -9
M= P o [3.42b]
—sin> ez ¥ ?  cos 3 e 2V

with0 <0 <7, 0<yY <4mand0 < ¢ < 2.

The 2 X 2 matrix, which is a representation of the O(3) rotation group, is called
the Dy, irreducible representation.

The vectors that transform in SU(2) are spinors that can form a basis for the spin
operator S. Spinors are used to represent the “s-spin fermions [LAN 75] used in
Dirac’s theory (Dirac used Pauli matrices to construct the definite 4 X 4 matrices of
the Dirac equation and called this four-dimensional space the space of bi-spinors,
which includes particles and antiparticles; we therefore restrict ourselves to the
space of particles), which can be written as ®,, where @ = 1,2. This can be
considered analogous to 3D vectors in the case of the SO(3) rotation group. We can
write that ¢ = M,z ®p.

There is a homomorphism between the SU(2) group and the SO(3) group (each
element of SO(3) corresponds to two elements of SU(2)). If M € SU(2) has as its
image R(M) € SO(3), then we have R(M) = R(—M).

The application between SU(2) and SO(3) can be chosen in the following form:
Ry (M) = -Tr(o;Mo,M~Y) where ik =123 [3.43a]

where g; are the Pauli matrices defined by:

o = ((1’ (1)) o, = (? ‘Oi) and oy = ((1) _01) [3.43b]

We deduce that SO(3) representations are SU(2) representations. On the
contrary, the spinorial representations of SU(2) have no analogues in SO(3). The 2 x 2
matrix representation of SU(2) corresponds to the lowest dimension of the spinorial
representations of SU(2).

3.6.7.1. SU(2) and SO(3) representations

The SU(2) representation is the one used in angular momentum theory in
quantum mechanics.
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Indeed, kets are defined from the common eigenfunctions of the operators

12 and l,, denoted as |lm) with [ = 0,%, 1,%,2, wandm=—-L—l+1,..,1—1,1.

To each I corresponds a distinct irreducible representation of SU(2), and the number
of possible values of m, namely 21 + 1, gives the dimension of the representation.

Representations for which 1 is an integer are equivalent to SO(3) representations
and correspond to boson representations. Those for which 1 is a half-integer are
equivalent to SU(2) representations and correspond to fermion representations.






4

Designing a CubeSat

Over the past six decades, hundreds of microsatellites, nanosatellites and even
picosatellites have been launched for educational, experimental and operational
purposes. These small satellites vary in mass from a few grams to approximately
500 kg, covering nearly eight orders of magnitude. Ultra-small passive
yoctosatellites have also been launched: approximately 480 million passive copper
dipoles with a mass of 41 pg, as part of the West Ford project, to create an in-orbit
distributed X-band reflector. The university training program in California, led
by Jordi Puig-Suari of California Polytechnic State University and Bob Twiggs of
Stanford University, has begun to democratize the processes involved in building
a small satellite. For example, a CubeSat with minimum dimensions of
10 x 10 x 11.35 cm (1U) or maximum dimensions of 24U can be assembled from its
various subsystems in a very short time, compared with the time required to build a
space mission. Implementation methods must follow procedures that guarantee the
safe operation of the CubeSat space system in compliance with the constraints of the
specifications for its launch and functionalities, as well as those imposed by
legislation, such as for the trajectory followed or its end-of-life disintegration. With
NewSpace, start-ups and small teams of researchers and students can launch projects
that only two decades ago were the preserve of governments.

4.1. CubeSats, microsats, nanosats and picosats engineering systems
4.1.1. Systems approach and engineering

A space program brings together three entities: a space agency, a group of
scientists for research activities and a dedicated industrial sector. Implementing a

For a color version of all of the figures in this chapter, see www.iste.co.uk/dahoo/nano
satellites1.zip.
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space program is a complex process on a timescale that can be measured in decades.
The evolution of spacecraft design technologies and methods has enabled us to
design highly sophisticated systems in terms of volume, mass, shape, cost and
payloads, to suit the purpose of the mission, whether for scientific research, military
or commercial activities. Before satellite mass reduction and launch costs became
affordable for academics, space missions were only conceivable for governments
thanks to their financial and logistical resources.

As described in Chapter 1, the aim of the 1999 CubeSats project by Professors
Jordi Puig-Suari, California Polytechnic State University (Cal Poly), and Bob
Twiggs, Space Systems Development Laboratory (SSDL), Stanford University, was
to provide affordable access to space for the scientific community through university
training programs. The “CubeSat 1999” project features not only the use of
commercially available technologies with enough robustness to enable the satellite
to be operational for at least two years, but also completion times that are much
shorter than those of a standard space mission, thanks to the ease with which the
modules making up the satellite can be integrated. These two breakthroughs lead to
development costs that are affordable for university programs. This approach has
democratized access to space and made it possible to manufacture entire satellite
systems. However, it must be approached within the framework of systems
engineering by any team of scientists or engineers wishing to devote themselves to
such a task. As a result, many institutions, including major universities, smaller
universities, high schools, colleges and even elementary schools, have been able to
build their own space programs using their CubeSats [KIT 94, HEI 00, CHI 17].

Twiggs and Puig-Suari developed the CubeSat as a 10-centimeter (4-inch) cube
with a volume of exactly 1 liter and a mass of less than 1.33 kg (2.93 lbs). They also
designed a mechanism called P-POD (Poly-Picosatellite Orbital Deployer) to house
the CubeSats during launch. Once the launcher’s main mission has been secured, the
P-POD attached to the launcher can eject the CubeSats into space. A CubeSat can
also be launched from the International Space Station (ISS). CubeSat projects are
small-scale, low-cost, multidisciplinary projects where student teams can learn and
apply systems engineering. The CubeSat program, design specifications and test
requirements are described at cubesat.org [LEE 08, LEE 14, CUB 24].

Implementation methods must follow procedures that guarantee the CubeSat space
system’s operational safety. This applies equally to its end-of-life cycle in terms of its
disintegration on entry into the atmosphere, its orbital trajectory to avoid collisions,
particularly with the ISS, and the procedures followed for its manufacture. This
approach can be dated from 2013 onwards, when space agencies began to take an
interest and the space market opened up to the commercial sector. In this context, the
recommendations of the 2016 GAO Report (Government Accountability Office
November report to congressional committees) [GAO 16] are worth mentioning:
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Systems engineering (SE) is the primary means of determining
whether and how the challenge posed by a program’s requirements
can be met with the resources available. It is a disciplined learning
process that translates capability requirements into terms of
specific design features, and thus identifies the key risks to be
resolved. Our previous work on best practice has indicated that if
programs apply detailed SE before product development begins,
the program can resolve these risks through additional trade-offs
and investments, ensuring that risks have been sufficiently reduced
or eliminated. If a program is pursued, it means that the risks are
clearly identified and understood, and that it is in this case
adequately resourced.

A number of CubeSat features can be found on nanosat.eu/cubesat. The elements
for building a CubeSat can be found in CubeSat 101: Basic Concepts and Processes
for First-Time CubeSat Developers NASA CubeSat Launch Initiative, 2017 [CHI 17].

4.1.2. Key satellite design parameters

In any satellite, we can identify the key elements that make it operational. These
include devices for:

— data management and control by an Open Source onboard computer;
— data backup using SD-type storage cards;

— command, control and data processing;

— energy distribution by batteries;

— communication (uplink and downlink);

— recognition of the satellite by a coded signal (beacon);
— navigation and routing;

— transformation of solar energy by solar panels;

— antenna communication;

— detection of the Earth’s magnetic field (magnetometer);
— radiation detection;

— detection of electrons and charged particles.

The first major subsystem is that which enables the satellite to transmit a
Morse-coded beacon signal for identification. The system must be designed with
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components of sufficient quality for adequate longevity, with an RF domain
emission and an electronic system for:

— power amplification of the signal to be transmitted;
— antenna matching for the beacon frequency;

— interfacing with other boards and components as required by the system:

The 145.830 MHz signal is generated using a quartz crystal. The
signal frequency is assigned by the International Amateur Radio
Union (IARU). OOK modulation for the beacon’s Morse code is
achieved by switching the power amplifier on and off. The data
transmitted by the beacon contains the satellite’s identification
information.

A second element is the communications subsystem, which plays a key role in
the satellite system. It determines whether the satellite is operable in orbit. In the
event of failure, the satellite becomes unusable.

A third important subsystem is the interface between the CubeSat and the launch
vehicle. It provides an attachment to a launcher (or rocket), protects the CubeSat during
launch and releases it into space at the appropriate moment. The standard deployment
system to which all CubeSat developers conform obeys the common physical
requirements of an ejection device, which is called a P-POD (Poly-Picosatellite
Orbital Deployer). The P-POD is designed as a parallelepiped-shaped tube that can hold
up to 34.05 cm x 10 cm x 10 cm of deployable material. When ejected, the CubeSat
will rotate, and onboard magnets will stabilize it in the Earth’s magnetic field.

Finally, as indicated in the first chapter, the satellite’s mission, based on its
scientific objectives, will determine the payload that will make up the satellite’s
other subsystems.

4.1.3. CubeSat design requirements and constraints

When designing a CubeSat, at least the following requirements and constraints
must be taken into account:

— requirements and specifications;

— mission requirements and acceptable degraded modes;

— national and international regulations;

— system cost objectives (development, station keeping, etc.);
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— launch vehicle;

— space environment;

— existing or emerging technologies;

— experience feedback;

— satellite compatibility with existing ground-based resources;
— organization and human resources;

— emerging NewSpace strategies and agile development methods.

4.2. CubeSat structure

A CubeSat must meet certain criteria in terms of shape, size and weight. We will
present the essential elements in the implementation of a CubeSat, taking as
examples UVSQ-SAT, launched in 2021 [MEF 20] and INSPIRE-SAT 7, launched
in 2023 [MEF 22a].

A CubeSat can be used alone (1 unit, 1U) or in a group (up to 24 units, 24U).
Table 4.1 gives a list of the different units possible by assembly of units, as well as
maximum masses by type. The value of n in n U refers to volume, and in this scale
represents approximately n times 1,000 cm’.

