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Abstract

QB50 is a program intended to study the lower thermosphere (320-90 km) with a
network of 50 nanosatellites. QB50 is the second nanosatellite of the University of
Liege, Belgium. Before QB50 it was developed OUFTI-1 within the LEODIUM

Project.

These satellites will be launched into a circular orbit at about 330 km altitude and an
inclination of 79°. Due to the atmospheric drag, the orbit will decay and progressively
lower layers of the atmosphere will be explored. The CubeSats will decay from 330 km
to 90 km in approximately 98 days.

In this thesis a complete analysis will be made for a double CubeSat (2U) and some
results will be compared with the triple CubeSat (3U) ones. A CubeSat is a cubical
satellite with a size of 10 x 10 x 10 cm and a weight of 1 kg.

Finally, in this thesis it will be applied the tool STK/SEET to QBS50 mission in order to
predict, above all, the radiation that the satellite will receive during its lifetime. A
tutorial will be made to show how this tool works.
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1. Introduction

The field of aerospace has been investigated for millennia, becoming one of the most
exciting, diverse, and fast paced fields of today. This field includes artificial satellites,
the object of study of this project. Formerly, satellites required several years of design,
big infrastructures to build them and enormous budgets. Fortunately, satellites have
evolved and nowadays it is possible to manufacture miniaturized satellites. An example
of that is the QB50 mission. These advances allow universities, research organizations
and smaller nations to participate in space based research.

A miniaturized satellite is an Earth-orbiting device having lower mass and smaller
physical dimensions than a conventional satellite, such as a geostationary satellite.
Miniaturized satellites have become increasingly common in recent years. They are
often placed in low-Earth orbits (LEO) and are launched in groups. This kind of
satellites can be classified according to their mass:

e Minisatellite [100-500 Kg]: They are usually simpler but they use the same
technology as the larger satellites. Minisatellites are often equipped with
propulsion system for orbit and attitude control.

e Microsatellite [10-100 Kg]: The miniaturization process of satellites begins to be
important for those satellites, but sometimes they still use some kind of
propulsion.

e Nanosatellite [1-10 Kg]: Their small size makes them affordable and opens up
the potential for a swarm of satellites. However, every component has to be
reduced in terms of mass and volume and no propulsion is usually foreseen.
They can be transported on larger launches, avoiding the need for a dedicated
launch.

e Picosatellite [0.1-1 Kg]: The miniaturization process has to be maximized and
many new technologies have to be used in order to accomplish the requirements.
The CubeSat design, with 1 kg maximum mass, is an example of a large
picosatellite (or small nanosatellite).

This thesis is focused on a nanosatellite, called QB50. Firstly, it will be introduced the
objectives of the project, as well as an explanation of the QB50 mission, including the
concepts of CubeSat. Then the different factors related with the mission analysis will be
treated with STK software, and finally a tutorial of a STK tool, called SEET (Space
Environment and Effects Tool) will be done.

For each factor an analysis is carried out and the results are presented. First of all, it will
be done an estimation of the lifetime of QB50. Afterwards, it will be treated the access,
sunlight periods, power collected, radiation, vehicle temperature and impact particles.
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The Satellite Tool Kit (STK) is a complete software application for modelling,
engineering and operations of space. This software is widely used in the field of
astrodynamics, because of the great advantages as:

o Intuitive user interfaces for creation of detailed models and simulations.
e Tens of thousands of data output parameters.

o Fully customizable report and graph styles with hundreds of standard reports and
graphs included.
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2. Objectives of the QB50 mission

QB50 has the scientific objective to study in situ the temporal and spatial variations of a
number of key constituents and parameters in the lower thermosphere (90-320 km) with
a network of 50 double CubeSats, separated by a few hundred kilometres and carrying
identical sensors for in-situ measurements [1]. QB50 will also study the re-entry process
by measuring a number of key parameters during re-entry, and by comparing predicted
and actual CubeSat trajectories. On all other missions, CubeSats have been a secondary
payload and they have had to accept the orbital requirements of the primary payload
(usually higher orbital altitudes), which are often not ideal for the CubeSats. On QB50
mission, the CubeSats will be the primary payload.

Space agencies are not pursuing a multi-spacecraft network for in-situ measurements in
the lower thermosphere because the cost of a network of 50 satellites built to industrial
standards would be extremely high and not justifiable in view of the limited orbital
lifetime. No atmospheric network mission for in-situ measurements has been carried out
in the past or is planned for the future. A network of satellites for in-situ measurements
in the lower thermosphere can only be realized by using very low-cost satellites, and for
this purpose, CubeSats are the only realistic option.

The QB50 network will consist of 50 double-unit CubeSats. The satellites come from
different countries: 38 CubeSats are envisaged to be provided by universities in 22
European countries, 8 by universities in the US, 2 by universities in Canada and 2 by
Japanese universities.

QB50 has basically two units, the science unit and the functional unit. By one hand the
science unit contains a set of standardized sensors for lower thermosphere and re-entry
research. By the other hand the functional unit provides the usual satellite functions, like
power, CPU, telecommunication, IMU and GPS. The universities are free to design the
functional unit.

The 50 satellites will be launched together on a single launch vehicle, a Russian
Shtil-2.1, into a circular low-Earth orbit (LEO) at about 320-330 km altitude and an
inclination of 79°. Due to atmospheric drag, it is predicted the orbits will decay from
320 km to 90 km in 3 months, this is the minimal duration required to performed
suitable in-situ measurements. After launch the CubeSats will be deployed sequentially.
The separation speed will have an influence on the total network size.

The initial orbital altitude will be selected for each CubeSat in order to the lifetime will
be at least three months, but it has to be below 330 km to avoid a possible collision with
the International Space Station (ISS), due to its orbit is usually maintained between 335
km (perigee) and 400 km (apogee).
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The launch is planned for June 2014. By that time, GENSO, the Global Educational
Network for Satellite Operations, will be fully operational [2]. It will comprise more
than 100 ground stations in different parts of the world, providing nearly continuous
uplink and downlink capability for all the CubeSats.

The selection of the standardized sensors for in-situ measurements will be managed by
the Sensor Selection Working Group (SSWG). The Orbital Dynamics Working Group
(ODWG) is responsible for the selection of the initial orbital altitude and the initial
separation between CubeSats in the network.

2.1. CubeSats

The concept was originally developed by the California Polytechnic State University
and by the Stanford University, with Professors J. Puig-Suari and R. Twiggs, and
afterward it widely circulates among the academic world. The CubeSat philosophy is
different from the larger satellites. To launch a commercial satellite it is needed millions
of dollars and lots of time to cover the period between the design and the launch,
whereas a CubeSat, with a small budget, can be designed, tested and launched in a few
years, allowing student to participate to all the phases of the mission.

Today the CubeSat project is an international collaboration of more than 100
universities, high schools and private firms developing their own designed
nanosatellites. Furthermore, thanks to the great success of CubeSat projects [3], some
safe interfaces for CubeSats have been developed and the launch providers are
definitely favourable to use the free space to set into orbit this kind of nanosatellites.

The CubeSats offer all the standard functions of a normal satellite (attitude
determination and control, uplink and downlink telecommunications, power subsystem
including a battery and body-mounted solar panels, on-board data handling and storage
by a CPU, and either a technology package or a small sensor or camera). It takes about
two years to develop a CubeSat (from the provision of funding until the launch).

A CubeSat must respect the CubeSat designs specifications [4]. This will ensure that the
satellite is compatible with the launcher’s interface and it will not interfere with the
other payloads. The key requirements for a CubeSat are summarized below:

e Its dimensions must be 10x10x10 cm.
e [t may not exceed 1 Kg mass.
e Its centre of mass must be within 2 cm of its geometric centre.

e The CubeSat must not present any danger to neighbouring CubeSats, to the
launch vehicle or to the primary payload: all parts must remain attached during
launch, ejection and operation and no pyrotechnics are allowed.
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e Whenever possible, the use of NASA or ESA approved material is
recommended: it allows a reduction of out-gassing and contamination.

e Rails have to be anodized to prevent cold-welding and provide electrical
isolation between the CubeSat and the deployment system. They also have to be
smooth and their edges rounded.

e The use of Aluminium 7075 or 6061 is suggested for the main structure. If
others materials are used, the thermal expansion must be similar and approved.
This prevents the CubeSat to conk out because of an excessive thermal
dilatation.

e No electronic device may be active during launch. Rechargeable batteries have
to be discharged or the CubeSat must be fully deactivated.

e At least one deployment switch is required.

e All deployable components, such as antennas, booms and solar panels can be
deployed 30 minutes after ejection into orbit.

e It has to undergo qualification and acceptance testing according to the
specifications of the launcher: at least random vibration testing at a level higher
than the published launch vehicle envelope and thermal vacuum testing. Each
CubeSat has to survive qualification testing for the specific launcher.
Acceptance testing will also be performed after the integration into the
deployment system.

These are the fundamental features of a single CubeSat (1U), but there are bigger
formats, as the double CubeSats (2U) with the dimensions of 20x10x10 cm, and the
triple CubeSats (3U) with the next dimensions: 30x10x10cm. The structure of a double
CubeSat is obtained by stacking two basic units, and obviously the structure of a triple
CubeSat, stacking three basic units. The skeleton of these structures could be seen in
Figure 2.1.
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Figure 2.1: Skeleton of a single, double and triple CubeSat

2.2. The lower thermosphere

2.2.1. The atmosphere

The atmosphere of Earth is a layer of gases surrounding the Earth planet by Earth’s
gravity. The atmosphere protects life on Earth by warming the surface through heat
retention (greenhouse effect), reducing temperature extremes between day and night,
and filtering the electromagnetic radiations of the Sun. The absorption of the radiations
causes local heating, which contributes to the atmospheric structure.

Atmospheric stratification describes the structure of the atmosphere, dividing it into
distinct layers, each with specific characteristics such as temperature or composition.
The atmosphere has a mass of about 5x10'® kg, three quarters of which is within about
11 km of the surface. The atmosphere becomes thinner with increasing altitude, with no
definite boundary between the atmosphere and outer space.

In general, air pressure and density decrease in the atmosphere as height increases.
However, temperature has a more complicated profile with altitude, but it provides a
useful metric to distinguish between atmospheric layers. In this way, Earth's atmosphere
can be divided into five main layers:

Exosphere

The exosphere is the outermost layer of Earth's atmosphere. It is mainly composed of
hydrogen and helium. The particles are so far apart that they can travel hundreds of
kilometres without colliding with one another. Since the particles rarely collide, the
atmosphere no longer behaves like a fluid. These free-moving particles follow ballistic
trajectories and may migrate into and out of the magnetosphere or the solar wind. This
is the area where many satellites orbit the Earth.
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Thermosphere

The thermosphere starts just above the mesosphere and extends up to 600 km high.
Literally, thermosphere means ‘“heat sphere”. In this layer the temperature rises
continually to well beyond 1500°C. The few molecules that are present in the
thermosphere receive extraordinary amounts of energy from the Sun, causing the layer
to warm to such high temperatures. Within this layer, ultraviolet radiation causes
ionization.

Mesosphere

The mesosphere extends from the end of stratosphere to 80—85 km. It is the layer where
most meteors burn up upon entering the atmosphere. Temperature decreases with height
in the mesosphere. The temperature minimum that marks the top of the mesosphere is
the coldest place on Earth and has an average temperature around —85 °C. Due to the
cold temperature of the mesosphere, water vapour is frozen, forming ice clouds.

Stratosphere

The stratosphere extends from the troposphere to about 50-55 km. Temperature
increases with height due to increased absorption of ultraviolet radiation by the ozone
layer, which restricts turbulence and mixing. While the highest temperature may be
—60 °C at the troposphere, the top of the stratosphere is much warmer, and may be near
freezing.

Troposphere

The troposphere begins at the surface and extends to between 9 km at the poles and
17 km at the equator. This layer is mostly heated by transfer of energy from the surface,
so on average the lowest part of the troposphere is warmest and temperature decreases
with altitude. The troposphere contains roughly 80% of the mass of the atmosphere, and
it is where most weather phenomena like cloud formation take place.
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Figure 2.2: Vertical structure of the atmosphere

2.2.2. Why study the lower thermosphere?

The lower thermosphere (90-320 km) is the least explored layer of the atmosphere. The
first explorations of this layer were done with highly elliptical orbits. They carried
experiments for in-situ measurements but the time they spent in this region was only a
few tens of minutes. Nowadays, sounding rocket flights provide the only in-situ
measurements, but the time spent in this region is rather short.

Earth observation satellites, which are equipped with powerful remote-sensing
instruments, can fly in higher orbits (600-800 km). Although this is an excellent tool for
exploring the lower layers, they only observe constituents in the troposphere, the
stratosphere and the mesosphere, due to the thermosphere is so rarefied and the return
signal is weak. The same happens for remote-sensing observations from the ground with
lidars and radars.

With this explanation it is easy to understand why the atmospheric density models do
not agree with each other. Some of these models are based on theoretical assumptions
concerning key parameters like the exospheric temperature, whereas other models are
based upon in-situ data measurements.

The multi-point in-situ measurements of QB50 will be complementary to the remote-
sensing observations by the instruments on Earth observation satellites, and the remote-
sensing observations from the ground with lidars and radars. The QB50 mission will
allow increasing the knowledge of the lower thermosphere and the dynamic phenomena

19



that take place. All atmospheric models will benefit from the measurements obtained by
this mission.

2.2.3. Advantages of low Earth orbit

A network of CubeSats in the lower thermosphere compared to network in higher orbits
has the following advantages:

e The lifetime of a CubeSat in a LEO will be three months. This is much less than
the 25 years stipulated by international requirements related to space debris.

e A low-Earth orbit allows high data rates because of the short communication
distances involved.

e In their low-Earth orbits the CubeSats will be below the Earth’s radiation belts,
which is very important because CubeSats use low-cost Commercial-Off-The-
Shelf (COTS) components.

2.2.4. Study the re-entry process

QB50 mission also offers the occasion to study the re-entry process. The CubeSats,
orbiting into a LEO at about 320-330 km, will go down due to the atmospheric drag and
they will be able to transmit information during the re-entry phase before being
disintegrated in the atmosphere.

The von Karman Institute (VKI) has the intention to provide a double CubeSat with the
purpose of performing an atmospheric re-entry flight. To carry out these measurements
during the re-entry phase, the VKI CubeSat will be equipped with a thermal protection
system. Furthermore, an inertial measurements unit (gyroscopes and accelerometers)
will be utilized to perform measurements on the flight trajectory of the CubeSat.
Finally, if there are adequate remaining power and data resources available, it is
envisaged to carry additional sensors for skin friction and pressure sensors for base flow
measurements.