Figure 4.1 shows UVSQ-SAT, launched in 2021. It is a satellite in the nanosat
category (between 1.1 and 10 kg) (Table 1.1, Chapter 1), as its mass is 1.2 kg. It is in
cubic form, with dimensions of 11.5 x 11.5 x 11.4 cm’, in the so-called 1U category.

| Type | Dimensions | Mass |

1U 10x 10x 11.35 1-1.33 Kg
1.5U 10x 10x 17.03 < 1.5Kg

2 U (Double) 10x 10x 22.70 < 2Kg
3 U (Triple) 10 x 10 x 34.05 < 3Kg
6 U (x6) 20x 10 x 34.05 < 6Kg
12U 20 x 20 x 34.05 < 12Kg

l6 U 20x20x 454 < 16 Kg
24U 20x30x454 < 24Kg

Table 4.1. Different CubeSats stacks
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Figure 4.1. UVSQ-SAT [MEF 20]

INSPIRE-SAT 7, shown in Figure 4.2, also falls into the nanosat category
(Table 1.1, Chapter 1), as its mass is 3 kg. It is a cube with dimensions of
11.5x 11.5 x 22.7 cm’, in the so-called 2U category.

ERS . Incoming solar radiations +
Thermopile oulgoing terrestrial

with carben radiations

nanotubes ERS i

Thermopile Cutgaing
with optical shortwave
solar reflector radiations

Solar cel

Part of total Solar panel

_soler - Tg|S sensor
irradiance

@ 200-1100 n
Solar spectral UV sensor CUIONO1 payload
rradiance @220 am SPINO payload
Onboard computer + Li-Fi payload
INSPIRE-SAT 7 Sl
Daughter board E:\%ﬁ%dsbﬁad 4

Main board (payload control)

TRXVU

with its Sarcophagus

Structure

iMTQ

Figure 4.2. INSPIRE-SAT 7 [MEF 22a]



Designing a CubeSat 143

CubeSats comprise a series of identically contoured modular housings that are
stacked one on top of the other to form the body of each 1U and 2U nanosatellite.
The modules are held together by tie rods running through the entire stack to allow a
certain dissipation of vibratory energy. They are made up of various subsystems and
modules: batteries, uplink, downlink, power system, thermal control, propulsion
system, telemetry, tracking and control system, onboard data processing, attitude
determination and control system (ADCS) and payload module (Earth observation
compartment with sensors and detectors).

Both CubeSats are fitted with standardized equipment (the space platform),
including magnets to stabilize the CubeSat in the Earth’s magnetic field,
communications with a ground station, and a Morse beacon for identification on an
amateur radio frequency. Differences lie in the payload — depending on their mission
— and concerns the onboard instruments, as well as the volume or improvements in
the equipment needed to operate the satellite.

The UVSQ-SAT is a CubeSat dedicated to Earth and Sun observation as part of
an educational, technological and scientific mission. It comprises a space segment
and a ground segment using at least one UHF/VHF antenna at Observatoire de
Versailles-Saint-Quentin-en-Yvelines (France). The ground segment covers all
activities from monitoring/controlling the CubeSat to generating and distributing the
data produced.

Figure 4.1 shows a UVSQ-SAT representation obtained from computer-aided
design software, on which the layout of all of the printed circuit boards (PCBs) can
be seen:

—1EPS, for electric power supply, is the power supply subsystem;

—iMTQ, for MagneTorQuer board, provides stabilization in the Earth’s magnetic
field after launcher ejection;

—10BC and DB, for onboard computer and daughter board, manage steering and
control data;

—TRXVU, for VHF/UHF transceiver (V-uplink, U-downlink), provides
communication and solar panels for battery power:

- VHF: 145.830 MHz (uplink),
- UHF: 437.020 MHz (downlink).

The primary scientific objective of the orbiting UVSQ-SAT demonstrator is to
measure incoming solar radiation (total solar irradiance) and outgoing terrestrial
radiation (longwave radiation and shortwave radiation leaving the upper atmosphere).
These measurements are made using twelve miniaturized terrestrial radiative sensors
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(based on thermopiles, the advantages of carbon nanotubes and Qioptiq optical solar
reflectors). The expected measurements could thus make it possible to better
constrain the Earth’s radiation balance and, more importantly, the Earth’s energy
imbalance (EEI), which is defined as the difference between incoming solar radiation
and outgoing terrestrial radiation (longwave and shortwave radiations). Direct
determination of the EEI is very difficult, as the EEI is two orders of magnitude less
than the incoming and outgoing radiation fluxes of the Earth system.

The second scientific objective is to monitor solar spectral irradiance in the
Herzberg continuum (200—242 nm) using four photodiodes, which benefit from the
intrinsic advantages of Ga,0; alloy-based sensors. Solar UV variability over time
has important implications for atmospheric chemistry and its modeling.

The UVSQ-SAT is also equipped with an accelerometer, a gyroscope and a
three-axis compass to estimate the satellite’s attitude.

The instruments corresponding to these objectives, and which make up the
UVSQ-SAT payload, are shown in Figure 4.1 by their acronyms and functions during
the mission:

— Measuring incoming shortwave radiation (ISR) and outgoing shortwavelength
Radiation (OSR), and, when fitted with reflectors, for measuring outgoing long
wavelength radiation (OLR).

—UVS (UV photodiode at 220 nm with a FWHM resolution of 10 nm) and TSIS
(UV photodiode in the 200—1,100 nm band with an optical aperture of 3.0): UV
sensors that make up DEVINS (DEep uV INnovative detector technologies for
Space observations).

— The three-axis accelerometer/gyroscope/compass, located above the payload
electronics board.

In summary, the mechanical structure of the CubeSat, which is in itself a
subsystem of the UVSQ-SAT satellite system, is made up of various subsystems:

— power supply;

— thermal control;

— attitude determination and control (ADCS);

— data processing (CDHS);

— communication;

— payload (ERS, DEVINYS);

— three-axis accelerometer/gyroscope/compass (TW sensor).
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The UVSQ-SAT CubeSat structure complies with the CubeSat standard and is
compatible with the ISIPOD or QuadPack CubeSat deployer. The satellite structure
includes two separation switches. These ensure that the UVSQ-SAT CubeSat is
inactive during launch and pre-launch activities.

UVSQ-SAT materials and the selection of coatings must comply with specific
requirements. These include total mass loss (TML) of less than 1% and volatile
condensable collected matter (VCM) of less than 0.1%, in accordance with the
European Space Agency’s guidelines for spacecraft cleanliness control (ESA-PSS-51).

The INSPIRE-SAT 7 shown in Figure 4.2 is a representation provided by
computer-aided design software. It is presented as an arrangement of all of the printed
circuit boards (PCBs), in its 2U dimensions, such as the UVSQ-SAT shown
in Figure 4.1 in its 1U dimensions, with power consumption limited to 3W.
INSPIRE-SAT 7 is composed of several subsystems, such as the mechanical structure,
the power supply subsystem, the attitude determination and control subsystem
(ADCS), the telemetry/monitoring and command and data processing subsystem
(CDHS), the communication subsystem and the thermal control subsystem.

While designed as a continuation of the UVSQ-SAT, with high-quantum-efficiency
ultraviolet and infrared sensors to measure the Earth’s energy (or radiation) balance
(ERB) at the top of the atmosphere (TOA), it has also been developed to probe the
ionosphere. As such, it also carries the payloads (Earth Radiative Sensors (ERS);
Total Solar Irradiance Sensors (TSIS); UltraViolet Sensors (UVS) present on the
UVSQ-SAT.

As part of its mission, it is also equipped with the Ionospheric payload
(CUIONOL1) and antenna for probing the ionosphere to study the climate, a Light
Fidelity (Li-Fi) demonstrator, a wireless communication system using waves in the
near IR-visible range instead of metal wires for mission testing, the SPINO device
(an amateur radio audio transponder), the LATMOS three-axis accelerometer/
gyroscope/compass and the Inertial Measurement Unit (IMU) to meet mission
requirements.

The INSPIRE-SAT 7 power subsystem is different from that used in the
UVSQ-SAT. It is based on an electrical power supply (iEPS) that includes a four-cell
battery with a capacity of 45 Wh. INSPIRE-SAT 7 consists of six solar panels with 20
high-efficiency Azur Space solar cells (30% for early life). The solar cells are capable
of generating between 3.5 W and 3.8 W (orbital average power (OAP) in LEO).

The INSPIRE-SAT 7 ADCS subsystem is identical to that used in UVSQ-SAT.
It is mainly based on a Magnetorquer (iMTQ) card and six coarse photodiodes to
estimate the direction of the Sun. INSPIRE-SAT 7 does not have an active pointing
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system such as UVSQ-SAT. It is equipped with a TRIAD (Tri-Axial Attitude
Determination) device and a MEKF (Multiplicative Extended Kalman Filter) to
determine the satellite’s attitude. It should be noted that these methods have been
validated with UVSQ-SAT data in orbit, and thus represent an important challenge
for the INSPIRE-SAT 7 scientific analysis.

Category Sub-system Maximal Mass (g)
Mechanical Structure (STS-2U) 231.0
Communication board (TRXVU) 84.7
Communication Antenna (AntS) - top 190.3
+ Antennas (AntS) - bottom '
CDHS On-Board Computer (iOBC + DB) 1122
Electrical Power System (iEPS —type B — 45 3476
Power WH) )
Solar panels (SPA 3G30A) 561.0
ADCS Magnetorquers board (iMTQ) 220.0
Photodiodes (TSIS + DEVINS + OS) - 14 120.0
IR detectors (ERS) - 12 96.0
IMU (TW) 30.0
Payload board (PB) 80.0
Payload Front End Electronic (FEE) 120.0
Harness & other 110.0
Radio-Amateur Payload 80.0
Oledcomm payload 70.0
Totem electronic board (IONO sensor) 137.0
Additional mass (structure, antenna, ...) 160.0
TOTAL INSPIRE-SAT 7 2749.8

Table 4.2. INSPIRE-SAT 7 CubeSat mass balance

Category Sub-system Power - Safe Power - Nominal mode
mode (TBC)
Mechanical Structure (STS-2U) - -
Communication board (TRXVU) 480 6175
Communication Antenna (AntS) - top % 516
+ Antennas (AntS) - bottom .
CDHS On-Board Computer (iOBC + DB) 437 490.3
Electrical Power System (iEPS — type B - 45
Powar WH 104 1167
Solar panels (SPA 3G304) - -
ADCS Magnetorquers board (iMTQ) 0 0
Photodiodes (TSIS + DEVINS + OS) - 14 0 20
IR detectors (ERS) - 12 0 20
IMU (TW) 0 60
Payload board (PB) 0 140
Payload Front End Electronic (FEE)
Harness & other -
Radio-Amateur Payload 0 200
Oledcomm payload 0 50
Totem electronic board (IONO sensor) Q 1400
Additional power (structure, antenna, ...) - -
TOTAL INSPIRE-SAT 7 1067 mW 3166.1

Table 4.3. INSPIRE-SAT 7 CubeSat power balance
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The communication subsystem is based on a VHF/UHF transceiver (TRXVU)
and a deployable antenna system (two 60 cm-long antennas for VHF, two
20 cm-long antennas for UHF). The satellite communicates in the amateur band
(UHF selection of 437.410 MHz and VHF of 145.970 MHz), which requires
validation by the International Amateur Radio Union (IARU).

Mechanical Structure (STS-2U) 0
Communication board (TRXVU) 37
Communication Antenna (AntS) - top 40 + 40 =
+ Antennas (AntS) - bottom 80
CDHS On-Board Computer (iOBC + DB) 116
Electrical Power System (iEPS — type B — 121
Power 45 WH)
Solar panels (SPA 3G30A) 36
ADCS Magnetorquers board (iMTQ) 29
Photodiodes (TSIS + DEVINS + OS) - 14 56
IR detectors (ERS) - 12 96
IMU (TW) 28
Payload board (PB) 4
Front End Electronic (FEE) 32
Payload Harness & other 0
Radio-Amateur Payload 100
Oledcomm payload 100
Totem electronic board (IONO sensor) 600 k
Additional mass (structure, antenna, ...) 0
TOTAL INSPIRE-SAT 7 600 835

Table 4.4. INSPIRE-SAT 7 CubeSat telemetry report

Mechanical Structure (STS-2U) 0
Communication board (TRXVU) 18
Communication Antenna (AntS) - top %
+ Antennas (AntS) - bottom
CDHS On-Board Computer (iOBC + DB) 18
Electrical Power System (iEPS — type B - 18
Power 45 WH)
Solar panels (SPA 3G30A) 18
ADCS Magnetorquers board (iMTQ) 18
Photodiodes (TSIS + DEVINS + OS) - 14 22
IR detectors (ERS) - 12 22
IMU (TW) 22
Payload board (PB) 22
Payload Front End Electronic (FEE) 22
Harness & other 0
Radio-Amateur Payload 20
Oledcomm payload 100
Totem electronic board (IONO sensor) 100
Additional mass (structure, antenna, ...) 0
TOTAL INSPIRE-SAT 7 456

Table 4.5. INSPIRE-SAT 7 CubeSat remote control summary
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Tables 4.2—4.5 summarize the main characteristics of the INSPIRE-SAT 7
CubeSat in terms of mass balance, power balance, CT and TM:

TM/TC communication is provided in VHF (GFSK, adjustable baud
rate), UHF (GFSK, adjustable baud rate).

4.3. CubeSat mission implementation

In the case of the UVSQ-SAT, launched in 2021 [MEF 20], there are four
distinct mission concepts that can be separated into operational phases (CONOPs):

— Pre-launch and launch operations.

— Launch of operations in the preparation phase and in-orbit verification of the
satellite platform: deployment of the UVSQ-SAT from the CubeSat deployer,
automatic activation of the satellite by the separation switches, automatic
initialization of the onboard software a few seconds after satellite separation,
deployment of the deployable structures (antenna), automatic activation of the
satellite ADCS to perform autonomous stabilization of the spacecraft, verification of
the link between the ground and the satellite, restitution of the satellite’s orbit thanks
to initial visibilities, verification that all of the platform’s satellite services are
working, activation of the payload and verification of the functionality of all payload
instruments.

— Verification and operation of in-orbit instruments: preliminary configuration,
operational configuration of the satellite, calibration/validation (CalVal) of payload
instruments and comparison with payload ground calibration (ERS, reactivity, solar
absorption (200-2,500 nm), emittance (approximately 10 m), bidirectional
reflectance distribution function for different incidence angles, etc.), DEVINS
(reactivity, sensor slit function, calibrations against national SI standards, etc.) and
performance validation. On a routine basis, the CubeSat observes the Earth and Sun
full-time. A monthly calibration is carried out to characterize the angular sensitivity
of the sensors (ERS and DEVINS).

— Managing the end-of-life of the UVSQ-SAT CubeSat.

4.4. Communications and ground connections

A space link is a communication link between the CubeSat and its associated
ground system. When designing the space system, it is necessary to anticipate not
only all of the modes of operation in orbit (see Figure 4.3), but also the different
impacts and consequences on volumes, mass balances, power balances, link
balances, scientific requirements, etc.
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Figure 4.3. UVSQ-SAT in-orbit operations

One of the subsystems concerns communication and links with ground operators
via a command and data processing system (CDHS-TRXVU). Most currently active
CubeSats communicate with ground stations on frequency bands that correspond to
amateur satellite frequencies (HAM radio) or are specifically allocated to space
communications.

The HAM radio frequencies generally used are in the 145.8-146 MHz range in
the VHF band, and 435-438 MHz in the UHF band. The VHF and UHF bands are
often duplexed to increase the overall bandwidth.

The CubeSat CDHS-TRXVU system manages all data sent and received by the
CubeSat, including scientific data and CubeSat or payload operations. The system is
connected to RF transmitter and receiver units that provide the only gateway for data
entering or leaving the spacecraft.

A space link protocol is a communication protocol designed for use on a space
link or in a network containing one or more space links. The basic data stream on a
space link consists of telemetry (TM) and remote control (TC) data. Thus, the TM
downlink and TC uplink provide a communication channel between the CubeSat
and operators on the ground.
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On the uplink, the CDHS-TRXVU system receives and decodes all commands
and data for platform and payload operations from the communication system.
These commands (TC) are then directed to the appropriate subsystem, or executed
directly at the platform level. Payload command management is not necessarily
performed by the CDHS system, but rather is transmitted in a fully encapsulated
form directly to the payload. TCs are divided into the following categories:

— direct commands to the CubeSat for reconfiguration;

— application-specific commands.

On the downlink, the CDHS system collects various types of data from either the
platform’s subsystems or scientific payloads, and multiplexes them into transfer

frames for transmission to the ground. TM data can be divided into the following
categories:

— CubeSat HK data;

— orbit data (position);

— payload data (scientific data);

— remote control reception status (CLCW);

— memory dump data.

As far as communication is concerned, various INSPIRE network antennas are
available for communication with the UVSQ-SAT satellite.

LATMOS (Laboratoire Atmosphéres et Observations Spatiales, France), latitude
48.777969 N, longitude 2.048264 E:

— VHF: 145.830 MHz (uplink);
— UHF: 437.020 MHz (downlink).

LASP (Laboratory for Atmospheric and Space Physics, USA), latitude 40.00844 N,
longitude 105.24836 W (TBC):

— VHF: TBD (uplink);

— UHF: TBD (downlink).

NCU (National Central University, Taiwan), latitude 24.96800 N, longitude
121.19220 E (TBC):

— VHF: TBD (uplink);

— UHF: TBD (downlink).
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Figure 4.4 shows the electrical and telecommunications characteristics of
CubeSat UVSQ-SAT (INSPIRE-5).

= Problem input data
v Communication with the satellite UVSQ-SAT (INSPIRE-5)
WHF ; 9.6 Kbit/s (uplink)
UHF: 1.2-24 - 4.8 - 9.6 Kbit/s (downlink) = Choice of flow rate impact on
power cansumption
Download speed :0.15-0.3 - 0.6 - 1.2 Ko/s

S g N
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. ar
Communication card UHFAHF LVSQ-SAT UVSQ-SAT antenna \

Electrical power Electrical power
0.49W (receiver only) *  0.035W (receiver only)
3.5 W (transmitter on) = 0.035 W (transmitter on)

Figure 4.4. UVSQ-SAT communication subsystem

For the UVSQ-SAT project, three launch options (Table 4.6) were available for
putting the CubeSat into orbit.

| _____launch | Option1 | _Option2 | _ Option3 |

Country India Europe Russia
Launcher PSLV VEGA Soyuz
Period Q4 2020 End 2020 Q4 2020/Q1 2021
Orbit parameter range for 475-575 Km S50, 450-600 Km S50, 475-500 Km S50,
auxiliary load LTDN 09:30to 10:30h  LTDN 06:00 or 10:30 h LTAN 10:30 h
Launch adapter options QuadPack/DuoPack QuadPack/DuoPack QuadPack/DuoPack

Table 4.6. In-orbit proposals received following the PUMA call for tenders

Given the orbit in which the CubeSat would be moving, it was necessary to take
into account the impact of the UVSQ-SAT satellite’s altitude on the size of the circle
of visibility of the antenna (see Figure 4.5) corresponding to the different options.

In Figure 4.5, the minimum elevation corresponds to:
— the angle between the local horizon and the limit of the cone of visibility;

— the minimum elevation of 0° in theory;
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— in real-life situations, buildings, vegetation and landforms impose a minimum
angle for communications to be established with a satellite;

— 5° minimum to send a command in amateur radio bands, P = 100 W maximum.

Visibility

Non-visibility y  Minimum elevation

P -2 P Local horizon

Figure 4.5. UVSQ-SAT communication subsystem

As part of the CubeSat manufacturing project, it was therefore necessary to
formalize the situation related to the three launch options. The objectives of the
working group involved in this communication subsystem for the CubeSat ground
link were defined as follows:

— to study the various cases associated with the different antennas available;

— to determine the daily visibility time of the UVSQ-SAT satellite;

— to determine the data download capacity;

—to determine the power consumed (instantaneously and during an orbit) when
downloading data.

Simulation of the satellite trajectory helps to anticipate the consequences of the
launch context by performing the following operations:

— calculating the satellite’s ground track on the rotating Earth, i.e. the imaginary
line that determines the areas overflown by the satellite (see Figure 4.6);

— calculating the visibility cone trace (circle of visibility) as a function of altitude
and ground station (see Figure 4.7).
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Figure 4.6. Simulation of the UVSQ-SAT ground track on a rotating Earth

—— Period of visibility accumulated
Period of visibility of the UVSQ satellite |~ m?&sﬁ;ﬁﬂm

! = NCU (Taiwan)

@
=]

=
3

]
=3

=1
a8

@
3
T

@
3

&
=}

Duration of visibility for a day with 3 antennas (minutes)

m
=]

0 5 10 15
Initial longitude (degree)

Figure 4.7. Simulation of the UVSQ-SAT visibility period

4.5. CubeSat architecture

The general architecture of a CubeSat or satellite is divided into two parts: the
platform and the payload. Figure 4.8 shows an example with the PICARD
microsatellite (Jean Picard, French astronomer, 1620-1682), designed to
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simultaneously measure the total and spectral solar irradiance, the diameter and
shape of the Sun, and probe its interior using helioseismology [COR 13]. These
measurements provide information on the variability of these parameters as a
function of solar activity.