2.3. Launch vehicle

The 50 double CubeSats participating in QB50 will be launched by a Shtil-2.1 rocket
from Murmansk in Northern Russia. Shtil' family of launch vehicles [5] is based on the
3-stage liquid-propellant R-29RM or RSM-54 SLBM (Submarine Launched Ballistic
Missile). The missiles used are withdrawn from active service with the Russian Navy
and converted to civilian launch vehicles by removing the warheads and antennas and
replacing them by a civilian payload. The launcher has a remarkable track record of

' “Shtil” is a Russian noun, meaning ‘calm weather’
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several hundred successful launches and only 1 failure. There are four different versions
of the Shtil launcher: Shtil-1, Shtil-2.1, Shtil-2R and Shtil-3. But just the first ones are
operational: Shtil-1 and Shtil-2.1.

Wirune-2.1 LWrne-2F

Figure 2.3: Evolution of the Shtil family of launch vehicles
Shtil-1

This is the baseline version of the launch vehicle where the payload is placed inside a
special capsule in the space head next to the third stage engine nozzle. It was used to
launch on 7™ of July 1998, from a submarine in the Barents Sea, two small satellites
from the Technical University of Berlin. On 26™ of May 2006, it launched the Russian
Kompass-2 satellite, also from a submarine in the Barents Sea. The Shtil-1 has a launch
capacity of 150 kg into a circular orbit at 300 km altitude (i = 79°) and a payload
volume of 0.195 m’. However, the actual payload mass is reduced by the mass needed
for the encapsulation of the payload.

Shtil-2.1

This is an improved version of the Shtil-1 where the payload is accommodated in a
special section (max height 1.24 m, max diameter 1 m) on top of the space head. The
payload mass that can be launched by a Shtil-2.1 into a circular orbit at 320 km altitude
is 230 kg. The Shtil-2.1 was custom designed to accommodate the South African
satellite SumbandilaSat (Pathfinder), an 80 kg microsatellite intended for launch in May
2007 into a 500 km circular orbit, but the launch negotiations were not be successfully
completed.
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Figure 2.4: Distribution of the payload inside Shtil-2.1

2.3.1. The mission profile

The Shtil-2.1 is launched from a submarine at sea surface. The fairing is jettisoned at
the time of separation of the third from the second stage. After burnout, the third stage
engine is jettisoned from the third stage and falls into the Pacific Ocean. The third stage
itself remains in orbit. It has small thrusters for attitude and orbit control for 1200 s.
After that time the propellant is exhausted. The third stage also carries a telemetry
system and a battery which is sized to provide power for 1200 s. During this time
interval, the satellite is separated from the third stage by spring pushers. If requested,
the size of the battery can be increased to provide power for a longer time period,
allowing a later separation of the payload.

[

Figure 2.5: Schema of the mission profile

The Shtil-2.1 is fully developed and hardware has been built and tested. As there are
currently no other customers it is quite possible that the launch of QB50 in June 2014
will be the first launch of a Shtil-2.1.
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3. Orbital mechanics

Orbital mechanics, also called flight mechanics, are the study of the motions of artificial
satellites and space vehicles moving under the influence of forces such as gravity,
atmospheric drag, thrust, etc. The engineering applications of orbital mechanics also
include ascent trajectories, re-entry and landing, and lunar and interplanetary
trajectories.

The root of orbital mechanics can be traced back to the 17" century when Isaac Newton
(1642-1727) formulated his law of universal gravitation. However, Isaac Newton used
Kepler's work as basic information in the formulation of his gravitational theory. The
three laws discovered by Johannes Kepler (1571-1630) are:

1. All planets move in elliptical orbits, with the sun at one focus.
2. A line that connects a planet to the sun sweeps out equal areas in equal times.

3. The square of the orbital period of any planet is proportional to the cube of the
semi-major axis of its orbit.

These laws can be applied to the motion of the satellites.

3.1. Orbital elements

There are six parameters that have to be defined to characterize the motion of the
satellite along its orbit [6]. They are called orbital elements:

Semi-major axis, a

The semi-major axis of an elliptic orbit is its longest distance between the centre of the
Earth and the apogee. For the special case of a circular orbit, the semi-major axis is the
radius, thus being the apogee and the perigee at the same distance from the centre of the
Earth.

Eccentricity, e

The eccentricity is the distance between the foci divided by the length of the major axis.
The result is a number between zero and one. An eccentricity of zero indicates a circular
orbit.

Inclination, i

The inclination is the angular distance between the orbital plane of a satellite and the
equator of its primary. An inclination of 0° indicates that a satellite moves in the same
direction to the rotation of its primary. An inclination of 90° indicates a polar orbit. And
an inclination of 180° degrees indicates a retrograde equatorial orbit.
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Argument of periapsis, ®

The argument of periapsis is the angular distance between the point of periapsis” and the
ascending node’. An argument of periapsis of 0° means that the satellite will be at its
closest approach to the central body at the same moment that it crosses the plane of
reference from South to North. An argument of periapsis of 90° means that the orbiting
body will reach periapsis at its north, most distance from the plane of reference.

Longitude of ascending node or RAAN, Q

The longitude of the ascending node is the angle from a reference direction, called
the origin of longitude, to the direction of the ascending node, measured in a reference
plane.

True anomaly, 0

The true anomaly defines the position of a satellite moving along an orbit. It is the angle
between the direction of periapsis and the current position of the satellite.

Celastial body

~

True anomaly U

n(;y/”

Longitude of ascending node

Argument of pgriapsis
— .
Refarance

direction

I
fane of "Eff:‘rence

]
- Inclination

Figure 3.1: Orbital elements

3.2. Orbit perturbations

The orbital elements discussed before provide an excellent reference for describing
orbits. However, there are some forces acting on a satellite that perturb it away from the
nominal orbit. These perturbations, or variations in the orbital elements, can vary
depending on the altitude. QB50 mission is focused on lower thermosphere; hence it has

2 The point of closest approach to the central body (perigee)

3 The point where the body crosses the plane of reference from South to North
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to be determined the principal perturbations in this layer. As the QB50 nanosatellite will
orbit in an initial altitude of 330 km (look at section 5.1), in Figure 3.2 one can observe
the main perturbations during its lifetime.

log,, (hormalized acceleration)
|

-10

Lunar gravity
Solar gravity

|
0 500 1000 1500 2000

Spacecraft altitude (m)

Figure 3.2: Normalized acceleration of perturbations as a function of satellite altitude

Looking at Figure 3.2, it is a fact that the gravity of the Earth is the most important
perturbation when the satellite is orbiting. Afterwards, before QB50 descends to
approximately 290 km, the third-body perturbation is the second one, whereas during
the altitude range of 290-0 km the atmospheric drag gains importance above third-body
perturbation. Finally, the last one is the solar radiation pressure (SRP).

3.2.1. Earth’s gravity

Earth’s gravitational force is often modelled as though the Earth were an
inert sphere of uniform density. Unfortunately, the Earth is neither homogeneous nor
spherical. This oblateness is caused by the Earth rotation rate*, but also because its mass
is not uniformly distributed and there are slight deviations in both the magnitude and
direction of gravity across the surface.

* Requator = 6378 km, Ryojr = 6357 km
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Figure 3.3: The true form of the Earth

To take into account all these aspects, the mathematical expression of the Earth
gravitational potential that includes all of them is:

V(r,p,A)=- %{1-22 [(%)“ JoP, sin(¢) + mZ: <%)n (Cpp cos(mA)S,,, sin(mA)) By, sin(q))l} (3.1

where r is the radial coordinate representing the distance respect the Earth centre, ¢ is
the longitude, 4 is the latitude, R, is the equatorial rayon, P,,sin(¢) are the normalized
associated Legendre functions, and C,, and S,, are the normalized gravitational
coefficients.

The gravitational potential can be expressed classified into three groups, depending on
the value of m and n:

e If m = 0, the gravity potential depends only on the latitude. This effect, called
zonal harmonics, takes into account the Earth is flattened. Often it is called C,y
=J,.

e If m = n, the gravity potential depends only on longitude. This effect, called
sectorial harmonics, is used to consider the difference in density between the
oceans and the continents. They are also called C,,,, = Jyum.

o Ifm#nand m# 0, the gravity potential depends both on latitude and longitude.
This effect, called tesseral harmonics, is used to take into account great mass
concentration.

The main disturbing factor is the J, coefficient, due to it is 100 times greater than the
other coefficients, as it could be seen in Figure 3.4.
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sectorial tesseral zonal

Figure 3.4: The spherical harmonics

3.2.2. Atmospheric drag

Drag is the resistance offered by a gas or liquid to a body moving through it. A
spacecraft is subjected to drag forces when moving through a planet's atmosphere. This
force is greater during launch and re-entry; however a space vehicle in low-Earth orbit
experiences some drag during its motion. The deterioration of a spacecraft's orbit
because of the drag is called decay. The drag force F)p on a body acts in the opposite
direction of the velocity vector and is given by the equations:

1
Fp = EPHZCDA (3.2)
BC = —
= A (3.3)

where Fp is the drag force, p is the atmospheric density, u is the speed of the satellite, 4
is its cross-sectional area perpendicular to the direction of motion, Cp is the drag
coefficient and BC is the ballistic coefficient.

The atmospheric drag affects strongly the orbit lifetime of satellite in LEO. First of all,
it has to be known the evolution of the cross-sectional area 4, due to it depends on the
attitude control and the geometry of the satellite. After that, it has to be defined the drag
coefficient Cp, which depends on the geometric form of the satellite. Earth orbiting
satellites typically have a coefficient drag in the range of about 2 to 4. The velocity of
the satellite u also affects the drag force, but choosing a high precision propagator, the
computational errors will be reduced. Finally, the atmospheric density p will be treated
deeply afterwards.

The ballistic coefficient of a body is a measure of its ability to overcome air resistance
in flight. It is inversely proportional to the deceleration; a high number indicates a low
deceleration.
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3.2.3. Third-body perturbations

Other bodies in the solar system impose additional gravitational forces on spacecraft
orbiting the Earth. The proximity and mass of the Moon provides a significant
influence, followed by the Sun, as it can be seen in Figure 3.2. The third-body
perturbation, basically change the inclination of the orbit with respect to the equator.
The effects of these forces acting on the satellite can be expressed as:

L s—r s
i = GM (IS—r|3>_ B (3.4)
where s, M and G are the position, the mass and the gravitational constant of the
Moon/Sun respectively, and 7 is the position of the satellite. Actually, this expression
represents the acceleration of the satellite because of the attraction of the Moon/Sun, but
also the acceleration of those two bodies on the Earth.

3.2.4. Solar radiation pressure

The SRP is the force exerted by the absorption and reflection of solar photons on the
satellite surface. Its curve is effectively independent of the altitude; it is a function of
distance from the Sun, rather than from the Earth. Certainly the heliocentric distance of
the spacecraft respect the Earth varies, due to the SRP, but the effect on the disturbing
acceleration is essentially second order. The other elements influencing on SRP are the
solar flux and the reflectivity coefficient. Otherwise this force is not affected by solar
wind particles. As it is shown in Figure 3.2, it is the smallest perturbation and compared
with the other forces it could be negligible at the altitudes, which the QB50 orbits. This
disturbance force [7] is defined as:

ﬁSR = —Psgp - Cp - Ap " oo (3.5)

where Pgy is the force per unit area exerted by the solar radiation, Cy is the coefficient
of reflectivity of the satellite, 4 the area of the satellite exposed to the solar radiation
and r the radial unit vector between satellite and Sun.

3.3. The orbit of QB50

Before defining the orbit of QBS50, there are some restrictions that must be fulfilled:
e The orbit must be circular.

e The initial orbit must be between 330 km (to avoid a possible collision with the
ISS) and 320 km.

e The orbit inclination must be about 79°.

e The lifetime must be at least three months.
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As the orbit is circular, there are some elements that are common for all circular orbits.
The altitude of apogee and perigee is the same. Eccentricity, the element used to
describe elongation in an elliptical orbit, is 0. Otherwise argument of perigee, RAAN
and true anomaly are still undefined. Taking into account all these aspects, Table 3.1
summarizes the orbital parameters:

Type LEO
Altitude of apogee/perigee 330-320 Km
Eccentricity 0
Inclination 79°
Argument of perigee To be determined
RAAN To be determined
True anomaly To be determined

Table 3.1: Orbital parameters of QB50

Although there are some parameters defined, the rest of them have to be quantified in
order to do the simulation with STK software. The altitude of apogee/perigee depends
on the lifetime; hence it will be defined after, in section 5.1. The other three parameters
will be arbitraries, but to quantify them it has been taken into account the values from
the J. Naviaux’ thesis [8]. In this thesis the values are: argument of perigee = 0° and true
anomaly = 84°. However, the RAAN value is not defined. Therefore, to quantify it for
the simulation, it is considered RAAN = 250°. Table 3.2 includes these values:

Type LEO
Altitude of apogee/perigee | 330-320 Km
Eccentricity 0
Inclination 79°
Argument of perigee 0°
RAAN 250°
True anomaly 84°

Table 3.2: Orbital parameters of QB50 for the simulation
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Figure 3.5: QB50’s ground track

Figure 3.6: QB50’s orbit

Figure 3.5 shows a typical ground track of the QB50 orbit over one day, and Figure 3.6
shows a tridimensional view of the orbit.
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4. Parameters of QB50

First of all, it is essential to know the characteristics and the parameters influencing the
QB50 to obtain accurate results. All necessary parameters for the STK simulation will
be analyzed and quantified.

4.1. Mass, m

The mass of QB50 is a fixed value, concretely it is equal to 2 kg (see section 2.1),
because QB50 is a double CubeSat.

4.2. Dimensions
QB50 is a double CubeSat formed for two single CubeSats (10 x 10 x 10 cm), as it is

mentioned previously. Therefore, the QB50 dimensions will be 10 x 10 x 20 cm, as it
can be seen in Figure 4.1:

c=20cm

b=10cm a=10cm

Figure 4.1: Schema of the QB50 dimensions

4.3. Cross-sectional area, A

It is the area perpendicular to the direction of motion; however there is no information
in terms of attitude control. The drag force depends linearly on A4, as it can be seen in
section 3.2. Taking into account all the geometry requisites exposed in section 2.1
referred to a single CubeSat, the cross-sectional area 4 of a double CubeSat will vary
from 0.010 m* to 0.028 m>. Moreover, the double CubeSat has four faces with a surface
of 0.020 m” and the other two with a surface of 0.010 m”. Related with the measures of
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the faces, G.E. Cook [9] gives a relation based on statistics in order to evaluate the
cross-sectional area of a satellite:

ATot
A= 4.1
: (4.1)
where A7, is all the area surface of the spacecraft. Computing this area, the result leads
to A =0.01667 m”. In this project it has been taken this value for computations, due to it
is the best approximation of the cross-sectional area taking into account all the
characteristics of QB50.