The payload corresponds to the onboard instruments used to carry out the main
mission. It is made up of secondary structures supported by the satellite’s primary
structure. PICARD’s payload consisted of SOVAP (Solar VAriability PICARD),
PREMOS (PREcision Monitor Sensor) and SODISM (Solar Diameter Imager and
Surface Mapper).

The platform consists of a primary structure. This is the support structure
through which all forces are transmitted to the launcher interface. This is the
system’s skeleton.

In a satellite, it performs various functions:

— interface with the launcher;

— energy generation and storage;

— control of the satellite’s attitude (orientation in space) and orbit (position in
space);

—management of information gathered on the status of all sub-assemblies by
means of onboard intelligence (flight software);

— links with the ground for tracking (telemetry), control (remote control) and
localization by the ground;

—embeds the payload (instruments) on a baseplate that ensures high positioning
stability.

4.5.1. Mechanical architecture of a CubeSat

The structural function of a satellite or sub-assembly must guarantee:
— the preservation of the system’s integrity;

— the system’s stability;

— the system’s rigidity, which guarantees its dynamic behavior.

We also need to consider constraints relating to manufacturing processes, choice of
materials and selection of industrial sub-assemblies (motors, electronic units, etc.).
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Figure 4.8. General architecture of the PICARD microsatellite

The mechanical architecture activity must take into account the following:
— the “launcher” mechanical interfaces;

— the requirements imposed by the environment (clean room, launcher, in-orbit,
etc.);

— the requirements imposed by development and ground integration (modularity,
ease of integration, handling, transport, etc.);

— the needs to ensure the satellite’s main functions (thermal control, attitude and
orbit control system, change of configuration, relative positioning of the various
components, overall dimensions and fixing of the various components, etc.).

The main outputs expected from a satellite architecture are as follows:

— the geometric database (CAD — CATIA, Siemens NX, etc.);

— the list of materials and processes;

— the mechanical interface file;

— the mass, center of gravity and inertia (MCI) balance;

— the layout justification file;

—the breakdown into sub-assemblies to control balances and industrial
responsibilities according to the breakdown made;

1)

—the mechanical calculations and demonstration of resistance to ‘“launcher’
environments;

— the scale model to be delivered to the “launcher” authorities.



156  Nanosatellites, CubeSats of the NewSpace Era for Space Observation 1

Materials % d E, E, | Gy | vy | of | f | of | of, | o8 | o a, K, K,
% (GPa) | (GPa) | (GPa) (MPa) % (MPa) | (MPa) | (MPa) (10€.K) (WmK?)

First generation carbon
fibers
T300/epoxy 60 1.55 130 10 5 0.35 1600 11 1500 100 60 0 35 4.2 0.7
M40/epoxy 60 1.65 251 7 4.5 0.3 1200 0.6 900 80 45 -0.5 35 55 13
GY 70/V108 60 1.7 290 6.8 5 0.3 800 0.3 600 40 25 -1 35 80 5
Second generation
carbon fibers
M155J/M18 1.62 310 6 4.1 0.29 1800 0.58 640 58 25 -1 34 51 1
K135 2U/954.3 60 1.8 370 5.3 4.2 0.29 1600 0.43 390 59 24 -1 30 100 1
FT700/magnesium matrix 50 1.95 320 20 * 03 900 0.3 * * #20 0 25 #290 90
K135/M22 60 1.8 365 5.6 4.2 0.29 1760 0.38 380 93 10 -0.9 27 100 1
K139/Aluminum 60 2.2 370 24 10 0.2 1200 - 300 64 35 0.47 8.2 130 150
Glass R/Epoxy 60 2 52 14 4.7 03 1900 3.6 970 #100 #20 5.5 30 0.5 -
Kevlar 49/Epoxy 60 1.4 84 6 21 0.35 1400 19 280 #100 #20 -0.4 60 0.5 -
Aluminum AU4G - 28 72 - 285 0.33 390 - - - - 23 - 150 -
Titanium TAGV - 4.5 110 - 40 0.33 900 - - - - 8 - 7.2 -
Invar - 28 145 - 58 0.25 380 - - - - 1 - - -
zerodur - 25 190 - 40 0.15 100 - - - - 0.05 - - -
SiC - 3.2 420 - 180 0.16 480 - - - - 2 - 180 -

Table 4.7. Mechanical characteristics of materials used
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4.5.2. Materials for mechanical architecture

The materials used in space vehicles can be similar to those used in the
automotive and aeronautics industries. They can be aluminum-based, for example,
or in the form of composite materials that reduces weight.

It should be noted that most of the materials used are isotropic. Their mechanical
properties are identical in all directions. The mechanical characteristics of the
materials generally used to manufacture a CubeSat are given in Tables 4.7 and 4.8.
Table 4.8 also gives the thermal characteristics of the materials listed [MEF 22b].

The Von Mises stress value is used to determine whether a given material will
yield or fracture. It is mainly used for ductile materials, such as metals. The Von Mises
yield criterion states that if the Von Mises stress of a material under load is equal to or
greater than the yield limit of the same material under simple tension, the material will
fracture. In the case of plane loading (normal stress ¢ and shear stress 1), we have:

— Tresca stress: 6. = (6°+41%)";

— Von Mises stress: 6. = (6°+31%)"°.

In terms of material strength, . is used to determine the material’s elasticity
range, such that:

—oe < Re — elastic domain;

— oe > Re — plastic domain;

— oe > Rp — material failure.

In the case of (isotropic) metallic materials, the classic criteria for initial damage
are yield strength (Von Mises) or first material failure.

In the case of a composite material, it consists of a matrix (resin) and
reinforcements (fibers), as shown in Figure 4.9.

r Glass
Thermosetting Polyester
Organic .
{ ) '“0'93"'0{ -Ceramics
Thermoplastic Aramids
Matrix Reinforcements | Boron
Ceramic Minerals
Mineral o .
) rganic - Metallics
Metallic Plants
— Carbon

Figure 4.9. Architecture of a composite material
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Resins T,0°C) p(Kg/m?) ef%) af(MPa) af(MPa) E(Gpa)

i Polyesters 60 to 100 1,140 2to5 50 to 85 90 to 200 2.8t03.6
Phenolics 120 1,200 25 40 250 3to5
Epoxides 290 1,100 to 1,500 2to5 60 to 80 250 3to5

Table 4.9. Thermomechanical properties of thermosetting resins

Resins T(°C)  p(Kg/m?) £f(%) of(MPa) of(MPa) E(Gpa)
Polyamid 65 to 100 1,140 60 to 85 12t025
Propylene 900 1,200 20 to 35 11tol.4

Table 4.10. Thermomechanical properties of thermoplastic resins

Reinforcements  p(Kg/m?) ok (MPa) a®(MPa) E(Gpa)
| AS, 1,800 3,599 235
T300 1,700 12 3,654 231
IM6 0.88 1,460
IM8 1,800 5,171 310
Kevlar 49 1,440 2.5 3,620 124
Glass E 2,580 3.5 3,450 69

Table 4.11. Mechanical properties of fibers

The thermomechanical characteristics of resins are given in Tables 4.9
(thermoset) and 4.10 (thermoplastic), while Table 4.11 provides fiber characteristics.

Mechanical strength is assessed using criteria derived from isotropic materials.
The Tsai—Hill criterion focuses on the very poorly defined notion of stress at
fracture, without taking nonlinear effects into account. For very critical stresses,
composites are generally subject to diffuse and progressive damage. The exponent °
is used to identify the characteristic values of the material.

The criterion classically used is in the following form:

2

2 2 2
011 022 _ | V011022 012 _
( /0'121) + ( /0262) oh + ( /0162) =1 [4.1]

If the calculation gives a value of less than 1, there is no break in the fold in
question.
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In the case of glass materials found in spacecraft payloads, Weibull’s law
[WEI 51] is used to predict the probability (Pr =1 — exp(— (a/ao)m), where
o represents the tensile stress at the material surface) of failure, as listed in Table 4.12.

Fracture
Material] 'UER- |, | o vpwy| B, | Sarfoce
(MPa~—/m) .
N-BK7 0.85 30.4 70.6 0 SiC 600
N-BK7 0.85 13.3 50.3 3.36x10°12 D4
N-BaK1 = 8.2 58.9 2311073 | SiC 600
2 0.55 25 57.1 0 SiC 600
SF6 0.7 5.4 49.2 2.47x1079 | SiC 600
Zerodur® 0.9 5.3 293.8 25x107Y | Optical
polish
Zerodur® 0.9 16 108 0 SiC 600

Table 4.12. Mechanical properties of glass

Table 4.13 summarizes the physical properties of space glass.

Glass Properties Glass Properties (cont.)
::;:I‘:n E 1o-6 (:p gt 2 K
(10 Material (absolute) W | ao-
rial n, v
Malerin t s (GERIE ) em®) | (x10-87C) fmk) | Pa)
N-BK7 15168 0.2-25 82 7.1 N-BRT 251 11 0.206| 111 | 237
Boroflont33 | 14714 | 035-27 | 64 325 Borofloat 33 | 22 0z | 12 | 4
barosilicate borasilicate
Calcium 14338 035-7.0 | 58 | 2128 Calcium 318 | -116 | 026 | 971 | -153
Nuoride fluoride @516
Clearccram®] 1546 05-15 92 002 iy
2ACCZ) 49 -
HS - a2 |
Fused silica 14584 0.18-2.5 T2 0.5 Cl =] 255 = 025 | 154 | -
Germanium | 4.004 (@ 10 | 20-140 | 1027 | 6.1
um) Z(CCE) S
Magnesium | 13777 (n,) | 0.12-7.0 | 138 | 18.7(1) = ‘ - =
| Srste Yot 0 P Fused slica | 22 1 017 | 135 | 35
P.SK5T 15813 0.35-20 93 72 Germanium | 533 996 028 | 5861 -
(after Magnesium | 3.18 Ll(ss) | 0.271] 116 =
molding) Y fluoride
Sapphire 17659 (ns) | 0.17-55 | 400 | 660D BHET =
17679 {n,) 5011 P.SK57 3.0 15 loze| 1o | 217
SF5T 1LB467 0.4-2.3 51 8.3 _Sapphire 347 13.1 027 | 48 =
| N-SF57 18467 04-23 96 85 | |sF57 551 6 0248 | 062 | 002
Silicon 3.148 1.2-150 131 26 N-SF57 353 -2.1 0.26 | 0.99 | 278
(8 10.6 ym) ) = = {
ULEF L4828 0523 | 616 | 003 Silicon 233 10 lozre| 137 | -
Corning ULE® 221 10.68 017 | 1.31 | 415 |
7972) {Corning
Zerodur® 1.5424 05-25 904 | 006 TH72)
e Zorodur® | 253 1 157 |o2e3] 16 | 3
Zine 2408 0.6-16 612 | 7.1 Zine i 527 | 61@106 | 028 | 18 | -16
i @ 10, selenide
(sg‘u'g)de (i@ 10.6 um) (CVD)
Zine | 22008 0.4-14.0 5 6.5 Zine 409 | H0@106 | 028 | 272 -
sclenide | (# 10 pm) eclenide 543@
(Cleartran) iCleartran) 0.632

Table 4.13. Glass properties

4.5.3. The environment of mechanical architecture

Satellite architecture must be rigorously analyzed and designed to withstand the

mechanical launch environment.
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The various “dimensioning” events are lift-off (acoustic), asymmetrical
extinction of liquid propellant boosters (lateral dynamics), stage extinctions
(longitudinal dynamics), separations (fairing, stages and launcher/satellite
generating shocks):

— continuous static acceleration of up to 10 g longitudinally (to be verified
according to the launcher);

— low-frequency longitudinal vibrations (for example, 1 g sine in the 5-100 Hz
band);

— low-frequency lateral vibrations (for example, sine wave of 0.8 g in the
2-100 Hz band);

— random vibrations of 8 g in the 20-2,000 Hz band;

—acoustic environment (broadband spectrum from 20 to 10,000 Hz in a
reverberant field of approximately 150 dB);

— shocks respecting the 1,000 g/1,000 Hz rule.

A satellite architecture must be rigorously analyzed and studied to cope with the
orbital environment, in terms of the following behaviors:

— thermoelastic and the effect of temperature cycling in orbit;

— hygroelastic;

— vibrations in orbit.

Hygroelastic behavior is particularly relevant to organic matrix composites.

Composite systems undergo deformation as a function of the moisture retained by
the materials.

Vibrations are caused by the forces (a few mN to a few N) of mechanisms
(inertia wheels, gyroscopes, moving parts). Optical observation payloads (typically
150 prad precision for a CubeSat) impose constraints on the satellite’s dynamic
responses in all ranges of vibration frequencies.

This is a complex problem because the levels remain low and the satellite’s fine
dynamics are not necessarily mastered. The NewSpace approach allows us to take
risks and test these systems in orbit very quickly.

A satellite architecture must be rigorously analyzed and designed to cope with
the general space environment.
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The materials most sensitive to the space environment are:
— optical materials (glass substrate);
— polymeric materials;

—metallic materials are not very sensitive, except for special functions
(magnetism, etc.).

As shown in Figure 4.10(a), an environment is characterized in various ways
according to a color code. Examples include vacuum, thermal cycling, solar radiation
(UV, X, gamma), charged particles (electrons, protons, ions), micrometeorites and
debris and atomic oxygen.

The impact of these constraints on the proper operation of the satellite must be
assessed through tests or minimized through the satellite’s digital twin. For instance,
electromagnetic interference from the solar wind can be detrimental to communication
systems.

Figure 4.10(b) summarizes the most common forms of stress to be controlled.

As described in the second book, space environment stresses are due to the
environment in which space instruments operate. The various effects are the
consequence of stresses due to vibratory, thermal, microgravity, vacuum and external
electromagnetic or particulate flux phenomena. The result is rapid thermal cycling,
outgassing and contamination, electrostatic discharges and electrical breakdowns, as
well as aging in materials. This environment needs to be well defined and understood,
in order to properly identify and size any spacecraft with its payloads, which in turn
requires reliability and robustness tests to qualify the instrument.

4.5.4. Dimensions of mechanical architecture

Setting up numerical models is important for validating satellite design. This
involves using strength-of-materials and finite element methods to determine natural
frequencies and modal shapes, as well as stress levels during the launch period
(quasi-static load, random environment).

Mechanical loads have various origins. They are caused by transport, rocket
motor ignition overpressure during launch, take-off loads, acoustic loads generated
by the motors, vibratory loads generated by the motor structure, motor thrust
transients, pressure oscillations of “solid” motors, wind and turbulence, aerodynamic
sources, liquid in the tanks, separation of the various stages, pyrotechnic loads,
maneuvers, flight operations, operation of onboard equipment, etc. The aim of the
analyses is to check that the satellite complies with mechanical stresses. European
standards, such as ECSS-E-HB-32-26, provide the rules for these analyses.
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Figure 4.10. a) Environment; b) satellite constraints
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The most common elements in satellites are beams (embedded beams subjected
to a force) and plates. Mechanical problems can only be solved analytically in a
limited number of cases (beams, plates, shells, etc.), and generally under considerable
hypotheses.

| Analysis methods |
I

| l

Methods Methods
Exact methods: Approximate Numerical solution || Finite Element
Separable variables methods: for differential Methods
and Laplace Rayleigh-Ritz and equations FEM
transform methods Galerkin-Bubnov
methods
Numerical Finite
Integration differences

Figure 4.11. Constraints of a satellite environment

Figure 4.11 summarizes the various methods of solving partial differential
equations (PDEs) for analyzing mechanical systems under stress.

Since a satellite structure generally behaves like a mass—spring system with a
damper (link with the amplification factor during vibrations), the dynamics of this
system can be studied. Figure 4.12(a) shows this model in the simple case of a
system of mass m subjected to the restoring force of a spring of stiffness k, a braking
force of damping coefficient b and an external force f for a displacement of u. The
second-order differential equation (see Figure 4.12(b)) can be solved by applying the
Laplace transform according to the algorithm in Figure 4.10(c) to determine the
system displacement as a function of frequency.

Transmission, acceleration and displacement can be determined as a function of
frequency, and the resonant frequency of the system can be calculated, as shown in
Figure 4.13.

The equations of the mechanical problem can be simplified by discretizing it,
meaning checking equations at a limited number of points. This produces a system
of linear equations whose size depends on the fineness of the discretization. The
solution of the discretized problem is an approximate solution of the real problem.
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Figure 4.12. Modeling a satellite system
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Figure 4.13. Responses of the mass—spring system as a function of frequency
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A spacecraft is a complex system, which is why it is preferable to use numerical
models to study its mechanical behavior. A compromise has to be found between
finding a precise solution for an oversimplified problem, or opting for an
approximate solution for a problem generally taken in its most complex form.

Generally speaking, the problem consists of determining the state of a structure
subjected to loads. The structure is characterized by its geometry and one or more
materials. It is subjected to stresses such as:

— volumetric or surface forces;
— imposed displacements (zero or not);
— temperatures, heat flows;

— speeds, etc.

We want to know:

— displacements at any point;

— strains, stresses, internal variables at any point;
— temperature;

— natural frequencies.

The finite element method is a discretization technique that enables us to
transform a theory that deals with the continuous resulting in unsolvable
mathematical problems, into a theory that deals with the discrete and leads to simple
systems of equations that we can solve. This transformation is based on strong
hypotheses that reduce the theory’s domain of validity, and which must therefore be
clearly understood.

Different types of analyses are possible with FEM: linear or nonlinear static mode,
modal analysis, buckling analysis, spectral analysis, slow or fast dynamic response
analysis, and multiphysics analysis (thermomechanical, electrothermal, etc.).

Various software packages can be used to perform vibration analysis based on
mechanical or thermomechanical stresses, as introduced in the appendix. Examples
include MSC Nastran, Ansys, COMSOL, ABACUS, ADINA, Siemens NX,
RADIOSS, Dyna3D, SAP, MARC, I-deas, PAM/System, SAMCEF, etc.

Figure 4.14 shows an example of the results obtained with the UVSQ-SAT.
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Stiffness requirement

-f, > 150 Hz

Quasi-static load cases

- Case 1: 15 g (acc / X)
-Case 2:15g(acc/Y)
-Case 3:15g (acc/ 2)

Random environment

“ ST All axes
Material characteristics Frequency (Hz) Qualification level +3dB
. 20 - 100 0.0352 g'/Hz
P Cummn | O v 300 - 600 0.1008 g'/Hz
[dentification | (Gpa) | V| (kg/m) | (MPa) | (MPa) ... 740850 078 g'/ve
Aluminum 6082 | 69 0.3 2700 295 240 Structure (frames, ribs) 200C 0.05152 g*/Hz
Aluminum 5754 70 0.33 2700 245 185 Solar ponels Global level: 15.51 gRMS
Steel 304L 210 0.3 7800 520 200 Rods
Polyimide | 25° | 0.18 | 1900 265 . Boords

*In order to take into account the copper layers, the Young modulus taken is 30 GPa.

Figure 4.14. Modeling of the UVSQ-SAT using FEM
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4.6. Conclusion

The CubeSat has made it possible to study space using small satellites. The
methodology used in university projects enables small satellites to be built within a
reasonable timeframe of two to three years, using teams trained in the space industry
and motivated students and at affordable costs. These satellites are used for space
missions designed to transmit knowledge and observe the Earth’s atmosphere, with
the aim of analyzing and dynamically monitoring its evolution as part of the study of
global warming. In comparison, larger-scale projects that require more time — at
least an order of magnitude longer — and a much larger team, as well as more
interaction with different organizations or institutions, are time-consuming and
require more substantial funding.

4.7. Appendix
4.7.1. Elastic and thermal properties of a physical system

In order to design the mechanical architecture of a CubeSat, it is necessary to
carry out simulations to determine its response to an environmental constraint. This
requires knowledge of its mechanical and thermomechanical properties. The content
of this section can be found in detailed form in references dealing with the
mechanics and strength of materials [BRI 38, BRU 55, BIO 56, NYE 61, LAN 67,
ADD 87], and follows the description given in reference [DAH 21].

When modeling the effects of mechanical stress in a material in the formalism of
continuum mechanics or elasticity theory, we consider volume elements to establish
the constitutive relationships. These are infinitesimally small on a macroscopic
scale, but very large on the scale of the material’s constituents (atoms, molecules,
etc.). In the case of mechanical deformation of the medium, we consider that the
forces responsible for internal stresses in the infinitely small volume around each
point are short-range and limited to close neighbors. In this case, the forces are
exerted by one of the elements on the neighboring elements, so that in a given
volume inside the material, they only act on the surface. These effects are expressed
using tensors.