4.4. Drag coefficient, Cp

As it is shown in Figure 3.2, the atmospheric drag acquires a growing importance when
the satellite’s altitude decreases. Thereby, as QB50 will orbit in a LEO, this parameter
becomes really important for the lifetime of the double CubeSat. In section 3.2.2 there is
a detailed explanation of this perturbation. But as a reminder, the drag force F, depends
on, among other parameters, the drag coefficient Cp. As pointed out on the drag
equation, the choice of cross-sectional area will affect the numerical value of the drag
coefficient. However, the drag coefficient contains not only the complex dependencies
of the satellite shape and attitude control, but also the atmospheric composition, the
temperature of particles interacting with the satellite’s surface and the flow regime.
There are other parameters affecting the drag coefficient, but their importance is less
than 1%.

Indeed, the drag coefficient is one of the most complex parameters due to the type of
flow regime where the motion takes place. The flow regime is the factor most
influencing on the drag coefficient. Although at low altitudes the continuum regime is
reached, at high altitudes the flow cannot be treated in a continuum way, because of the
mean free path of particles. At high altitudes, the atmospheric density is low; leading to
relatively infrequent intermolecular collisions. No shock wave is therefore formed
around a body moving through the atmosphere at orbit altitudes. This low collision rate
produces physical flow phenomena which cannot be predicted accurately using a
continuum description. However, it has to be demonstrated that QB50 will be, during
the most part of the orbiting time, in free-molecular flow.

It is normal to use 2.2 as the physical drag coefficient of compactly shaped satellites in
free molecular flow. This value of Cp is based on studies by G.E. Cook [9]. G.E. Cook
provides height-related Cp data adopting the Schamberg’s model [10].

To verify the free-molecular flow during the lifetime of the double CubeSat, the
Knudsen number K,, will be used. K, is a dimensionless number defined as the ratio of
the molecular mean free path length 4, to a representative physical length scale L:
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K, =2 (4.2)

If the Knudsen number is K, < 0.1 it can be assumed continuum flow regime, because
the length of the satellite is at least ten times greater than the molecular mean free path.
The transition flow regime is reached when 0.1 < K,, > 10, and finally the free-molecular
flow regime occurs when K, > 10.

Montenbruck and Gill [11] proposes an interesting relation between the Knudsen
number as a function of the altitude and the object length. This relation is reflected in

Figure 4.2:
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Figure 4.2: K, as a function of the altitude and the object length

Looking at Figure 4.2 it is easy to see that QB50 will be the most part of the time
orbiting through free-molecular flow, due to since the initial altitude until
approximately 115 km, the flow regime will be free-molecular. From 115 km of altitude
to 90 km the satellite will orbit through transition flow, but this period of time is almost
negligible on a time scale of 98 days (look at section 5.2).

Another important aspect that affects Cp is the solar activity (treated in section 4.9).
Solar activity also has a significant effect on atmospheric density. High solar activity
implies high density. Below 150 km the density is not strongly affected by solar
activity; however, at altitudes in the range of 500 to 800 km, the density variations
between solar maximum and solar minimum are approximately two orders of
magnitude. The large variations imply that satellites will decay more rapidly during
periods of solar maxima and much more slowly during solar minima. As QB50 will
orbit in the lower thermosphere (outside the range of 500 to 800 km), the effect of solar
activity should not exceed 5% of its nominal value [12].
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Taking into account all these aspects the value chosen will be 2.2. A value widely used
in recent years for the drag coefficient. It is the same value that J. Naviaux proposes on
his final year project [8].

4.5. Propagator

The propagator is the tool intended to solve the equations of motion of the satellite in
orbit. Therefore, the accuracy of the results will depend on the propagator selected. For
this reason, it is important to know the characteristics of each propagator that STK
provides in order to choose the best one for the QB50 mission.

The propagator which seems to be the most accurate to forecast the QB50 mission
analysis is the High-Precision Orbit Propagator (HPOP). It uses numerical integration
of the differential equations of motion to generate the position of the satellite. Several
different forces modelling the main perturbations are included in the analysis, as a full
gravitational field model (based upon spherical harmonics), third-body gravity,
atmospheric drag and solar radiation pressure. Also includes some secondary effects as
albedo, shadow models, etc. There are available several different numerical integration
techniques and formulations of the equations of motion. Hence, because of the many
parameter settings available for the user, a precise model of the force model
environment for almost any satellite can be specified, thus a highly precise satellite’s
orbit can be generated.

The other propagators are rejected for different reasons. For example, the Two-Body,
J2Perturbation and J4Perturbation propagators do not model the solar radiation
pressure, the third-body gravity and the atmospheric drag. The Simplified General
Perturbations (SGP4) is used with two-line elements (TLE) sets, which includes more
environmental forces; however there are more accurate propagators. The GPS
propagator allows the user to create GPS satellites using element sets form GPS data
file. The Astrogator propagator is focused on the trajectory design and orbit
manoeuvres. The SPICE propagator uses ephemeris files created with the SPICE
toolkit, an external toolkit of STK. And finally the Long-term Orbit Predictor (LOP)
provides predictions of the motion of satellites over many months or years, but this
propagator uses the same orbital elements as Two-Body, J2Perturbation and
J4Perturbation propagators.

4.6. Gravity field models

Earth is not a symmetrical body, as it is mentioned previously (section 3.2.1). This
oblateness is caused by its shape, density irregularities and the Earth rotation rate.

STK uses an equipotential ellipsoid surface that approximates the shape of the Earth.
The reference ellipsoid is called the WGS84 (World Geodetic System 1984), which is a
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mathematically-defined surface, where the gravity potential is a specific theoretical
value (U), and it is the same around the entire surface.

In order to improve the accuracy of this reference ellipsoid, due to it is relatively
simply, the WGS84 is used in combination with a more precise model. The two main
models are the EGM96 (Earth Gravity Model 1996) and EGM2008. Although both are
used to compute the geoid undulation with respect to WGS84 reference ellipsoid, the
model chosen is the EGM2008, due to is the most complete and latest model. This
model is constructed with combination of GRACE satellite data, topographic data,
altimetry on sea, and gravity observations on land areas.

4.7. Atmospheric density models

For a good analysis of QB50 mission, it is necessary to choose an appropriate model to
forecast the atmospheric density; above all in a LEO because of, as pointed out before,
the drag force plays an important role. Although the simplest way to compute the
atmospheric density is the exponential law decreasing with the altitude, it is not enough
accurate for a precise analysis, due to the atmospheric density is very complex and it
presents spatial and temporal variations. The models intended to predict the atmospheric
density have to take into account all the factors such as altitude, solar activity, time of
year, time of day, etc. But the principal factors influencing the atmospheric density in
the lower thermosphere are: diurnal variations, solar flux variations, geomagnetic
variations, semi-annual and seasonal-latitudinal variations and seasonal-latitudinal
variations of helium concentration [13].

For the simulation with STK software, there are different models which can be chosen:

e U.S. Standard Atmosphere 1976
e Harris-Priester

e Jacchia 1970

e Jacchia 1971

e Jacchia Lifetime 1971

e Jacchia-Roberts

e CIRA 1972

e MSIS 1986

e MSISE 1990

e NRLMSISE 2000
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To choose the correct model for QB50 mission it has to be analyzed all the
characteristics and properties of each model, and how they adapt to the density profile
of the lower thermosphere.