In a three-dimensional Euclidean space with Cartesian axes (notation 1 =x,2 =y
and 3 = z), the notion of tensor is linked to the physical quantity represented and to
the way in which this quantity is transformed when coordinates are changed. Thus,
the temperature T, which is a scalar, is a zeroth-order tensor (one component), the
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force F , which is a vector, is a first-order tensor (three components). We call this F.
To represent the coupling between two vector quantities taken from the same system
of axes, we use a second-order tensor (nine components).

To establish the constitutive equations, it is necessary to define the stress tensor
acting on an elementary volume in the material. The stress tensor G;, describes the
state of stress at any point of the volume considered in the material, in all directions.
Its components, which correspond to a force exerted on a unit area around a point,
are homogeneous to a pressure (in Pa or N.m ). It is a symmetrical tensor such
that 6 = o). The diagonal terms of the stress tensor are given by tensile
(or compressive) forces, and the nondiagonal terms by shear forces. The components
have positive values in the case of tension (negative in the case of compression). In
Figure 4.15, we have represented the stress tensor components by their indices on
each face marked by the normal vector n;.

M35 33
—
32 23
________ A
//l
’ 1
_______ | 1
Fk : : n,
ASn;; | 22
A
1 :,’
| I D B 74
12
n,
11

Figure 4.15. Stress tensor oy corresponding to the k component of the force F per
unit area of the action point in the middle of a surface marked by its normal n;

In matrix form, the tensor Gy has the following expression:

Oxx Oxy Oxz G117 O12 Oi3
Oyx Oyy Oyz|=|[012 Oz Og3 [4.2a]

Gzx Ozy Ogzz G13 O23 O33
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As the stress tensor is symmetrical, like the strain tensor, only six of its nine terms
are independent. In Voigt (or Voigt—Nye) notation, we switch from matrix
representation to the following vector notation:

G11 C1
c c

G11 O12 O3 22 02
“|o

O12 ©Oz2 O3 |= Gy Z [4.2b]
c c c
13 O23 O33 Gra o5
G12 Ge

where (o) is a six-row vector (6 x 1). The first three terms (0, G,, G3) are tensile or
compressive stresses along the perpendiculars to the surfaces, i.e. parallel to axes 1,
2 and 3 defined by the surface normal vector. The last three terms (G4, Gs, Gp)
are shear stresses around axes 1, 2 and 3 or pairs in planes 2-3, 1-3 and 1-2
(see Figure 4.15).

If we consider the deformation of a material seen as a continuous medium, we
assume small displacements. Deformation is then determined by a translation
vector u(r) of a point in the material marked by the vector r, and the derivatives of
this vector with respect to the coordinates. Nine derivatives are thus obtained, which
are generally represented in the form of a symmetrical deformation tensor (tensor of
order 2) that represents the deformation of the point by:

e = 2 (3oL 4 21k} [4.3a]

E axk axl-

and an antisymmetrical tensor:

wye = 3 (L - 22k) [4.3b]

2\ax,  ax
representing the rotation of the material around the point.
Deformations can be defined by Hooke’s law in tensorial form, such that:
{e} = [D]7 {0} [4.3¢]

. . T .

where {g} is the strain vector = [g1; €3 €33 €3 €13 €12] , {0} is the stress vector =
T 1 . . . . .

[011 02 033 023 013 012] , and [D] ™1 is the inverse matrix of elastic stiffness.
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The coefficients of this matrix are such that:

1/E; —Vi2/E1  —Vi3/Eq 0 0 O
—Va1/E; 1/E, —Vp3/E; 0 0 0
_ —v31/E3 —Vv3,/E 1/E 0 0 0
D1 = 31/E3 32/ L3 3 4.4
L] 00 0 1/Gys 0 o |14
0 0 O 0 1/Gq3 0
0 0 O 0 0 1/Gy,

where E; are Young’s moduli, vy are Poisson’s coefficients and Gy are shear
moduli.

Tensor calculus is also used to model thermomechanical effects [BRI 38, BRU 55,
BIO 56, NYE 61, LAN 67, ADD 87]. For example, using tensor notation, the
equation for heat propagation in a body subjected to heat flux can be written as
follows:

aT
ik ax

Sei=ji=—A [4.5a]
where @ is the heat flux (watt, W), S is the area (m?) crossed by the flux, ¢ is the
basis vector of the vector space following i, j; is the ith component of the thermal
current density vector (Wm™), Ay is the thermal conductivity tensor (Wm™'. K1)
which is a second-order tensor, and 0T/0xy is the k-component of the gradient of T
(Km™) which is a first-order tensor. The Einstein summation convention when two
indices are repeated is used to lighten the writing.

In a homogeneous body, the rise in temperature leads to its expansion. This is
characterized by a coefficient of thermal expansion o, whose expression is as
follows:

1oV
@ == (5); 14301
where V is the volume of the body and T is the temperature.

For a homogeneous variation in the material temperature of AT, the thermal
expansion is expressed as follows:

& = ai AT [4.5¢]

where oy are the thermal expansion coefficients of the symmetrical tensor [ay], and
€;, are the coefficients of the strain tensor [€;].
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In matrix form, this relationship is expressed as follows:
€11 €12 &3 a1 A1 Qg3
€12 &2 &3 |=|Q2 A2z A3 |(T—T,) [4.5d]
€13 &3 £33 Q13 (dz3 W33

Since the strain tensor is symmetrical, only six of its nine terms are independent.
In this case, we can use Voigt (or Voigt—Nye) notation to switch from a matrix
representation to a vector notation as follows:

&1 a
€11 & az
£ £ a
£ £ £ 22 3 3
11 €12 €13 s e s
€12 &2 &3 | = o =2 |7 2 (T -Ty) [4.5¢]
€13 &3 €33 &s as

where (&) and (&) are six-row vectors (6 x 1) and (T — Tj) is a scalar.

In the principal axes of the expansion tensor, we have the following equation

i=k)
& = (XiAT [45ﬂ
where o; are the principal coefficients of expansion i =1, 2 and 3.

In this case, the following form is applicable:

&g 0 0 a; 0 O
(0 & 0):(0 a, 0>(T—T0) [4.5¢g]
0 0 & 0 0 a
or:
&1 ag
&3 as

(T =T,) [4.5h]
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Using the equations of thermoelasticity [NYE 61], we can define strains and
entropy density as follows:

{e} = [D]7* {0} + {a}AT [4.6a]

(S} = {a}T {0} + %AT SAT =T - Tor [4.6b]

where:

— {&} is the total strain vector = [& €, €3 &3 €13 812]T;

— S is the entropy density;

— {o} is the stress vector = [6| G, 63 G23 613 G12]';

— T is the current temperature;

— Ty is the absolute reference temperature = Tier+ Tosf

— Tyt is the reference temperature;

— Ty 1s the offset temperature;

— {a} is the vector of thermal expansion coefficients = [a; o, a3 0 0 0]";
— p is the bulk density;

— Cp is the specific heat at constant pressure;

— [D] is the elastic stiffness matrix.

4.7.2. Finite element method (FEM)

The finite element method (FEM) is used to simulate the behavior of a
mechanical system under stress. FEM was first developed in the 1950s in mechanics
and civil engineering. The aim was to study the behavior of structures under stress
(airplane wings, bridges). It can be used to analyze bar and beam connections based
on the assumptions of the strength of materials [HRE 41, HRE 42, COU 43, ARG 54,
TUR 56, CLO 60, ZIE 67, WHI 76, DHA 84, DAU 85].

Note that the abstract of Hrenikoff’s 1941 article reads [HRE 41]:

Because of mathematical difficulties which make the solution of
differential equations of the theory of elasticity impossible in many
cases, the author has been impelled to seek some other method of
approach than one of pure mathematical analysis. The method
outlined in this paper is of this character and may with some
qualifications be applied to problems of two-dimensional stress,
bending of plates, bending of cylindrical shells, the general case of



Designing a CubeSat 175

three-dimensional stress, and a great variety of others. Essentially,
the method consists in replacing the continuous material of the
elastic body being studied by a framework of bars arranged
according to a definite pattern, the elements of which are endowed
with elastic properties suitable to the type of problem. This
framework is then analyzed, according to the procedure outlined in
the paper for various types of elastic problems. Examples of the
application of the principles involved are also given.

In the first book, published in 1967 by Zienkiewicz and Cheung, on FEM
[ZIE 67], it is stated that:

With the advent of digital computers, discrete problems can
generally be solved easily, even if there are a very large number of
elements. As the capacity of all computers is limited, continuous
problems can only be solved accurately by mathematical
manipulation. The mathematical techniques available for accurate
solutions generally limit the possibilities to over simplistic
situations.

The finite element method is one of the most widely used in industry and applied
research to transform the PDEs driving the system’s coupled physical phenomena
into algebraic equations [DHA 84].

The behavior of the physical systems involved in complex systems is described
by means of partial differential equations (PDEs equation [4.7a]), which control the
dynamic evolution of these systems subject to constraints such as boundary
conditions (equation [4.7b]) that cannot always be solved analytically:

L)+ f =0 [4.7a]
Bw)+g=0 [4.70]

In these equations, L and B are differential operators and u is the parameter to be
determined.

Generally, equation [4.7a] is expressed as follows [4.7¢c]:
Ku=F [4.7¢]

where K is the stiffness matrix which depends on the property of the physical system
under consideration, u is the displacement vector to be determined or the system
response, and F is the stress or stimulus applied by the physical system under study
which may be a force, or any other form of stress, as summarized in Table 4.14.
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Property : K

Response: u ‘ Stimulus: F

ELASTIC Rigidity Displacement Force
THERMAL Conductivity Temperature Heat source
FLUID Viscosity Speed Pressure
ELECTROSTATIC Permittivity Potential Charge

Dielectric Electric

Table 4.14. Common physical phenomena

Figure 4.16. Example of a surface and its decomposition into finite elements

The objective is to find u using:
u=K"'F [4.7d]

The FEM numerical method is used to solve PDEs which are problems with
boundary conditions (equations [4.7a] and [4.7b]). To solve a given problem, FEM
subdivides the domain of a large system into smaller, simpler subsystems, known as
finite elements (see Figure 4.16). This is equivalent to replacing a continuous
function of a continuum (given domain €2) with an infinite number of degrees of
freedom by a discrete model, approximated by a set of piecewise continuous
functions with a finite degree of freedom.
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4.7.2.1. Solving a differential equation in one-dimensional space

Consider, in one-dimensional space, the following differential equation: u''(x) = f
over the interval [0,1] and subject to the constraint u(0) = u(1) = 0, where u(x) is an
unknown function of x and f is a given function. This equation can be solved
directly by integrating the differential equation twice, or by applying the FEM.

To solve a problem at the limits (PL) or constraints at the domain boundary
using FEM, the calculation is carried out in two steps:

— The first step is to reformulate the original PL in its weak or variational form
(integral form), which is an analytical transformation.

— In the second step, the resulting weak form is discretized on a finite-dimensional
space. This provides concrete formulas for a high-dimensional but finite linear
problem. The solution enables the initial PL to be solved approximately. This
finite-dimensional problem is then implemented on a computer in matrix form.

4.7.2.2. Variational formulations

The first step is to convert the differential equation into its variational equivalent.
If u(x) is a solution of the differential equation, then for any regular function v(x) that
satisfies the boundary conditions, i.e. v=0atx =0 and at x = 1, we have:

Jy Fv()dx = [ u" (@)v(x)dx [4.8a]

Conversely, if for a given function u(x), the above equality holds for every
regular function v(x), we can show that it is the solution of the differential equation
(the demonstration is nontrivial and uses Sobolev spaces).

Integrating the right-hand side of the equation by parts gives the following
equation:

folf(x)v(x)dx =— fol u' ()v' (x)dx = —® (u,v) [4.8b]
under the assumption that v(0) = v(1) = 0.

We can define the set Hg (0,1) of absolutely continuous functions on (0,1), which
take the value 0 at the points x = 0 and x = 1. This function is “once differentiable”,
and we can show that the symmetrical bilinear form ®(u, v) is then a scalar product
that transforms H}(0,1) into a Hilbert space (integrable square functions). On the
other hand, the left-hand side is also a scalar product, this time on the space Lp
(a vector space of classes of functions whose exponent power P is integrable in the
Lebesgue sense), which here is L,(0,1) (integrable square function, p = 2).
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4.7.2.3. Weak form discretization

Essentially, the idea is to replace the infinite-dimensional linear problem, namely
to find u € H} such that:

Jy F)v(x)dx = — @ (u,v) [4.94]

where v € H}, by a finite-dimensional version, or find u € V such that v € V where
V is a finite-dimensional subspace.

There are many possible choices for V. In the case of the finite element method,
it is usual to take a space of piecewise linear functions for V. For the problem at
hand, let us start from the interval [0,1] and choose X, values, such that 0 = x, <x; <...
< X, < Xp+ = 1, and define V by choosing functions v(x) in [0,1] such that v(x) is
continuous and linear in the intervals [x}, Xj41] for k=0 up to n with v(0) = v(1) = 0
and where xo=0and x,,; = 1.

Note that V functions are not differentiable according to the elementary
definition. Indeed, if v(x) € V, the derivative is generally not defined at points
X=X,k=1,...,n.

However, the derivative exists for any other value of x and can be used in
integration-by-parts operations.

Figure 4.17. Example of a function in H, with zero values
at endpoints (blue) and piecewise linear approximation (red)

4.7.2.4. Base selection

To complete the discretization, it is necessary to select a basis of V. In the
one-dimensional case, for each control point x;, it is convenient to choose a
piecewise linear function v, € V, whose value is equal to 1 at x;, and 0O at
x; whenever j # k, hence:
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Iﬁ ifx € [xk_l,xk]l

Xk+1—Xk

v () = { Zoim, X € [ Xsa] [4.9b]
k 0 otherwise J

fork=1, ..., n. This basis is a scaled and shifted triangle function.
The main advantage of this choice of bases is that the scalar products:
(v, v) = [ v;(X)v, (x)dx [4.9¢]
and:
®(v;, ) = f, v} (X)vp(x)dx [4.9d]
are zero for almost all j, k. In the one-dimensional case, the domain of vy is the
interval [x,_q, x,41]. Consequently, the integrands of <vj, vi> and @ (vj, vi) are

identically zero whenever [j — k| > 1.

4.7.2.5. Matrix form of the problem

By writing:

w(x) = N1 wevi (x) [4.10a]
and:

f) = Y=t freve(x) [4.10b]

equation [4.10b] can be written as:

Yr=1/fx fol v (v () dx = — YR u, P (vk (x), v-(x)) [4.10c]
for j = 1, n, expressed in the following matrix form:

k=1 fiMyj = — Xie=1 WLy [4.10d]

Since the matrices M and L are symmetrical, we can write the equation verified
by f and u in the matrix form —Lu = Mf, and thus obtain u by inverting L, such that
u = —L"IMf. Since the matrices M and L are hollow (with zeros almost everywhere
and integers otherwise), matrix inversion is computationally simple.
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Numerical simulation software is used to address physical problems by solving
PDEs [SOM 64b] using FEM in fields such as electromagnetism, structural
mechanics and thermodynamics. It can also handle multiphysical couplings by
combining different physical phenomena, such as electrical and thermal
(electrothermal), or thermal and mechanical (thermomechanical) [VOI 10, BRI 38,
MAX 54, BRU 55, BIO 56, NYE 61, BRU 62, BRU 65, LAN 67, GER 96].

Taking into account the problem to be studied, a physical model is established
for a system in 1D, 2D or 3D dimensions. This model is considered as a
domain bounded by a boundary, and consists of PDEs whose solutions must verify
boundary conditions and initial conditions. For instance, the equations describe the
spatio-temporal variations of an unknown variable, such as deformation, and the
method consists of finding an approximate solution to this deformation after
discretizing the geometry of the system, broken down into meshes connected by
nodes. The solution is interpolated on a basis of functions (Lagrange polynomial).

Generally, PDEs are expressed in coefficient form, which is well suited to linear
PDEs. The general equation is in the following form on the domain Q of the physical
system:

02%u ou
e,—+d,—
a g2 tdq at

+V(—cVu—au+y)+pVutau=f [4.11a]

A domain is the topological entity denoted by {2 within a geometric model that
describes the bounded parts of the model’s manifolds, as well as the relationships
between the different manifolds of the geometry. The different types of domains are
vertex, edge, face and subdomain. A domain of dimension less than the spatial
dimension is called a boundary and is denoted by df2. A manifold is a mathematical
function describing a surface, curve or point in a geometric model of any dimension.

Dirichlet-type boundary conditions correspond to imposed values of the
function u at the df2 boundaries of the domain. For equation [4.11a], it has the
following expression:

hu=r [4.11b]

A Dirichlet boundary condition specifies the value of the function (dependent
variable) on a boundary. In contrast, a Neumann boundary condition specifies the
value of the normal flow across a boundary.

Similarly, the generalized Neumann-type boundary conditions (or mixed boundary
conditions or Robin-type boundary conditions) are expressed as a linear combination
of the flow of the function in the direction normal to the boundary 912 of the domain
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7+ (—cVu— au+y) and variables qu at the boundary 32 of the domain in the
following form:

A (—cVu—au+y)+qu=g—hTu [4.11c]

In stationary mode, the e, and d, terms are zero. For a nonlinear model, one or
more of the coefficients ¢, a, y, B, @ or f depend on the solution u or at least on one
of the coefficients of equations [4.11b] and [4.11c], ¢, g, &, where r depends on the
solution u or its derivatives with respect to the space variables.

Note that the term —cVu — au + y is the flux vector sometimes noted I':

['=(—=cVu—oau+y) [4.11d]

The software’s interpolation functions are defined on each mesh element (nonzero
on the element and zero elsewhere). A mesh and its interpolation functions
constitute a finite element.

There are three types of PDEs: elliptic, hyperbolic and parabolic.
A second-order linear stationary elliptic PDE has the following form:

V(=cVu—au+y)+pVu+au=f [4.12a]
where c is positive or negative. An example is the Poisson equation.
A second-order linear hyperbolic PDE has the following form:
eaz%+ Vi—cVu—au+y)+pVut+au=f [4.12b]
where e, and c are positive. An example is the wave equation.

A second-order linear parabolic PDE has the following form:

da(;—?+ Vi=cVu—au+y)+pVu+tau=f [4.12¢]

where d,, and c are positive. An example is the heat equation.

In the software’s graphical interface, there are generally three main windows:
one for building the model, one for parameterizing the model and one for viewing
results.
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The steps involved in modeling a physical system comprise three parts: building
the model, solving the PDEs and post-processing the data to extract the most
significant results.

4.7.2.5.1. Building the model
— Drawing or importing geometry in 1D, 2D or 3D dimensions.

— Setting the values of the physical properties of the materials in the various
domains making up the geometry, according to the physical model constructed
(physical parameters such as thermal conductivity, coefficient of thermal expansion,
etc., are defined).

— Determining initial and boundary conditions and source (or sink) terms.

4.7.2.5.2. Solving PDEs
— Visualization of results in graphical, tabular or animated form.

— Determining the values of unknown variables from the variables set by the
boundary conditions. The software solves the equations using the finite element
method, with adapted solvers to determine the values of the variables over the entire
geometry by iteration until convergence (set by a convergence criterion).

4.7.2.5.3. Post-processing results

— Presentation of results in graphical, tabular or animated form.

— Data exportation.

4.7.3. Modal analysis of structural components

First, we determine the equations governing the vibrational behavior of a
structure’s components. The equations are then put into variational form and
discretized by finite elements. This yields matrix systems that can be solved
numerically in the frequency domain to find eigenfrequencies and modes.

4.7.3.1. Equating the vibration problem

The structures considered have an elastic, linear and isotropic behavior with no
initial stress or deformation. In the absence of a volume source, the equation
governing its vibratory behavior is given by the following equation:

0%u
ps——Vo=0 [4.13a]

S at2
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where ps,u and G are the density, displacement field and stress tensor of the
structure, respectively.

If we denote I', the imposed displacement boundaries (Dirichlet) and T'¢ those

of the imposed external force type (Neumann), the boundary conditions associated
with the structure are written as follows:

wlp, =7 [4.13b]
and:

o-nlr,=f [4.13c]

For a linear elastic material, stresses and strains are related by Hooke’s law

(o = D&). We can use the symmetry of the stress and strain tensors to represent the

stresses and strains as a six-component column vector.

In this case, Hooke’s law can be written as follows [DAH 19, MAK 201]:

G11
G22
G33 | _ E
G2z | (1+v)(1—2v)
G13
G12
1—v v % 0 0 O €11
v 1—v v 0 0 O /Ezz\l
v v 1—v 0 0 0 €33
0 0 0 1-v/2 0 0 2855
0 0 O 0 1-v/2 0 2513)
0 0 O 0 0 1—-v/2 2&4,

[4.13d]

Structural mechanics uses geometric, kinematic and stress-state approximations
to simplify the three-dimensional problem, so as to reduce the number of unknowns
(degrees of freedom).