By one hand, U.S. Standard Atmosphere 1976 and Harris-Priester models are
excluded. The first one because it does not take into accounts the phenomenon
influencing on the variation of density neither the solar activity. This model only
provides accurate results for altitudes lower than 86 km. The second one is also rejected
due to it does not take into account all the variations of the solar activity; this model
only considers the diurnal density bulge.

By the other hand, the other models belong to the family of Jacchia [14], [15], [16] and
[17], or MSIS family [18] and [19], which seem to be equipped with the necessary
profile to obtain an accurate forecast for the different factors analyzed.

J. Naviaux [8] has studied the lifetime of the double CubeSat depending on the different
models. The results in June 2014 show that NRLMSISE 2000 [20] predicts the longest
lifetime; contrary, Jacchia 1971 predicts the shorter lifetime. Furthermore, NRLMSISE
2000 is one of the last update models.

The initial altitude will be calculated using both Jacchia 1971 and NRLMSISE 2000, in
order to accomplish the minimum lifetime of QBS50, three months. It will assure good
results. To analyze the other factors ,the model chosen will be NRLMSISE 2000.

4.8. Attitude determination and control system

The attitude of a spacecraft is its orientation and stabilization in space, despite the
external disturbing forces acting on it. The Attitude Determination and Control System
(ADCS) define directly the motion of the satellite, due to the motion of a spacecraft is
specified by its position, velocity, attitude and attitude motion [21]. By one hand, the
first two magnitudes describe the translational motion of the centre of mass of the
spacecraft. By the other hand, the other two magnitudes describe the rotational motion
of the body about the centre of mass.

Attitude analysis may be divided into determination, prediction and control:

e Attitude determination: It is the process of computing the orientation of the
spacecraft relative to either an inertial reference or some object of interest, such
as the Earth. This typically involves several types of sensors on each spacecraft
and sophisticated data processing procedures. The accuracy limit is usually
determined by a combination of processing procedures and spacecraft hardware.

e Attitude prediction: It is the process of forecasting the future orientation of the
spacecraft by using dynamical models to extrapolate the attitude history. Here,
the limiting features are the knowledge of the applied and environmental torques
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and the accuracy of the mathematical model of spacecraft dynamics and
hardware.

e Attitude control: It is the process of orienting the spacecraft in a predetermined
direction. It consists of two areas: attitude stabilization, which is the process of
maintaining an existing orientation, and attitude manoeuvre control, which is the
process of controlling the reorientation of the spacecraft from one attitude to
another. However, the two areas are not totally distinct. The limiting factor for
attitude control is typically the performance of the manoeuvre hardware and the
control electronics.

Some form of attitude determination and control is required for nearly all spacecraft.
Actually an ADCS needs in fact sensors and actuator with the consequent mass and
power needed: this is often incompatible with a CubeSat. The problem with a double
CubeSat is not only related with the mass requirements, but also with the power
collected (see section 8).

4.8.1. The body coordinates system

As it is pointed out before, the goal of attitude determination is to determine the
orientation of the spacecraft. Hence, before processing with the estimation of inertia
properties, a reference frame linked to the body of the satellite is needed.

The double CubeSat has six faces. Four of them measure 0.002 m” and the others 0.001
m?. Furthermore, all these faces are covered by solar cells, instead of the face which will
hold the antenna deployment system. The orthogonal system is fixed in the centre of
gravity of the satellite body and the z-axis points in the direction of the particular face.

In this thesis, it will be compared two cases depending on the attitude:
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e The satellite advancing vertically (one small face points to the Earth):

Figure 4.3: The body coordinates system if QB50 advances vertically

e The satellite advancing horizontally (one big face points to the Earth):

el Tite_QRS0

Figure 4.4: The body coordinates system if QB50 advances vertically
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4.8.2. Inertia properties

After defining the reference frame of QB50, the inertia properties have to be
determined. They cannot be defined exactly, due to the position of the elements inside
the structure is still unknown; therefore a simple model will be used.

The double CubeSat has a mass of 2 kg, but the distribution of the mass it is not
considered uniform in this thesis. The centre of mass will be displaced 1 cm each axis
from the geometric centre’, in order to take into account all the non-symmetrical
components that could be in the nanosatellite. Therefore, the gravity centre is situated at
(0.01, 0.01, 0.01) m. Figure 4.5 that lies in the plane x = 0.01 m, shows a schema of the
situation of the QB50’s gravity centre considered:

A
4

b

Figure 4.5: Schema of the centre of mass in the plane x = 0.01 m

In order to define correctly the inertia matrix, the parallel axis theorem or Huygens-
Steiner theorem [22] will be used. The moment of inertia is given by:

IO :IGC +m°7‘2 (43)

where /o is the moment of inertia about an axis passing through the point O (0.01, 0.01,
0.01) m, Isc is the moment of inertia of the object about an axis passing through its
geometric centre, m is the mass of QB50, and r is the distance between the two axes.

The inertia matrix of the gravity centre is:

° The maximum distance which can be displaced the centre of mass of a CubeSat with respect to
the geometric centre is 2 cm, it is specified in section 2.1
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where r is the perpendicular distance between the parallel axes (r = v0.012 + 0.012
m), m is the mass of the satellite (m = 2 kg), a is the x-side of the satellite (¢ = 0.1 m), b
is the y-side of the satellite (b = 0.1 m), and c is the z-side of the satellite (c = 0.2 m).

Then applying the corresponding values, the inertia matrix is:

8.533-1073 —-5.1073 —-1-1072
I,= -5-10"3 8533-1073 —1-1072 4.5)
—-1-1072 —-1-10"2  4.133-1073

4.8.3. Disturbing torques

During the lifetime, QB50 is subjected to variable disturbances resulting from various
properties of LEO environment. The disturbing torques play a main role to determine
the attitude [23]. However, as this thesis is a first approximation of QB50 mission, they
will not be taken into account. Otherwise, they have to be considered in future studies.
The major environmental disturbances acting on the satellite emerge from:

e (Qravity gradient

e Aerodynamic drag

e Solar radiation pressure
e Magnetic disturbance

Gravity gradient torque

Any non-symmetrical object of finite dimensions in orbit is subjected to a gravitational
torque, because of the variation in the Earth’s gravitational force around the object. This
gravity gradient torque results from the inverse square gravitational force field.
Actually, as the gravitational field decreases with the square of the distance from the
Earth’s centre, the whole satellite is not attracted with the same gravitational force by
the Earth. The formula, which defines the gravity gradient torque, is:

—

3u .,
Tyg = 3 (rxIr) (4.6)

where u is the gravitational parameter of the Earth, r the distance between the
geometrical centre of the satellite and the Earth centre, and / the matrix inertia.
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Aerodynamic drag torque

As QB50 orbits in a LEO, the aerodynamic drag becomes the main disturbance torque,
because it depends directly on the atmosphere density. The aerodynamic drag torque
varies due to density variations, satellite velocity and cross-sectional area.

TA = FxﬁD (47)

where |7| is the distance between the geometric center and the centre of mass, and ﬁDis
the atmospheric drag force (look at section 3.2.2).

Solar radiation pressure torque

Radiation incident on a spacecraft’s surface produces a force, which results in a torque
about the spacecraft’s centre of mass. Because the solar radiation varies as the inverse
square of the distance from the Sun, the solar radiation pressure is essentially altitude
independent for satellite in Earth orbit. The major factors determining the radiation
torque on a spacecraft are: the intensity and spectral distribution of the incident
radiation, the geometry of the surface and its optical properties, and the orientation of
the Sun vector relative to the spacecraft. This torque can be defined as:

?SRP =7x ﬁSRP (4.8)

where |7| is the distance between the centre of pressure and the centre of mass, and

ﬁSR pis the solar radiation pressure force (see section 3.2.4).

Magnetic disturbance torque

Magnetic disturbance torque results from the interaction between the satellite’s residual
magnetic field and the geomagnetic field. The primary sources of magnetic disturbance
torques are: spacecraft magnetic moments, eddy currents and hysteresis. Of these, the
spacecraft’s magnetic moment is usually the dominant source.

Ty=BxD (4.9)

where B is the earth magnetic field and D the residual dipole.

4.9. Solar and geomagnetic activity

Solar parameters play an important role for the design of a mission and for the lifetime
predications. However, such predictions are complex and difficult to perform, due to the
Sun’s activity is defined by 11-year cycle during which its activity can vary strongly
[24]. Furthermore, the Sun is characterized by a second cycle: the Sun’s rotation cycle,
which has a period of approximately 27 days. Hence, solar activity predictions are quite
difficult.
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The particle and radiation fluxes coming from the Sun, which perturb the Earth’s
atmosphere, are:

e Solar energetic particles (SEP): They consist of protons, electrons and heavy
ions with energy ranging from a few tens of keV to GeV. Solar Energetic
Particles (SEPs) can originate from two processes: by solar wind, which is a
stream of charged particles ejected from the external layer of the Sun, or by
shock waves associated with Coronal Mass Ejection (CMEs). However, only
about 1% of the CMEs produce strong SEP events. Moreover, these particles
interacting with the magnetosphere cause geomagnetic field fluctuations, which
affect the atmospheric density.

e Solar ultraviolet (UV) radiation: They heat the Earth’s atmosphere from the
exosphere through the thermosphere, modifying the air properties. The
ultraviolet solar radiation consists of two components: the first one related to
active regions (sunspots) on the solar disk, and the other to the solar disk itself.
The active region component comes from areas of higher temperature and
consists mainly of highly ionized atoms, whereas the radiation from the solar
disk itself comes from much less ionized atoms.

There are two parameters to describe the solar activity: the solar decimetre-wavelength
radio flux (F;,.7), which is used as an index of solar UV radiation and is well-correlated
with the number of active regions (sunspots), and the flux averaged or smoothed, over
approximately three solar rotations (Fj,,), which is linearly related to the disk
component of the solar UV radiation.

The geomagnetic activity is defined, basically, by the geomagnetic index (X)) 6 which
measures the solar particle radiations by its magnetic effects. This index is measured
each 3-hours interval of the universal time day (UT).

Considering the effect of solar activity, it is evident that higher is the level of solar
activity, lower is the lifetime of a satellite in orbit. In Table 4.1 there are, roughly, the
different levels of solar activity:

Levels of solar activity Fi07 F107 K,
Low activity 70 70 0
Mean activity 150 150 4
High activity 330 240 8

Table 4.1: Levels of solar activity

® Note that there is another geomagnetic index: a,, but it is derived from K,
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In STK there are two possibilities for the solar activity:
e Use database of STK
e Enter manually the values of Fy, 5, Fo; and K,

In this project, it has been used the database of STK; however it is important to have a
global vision of these parameters before mentioned, during the QB50 mission. For this
reason, it is possible to see the behaviour of the solar flux F;,, and the sunspot number
during the 24™ solar cycle (the current solar cycle), in Figures 4.6 and 4.7

ISES Solar Cyc(I)e F10.7cm Radio Flux Progression

bserved data through Oct 2010

240

220

180

160

140

120

nY
% 7 \

T mﬁ .&J'. \\
60

oM ol o> of o o gl oo g2 A0 ah a2 4D Ak D B 4T D a2
¥ v
— Smwoothed Monthly Values —+— Maonthly Values Predictad Values {Smocthed)

100

10.7cm Radio Flux (sfu)

=14}

™~
/
IKI Llrpdnrrrdnnnetppnrbronnrrepnefrrrpbnatt

Figure 4.6: Solar flux F;, ; during the 24" solar cycle
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4.10. Solar radiation pressure area

The solar radiation pressure area is the area perpendicular to the Sun’s vector, Ag,,. As it
is not a dominant perturbation in LEO and the difference between A (the cross-sectional
area) and Ag,, is small, in this project it is assumed that A= Ag,,.

4.11. Solar radiation pressure coefficient, C,

The solar radiation pressure coefficient is needed for the simulation of STK. As it is
mentioned previously, the effect of solar radiation pressure is negligible in LEO and it
does not affect on lifetime predictions. The C, value used to simulate the QB50 mission
will be 1, which is the mean value.

4.12. Summary of parameters for a double and triple CubeSat

Table 4.2 summarizes the characteristics of a double CubeSat. These values will be used
in the STK simulation:

Double CubeSat characteristics Value
Mass 2 kg
Drag coefficient 2.2
Cross sectional area 0.01667 m*
Ballistic coefficient 54.5454 kg/m®
Solar radiation pressure area 0.01667 m*
Radiation pressure coefficient 1

Table 4.2: Summary of parameters for a double CubeSat

As it is mentioned, some of the double CubeSat results will be compared with the triple
CubeSat ones. Concretely in this project, it will be compared the lifetime and the power
gathered depending on the attitude. In Table 4.3, there are the main characteristics for a
triple CubeSat, which will be used in the STK simulation:

Triple CubeSat characteristics Value
Mass 3kg
Drag coefficient 2.2
Cross sectional area 0.02333 m’
Ballistic coefficient 58.4416 kg/m®
Solar radiation pressure area 0.02333 m*
Radiation pressure coefficient 1

Table 4.3: Summary of parameters for a triple CubeSat
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5. The Lifetime of QB50

The lifetime of a satellite is one of the most important aspects of a space mission; due to
it is the period of time when the satellite carries out its function. Hence the success of
the mission depends on it.

In a low-Earth orbit, satellites experience orbital decay and have physical lifetime
determined almost entirely by their interaction with the atmosphere. The prediction of
satellite lifetime depends on the satellite characteristics, the knowledge of the initial
satellite orbital parameters, the drag force, the atmospheric density and the solar and
geomagnetic activity.

As it is mentioned previously, the main cause of the orbital decay is the drag caused by
the residual atmosphere at low altitudes, where the atmosphere exerts a significant
effect. The result of this friction effect is the altitude decreases quickly. To keep a
constant altitude, a regular altitude boost is needed to counteract orbital decay.
Unfortunately QB50 will be completely passive and no orbit control will be possible.

The forecast of the QB50 lifetime has the objective to choose the correct initial altitude
to accomplish the minimum lifetime required, which is about three months for a double
CubeSat. To choose the initial altitude, it will be introduced in STK the main
parameters influencing the decay of the satellite, before defined. As pointed out on
section 4.7 the lifetime will be calculated with two different atmospheric density
models: Jacchia 1971 and NRLMSISE 2000. Once the initial altitude is selected for a
double CubeSat, it will be calculated the lifetime of a triple CubeSat.