This is the origin of simplified models, such as 1D bar or beam elements and 2D
plate or shell elements. Table 4.15 shows the number of degrees of freedom per
node for some models.
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G
Bar 1 1 B

1D Beam 2 1 1
Axisymmetric shell 3 1 2
Structure in Stress 2 2
Plane State
Structure in Strain 2 5
2D Plane State
Plate 3 1 2
Shell 5 3 2

Table 4.15. Degrees of freedom (d.o.f.) per node in 1D and 2D geometries

4.7.3.2. Variational formulation

We consider u* a virtual field that is associated with the structure. Equation [4.13a]
is integrated as in [4.8b] for the 1D problem on the £, domain. After integration by
parts, then application of the boundary conditions, the variational problem consists
of finding u such that {u| ry = W :

fns psutidV + fﬂs go.dV = fns psutidV + fﬂs £DedV = frf u'fds

[4.14]
with vu*/{u*|,, = 0}.

4.7.3.3. Finite element approximation

Initially, the domain is subdivided into several finite elements (), with this

meshing being carried out with reference elements [DHA 84]. At each finite
element, a number of points called nodes are defined and assigned degrees of
freedom (nodal displacements) according to the modeling adopted (Table 4.15). We
then seek to define an approximation of the solutions for each of these elements, as
in equation [4.9b] for the 1D problem.

The approximations sought can be of polynomial type and have to satisfy certain
conditions: continuity, boundary conditions and completeness. This approximation
is defined for the nodal displacement field, which ensures the compatibility of
displacements between adjacent elements and the expression of equilibrium
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conditions at the nodes. For each structural element, the nodal displacement
approximation can be written as follows:

{u} = [N,]{u}. [4.15a]

In this expression, {u}, is the vector of nodal displacements of element e, and
[N,] is the matrix of interpolation functions of a structural element. Since the
domain (2, is discretized, deformation/displacement relationships are defined in
terms of node displacements as follows:

{e}e = [B]e{u}e [4.15b]

The matrix [B], is constructed from the interpolation functions. The Galerkine
method is most often used to discretize the integral function. This involves choosing
the same approximation functions for the virtual displacement field as are chosen for
the physical displacement field (nodal displacement). This method has the advantage
of leading to symmetrical systems of equations. For each element ()., we obtain:

Jo pswiV = [ pw [NsJ{i}edV = [, ps[NJ*[N;]{it}edV  [4.15¢]
and:

[, &'Deav = [, & [DI[Bl{u}.dV = [, [BLLDIBl(u}edv  [415d]

The terms in equations [4.15¢] and [4.15d] are complicated polynomials. Their
analytical integration is not straightforward. Numerical integration methods exist
which allow the elementary matrices to be constructed by integration over the
reference element, and the most widespread of these is the Gauss integration method
[DHA 84].

After numerical integration of [4.15¢] and [4.15d], we obtain the following
relationships:

Jo PSINSIINSI{it}edV = [M],{it}, [4.15¢]
and:

Jo [BIE[DI[B] {u}.dV = [K].{u}. [4.15]
where [M],and [K], are the elementary mass and stiffness matrices respectively.

The next step consists of assembling the elementary matrices (for each element)
to form the global mass and stiffness matrices [M] and [K] (for the entire structure).
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This ultimately leads to the following matrix equation, which represents the equation
of motion of the structure:

[M]{it} + [K]{u} = {f} [4.16]
where {f} is the vector of forces applied to the nodes.

4.7.3.4. Frequency domain

Considering the case of a sinusoidal excitation of pulsation w of the following
form:

= ®}={fo}e'* [4.17a]
the nodal displacements will also be of sinusoidal form:
{u} = {u()} = {u,let [4.17b]
In this case, the equation of motion becomes:
([K] - w*[MD{u} = {f} [4.17¢]

4.7.3.5. Modal analysis (eigenfrequency calculation)

Modal analysis consists of assuming that the structure is not subject to any
stimulation, and then solving the following eigenvalue/vector equation:

(K] — wf[MD{e;} = {0} [4.18a]

where @), is the frequency of mode i and @, is the vector of nodal displacements of

mode i. Note that there are as many modes as degrees of freedom.

4.7.3.6. Calculation of the frequency response function

Calculating the frequency response function, or FRF, of a structure following
harmonic excitation involves calculating the transfer function [H] such that:

[H] = ([K] — w?*[M])~" [4.18b]

4.7.4. UVSQ-SAT production phases

In this section, we give an example of the planning and process followed for the
manufacture of UVSQ-SAT (see Figure 4.18).
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Gantt chart and operations tracking

CCR: Critical Concept Review
PCR: Preliminary Concept Review
2020

201% 200 2022 2023
Qa2 Q3 Q4 Qi Q2 Q3 Q4 Ql Q2 Q3 Q4 Ql Q2 a3 Q4 Ql
UVSQ-SAT CCR 02/2020 Deliverable SC 10/2020
i f t Operations
Project start PCR 1072019 Launch 24/01/2021 P I

Tests

Date: 11/2018 Assembly
Integration
15/02/2020 | \sjidation

System can Perfrmance
enter | Flight Model Assembly
manufacturing Validation Integration
phase Tests
g Verifications
- 01/07/2020 | performance
x
. . o P Qualification
Payload unit can achieve Payload
expected performance Flight Model 20/12/2020
i ¢ Deliverable i 4 4 2 i
in ter.ms of cost, schedule i CubeSat Launch Phase
and risk.

Deliverable 1111

Figure 4.18. Example of the process used to manufacture UVSQ-SAT

The UVSQ-SAT project provides satellite observations of the Earth’s radiation
budget (ERB). The Earth’s energy balance represents the balance between the solar
energy absorbed by the planet and the energy radiated back into space in the form of
infrared radiation. UVSQ-SAT data includes reflected solar radiation and radiation
emitted by the Earth from the top of the atmosphere (TOA).

The aim is to study the effects on climate, which is controlled by the amount of
solar flux absorbed by the Earth and the amount of infrared flux emitted to space.
This balance determines the Earth’s climate by influencing temperatures,
precipitation, oceanic and atmospheric circulation, as well as biological processes.
Any change in this balance, particularly as a result of human-made greenhouse gas
emissions, leads to an energy imbalance that manifests itself as global warming. The
consequences of this imbalance are numerous: rising sea levels, melting glaciers,
extreme weather events, etc.

A near-infrared NIR spectrometer has been adapted for an observation CubeSat,
the UVSQ-SAT NG. It was developed using the same procedure as the UVSQ-SAT,
and was launched by SpaceX at 9:43 a.m. on March 15, 2025. Its mission is to
observe greenhouse gases (GHGs) such as CO, and CH,4, measure the radiation
energy balance (REB) and monitor solar spectral irradiance (SSI) at the top of the
atmosphere (TOA). Figure 4.19 shows the observational configuration of the
CubeSat.
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Uvsg-Sat NG

Figure 4.19. Observation principle for the UVSQ-SAT NG CubeSat mission



Conclusion

This book marks the first in a series of three books and discusses the space age
from its origins in the mid-20th century to the NewSpace era in the 21st century.
It draws on research experience gained at the Laboratoire Atmosphéres et
Observations Spatiales (LATMOS), for the implementation of observation
instruments and data analysis, and at INSA Rouen for optimization methods in
mechanics.

The chapters show the evolution of the space age from the orbiting of the first
Sputniks launched by Russia in 1957 to the current NewSpace period, dominated
almost unipolitically by the USA. The space age is characterized by innovations in
various fields of socio-economic activity in both the tertiary and secondary sectors.
These innovations include methodologies and technologies for service products and
techniques. It opens the way to new prospects for industrial development, in some
cases linked to the realm of dreams when it comes to the scope of possible
achievements in space exploration.

CubeSats, initially developed as part of a university program by California
Polytechnic State University and Stanford University in the USA, have opened up
the possibility of carrying out space observation missions with reduced resources
and shorter lead times than the first space missions. New design methods have been
developed for these CubeSats, which come in cubes from 1U to a maximum of 24U.
They take into account the shape and mass of the orbit, as well as the onboard
payload for programmed observations. The debate on the orbital parameters of the
CubeSats provided an opportunity to retrace the progress made in the sciences, in
terms of new methodologies and concepts. This was particularly true of the work of
Copernicus, Kepler, Galileo, Descartes, Newton, Einstein, Lagrange, Laplace and
Hamilton, to name a few. This allowed scientists to break away from the
assumptions of ancient astronomers, from the Egyptians to the Greeks, notably by
consolidating the heliocentric model of planetary motion in the Solar System, within
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the framework of Newton’s law of gravitation or Einstein’s theory of general
relativity.

CubeSat implementation has been described within the framework of complex
systems engineering. The organizational structure favors an agile horizontal
approach, as opposed to a vertical procedure, in order to complete the space program
within a reasonable timeframe right from the definition and analysis phase through to
the operational phase. Once the scientific objectives of the program have been
determined, and in order to build the ground segment (control center, VHF/UHF
ground stations and data processing system) and the space segment (satellite platform
and onboard scientific instruments), various environmental, scientific instrument
calibration and verification tests are required. Right from the design stage, these tests
ensure that the satellite is robust and reliable and will withstand the stresses and
strains of its lifecycle: from the launch phase, through the operational phase, right up
to decommissioning. They also ensure that the satellite meets mission requirements in
terms of standards, safety and scientific objectives.

Nanosatellites allow us to observe the atmosphere of a planet, particularly the
Earth, on a more precise scale of space and time, thanks to their size and quantity.
Although it is not possible to cover all zones of the atmosphere, intelligent sampling
based on priority observation zones should, like Pareto’s 80-20 law, provide
maximum information on key parameters such as pressure, temperature, humidity,
wind speed and solar flux, enabling us to model the dynamics of the Earth’s
atmosphere. These satellite projects, whether for observation missions in the context
of global warming or industrial activities, can be carried out within a reasonable
timeframe and at affordable cost by any interested organization.

Finally, according to the European Cooperation for Space Standardization
(ECSS):

NewSpace encompasses all space initiatives that revolutionize the
commercial space field through the use of highly innovative solutions
and/or processes, exotic business models, simplified organizations,
low-cost space, innovative risk management approaches. In the era of
NewSpace, new scientific objectives are now accessible thanks to
small satellites that benefit from recent technological advances in
terms of miniaturization and reduced space access costs. This context
makes them particularly suited to situations such as constellation
operation for multi-point science (in situ or remote) in yet a high-risk,
but high scientific return era.
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