Finally, it has to be said that the launch is planned for June 2014, but the day is still
unknown. For this reason, before choosing the initial altitude, some calculi will be done
in order to see if the launch day is an important parameter that greatly affects the QB50
lifetime.
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Figure 5.1: Diagrammatic view of how a satellite decays in a low Earth orbit’

5.1. Initial altitude choice

First of all, before computing the initial altitude, it has to be known if the launch day
plays an important role. Hence fixing all the parameters, it will be studied the lifetime as
a function of the date. The days studied will be: 1%, Sth, IOth, 15th, 20th, 25" and 30" of
June. With these values it will be able to see if there is a tendency, and if the lifetime
varies greatly. Concretely, the model used to do the computation is Jacchia 1971 and the
altitude is 330 km. These two considerations are arbitraries. Afterwards an extensive
study will be done focusing in these two parameters. The rest of the parameters
introduced in STK are defined before (see section 4.12). Table 5.1 contains the results:

Date Lifetime (days)
1* of June 93
5™ of June 93
10" of June 93
15" of June 93
20" of June 93
25" of June 92
30™ of June 91

Table 5.1: Lifetime depending on the launch date

7 The radial scale has been drawn very much enlarged to show how the spiral opens out toward the end of
the satellite's life, when it undergoes the re-entry phase
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Table 5.1 shows that there is a soft decreasing tendency of the lifetime depending on the
launch date. However, this tendency appears at the end of the month, due to in the first
three weeks the lifetime seems to be constant. The difference between the launch taking
place at the beginning of the month or at the end is just two days, which represents
2.22% respect 90 days. Hence, the day chosen for the launch in this project will be the
15™ of June, because is the half of the month and the lifetime is the most probable; due
to approximately the first three weeks have the same lifetime. Furthermore the error,
which could be committed, is not representative, less than 3%.

Once the date has been chosen, it is time to decide the initial altitude. By one hand, the
minimum altitude permitted in the QB50 mission is 320 km; hence it will be the first
altitude examined. By the other hand, the maximum altitude permitted is 330 km.
Lifetime is computed by each kilometre of this range of altitudes and for both models,
Jacchia 1971 (the most restrictive model, look at section 4.7) and NRLMSISE 2000
(one of the last update models). The results are shown in Table 5.2:

Initial altitude (km) Lifetime
Jacchia 1971 (days) NRLMSISE 2000 (days)
320 75 80
321 77 82
322 79 84
323 80 85
324 82 87
325 84 89
326 86 91
327 88 92
328 89 94
329 91 96
330 93 98

Table 5.2: Lifetime as a function of the initial altitude and the atmospheric density model

Looking at Table 5.2 it is easy to see the difference, in lifetime terms, between the two
models. In order to ensure the minimum lifetime of three months, the initial altitude
must comply that the nanosatellite will be in orbit three months with both models. The
first initial altitude that fulfil the minimum lifetime is 329 km. Nevertheless, if the
launch takes place at the end of June, then the lifetime measured with Jacchia 1971
would not be enough, as it could be seen in Table 5.2. Therefore, in order to take into
account all the possibilities, the initial altitude will be 330 km.
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Now, that the initial altitude is clear, there are some basic results of the orbit that will be
helpful for the analysis performed in the following sections. These results could be seen
in Table 5.3:

Semi major axis 6708.14 km

Eccentricity 0
Orbital period 5467.82 sec

Mean motion | 15.8016 revs/day
Velocity 7.70847 km/sec

Table 5.3: Orbital results

5.2. Lifetime estimation of a double CubeSat

Once it has been chosen the date of launch (15™ of June), the initial altitude (330 km),
and the atmospheric density model (NRLMSISE 2000), it can be simulated the lifetime
with STK. Figure 5.2 shows the behaviour of the double CubeSat during its lifetime.
Also this graph will show the exactly date when the nanosatellite will decay.

48



350 +

300

250 +

200 +

180

100 ~

- 1.8e-3

- 1,8e-3

- 1.4e-3

-1.2e-3

- 1,0e-3

-0.8e-3

-0.8e-3

-0.4e-3

-02e-3

2014

Jul

———

Height of Apogee (km)

ﬁ.ljg
Time (UTCG)

Height of Perigee (km)

Figure 5.2: Lifetime estimation of a double CubeSat
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The results presented in Figure 5.2 estimate a lifetime of 98 days, more than 3 months,
the minimum lifetime expected for this mission. So, starting the space mission on 15
of June 2014, STK forecasts that it will finish on 20™ of September 2014 at
19:16:54.280, after 1566 orbits.

Looking at the form of the graph, it is strange that despite having a circular orbit, height
of apogee and perigee are separated approximately 21 km at the beginning. This
variation happens due to the equatorial bulge. As it is mentioned previously, concretely
in section 3.2.1, the altitude of a circular orbit with respect to the ground is not constant;
it is larger close to the poles and lower close to the equator (Requator = 6378 km, Ryotar =
6357 km). The difference between both radii is approximately 21 km, the same distance
between apogee and perigee at the beginning of the mission that Figure 5.2 shows. As
the lifetime advances, this distance becomes lower until the nanosatellite decays
definitively.

5.3. Lifetime estimation of a triple CubeSat

As it is commented before, some of the double CubeSat results will be compared with
the triple CubeSat ones, and the lifetime is one of them. The initial orbit, the launch day,
the atmospheric density model and the rest of parameters are the same for a double and
a triple CubeSat, instead of the inertia matrix, the mass, the cross-sectional area and
solar pressure area, as it can be seen in section 4.12. Note that the centre of mass of the
triple CubeSat has not been displaced. Figure 5.3 shows the graph which has the results:
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The results presented in Figure 5.3 estimate a lifetime of 104 days, more than 3 months,
the minimum lifetime expected for the mission. Hence, starting the space mission on
15™ of June 2014, STK forecasts that it will finish on 26™ of September 2014 at
14:07:12.609, after 1658 orbits. Also the lifetime, computed with Jacchia 1971, is about
99 days; thus the minimum lifetime it is achieved.

What strikes of these results is the difference between the double and the triple CubeSat
lifetime. A plausible explanation could be that the centre of mass of the triple CubeSat
has not been displaced, which generates less torques than in the double CubeSat.

Looking at Figure 5.3, it can also be seen that the apogee and perigee are also displaced
approximately 21 km at the beginning of the mission. As it is explained for the double
CubeSat, it happens because of the equatorial bulge.
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6. Access

6.1. Determination of the footprint

Due to the antennas are considered omnidirectional, one can assume that the whole area
the satellite can see is the same area that antennas have access. In order to have a global
vision about the field of view, there are some parameters that have to be defined [25].
Figure 6.1 shows a schema of the field of view:
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Figure 6.1: Field of view

9=2 (R, -sin(90° + &) 6.1

= 2 -arcsin R +h (6.1)
0

1 =180°— 3 (90° + ¢) (6.2)

where 6/2 is the cone angle of the sensor located in the nanosatellite, R, is the radii of
Liege (R, = 6365.4 km), ¢ is the minimal elevation of QB50 respect the horizon (¢
=10°), & is the apogee/perigee altitude (2 = 330 km), and A is the angle between the
double CubeSat and Liége, which vertex is located in the Earth’s centre.

Then, the footprint length Lrp and area Azp can be calculated as:

2-m-R,
=21 [——¢ 6.3
Lep = 2 A( 360 ) (63)
App=2-m- R, (1 —sin(90°— 1)) (6.4)
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The results are shown in Table 6.1:

Perigee/Apogee (330 km)
0 138.868°
A 10.566°
Lyr 2.348:10° km
Arp 4.317-10° km?

Table 6.1: Satellite’s field of view

The footprint of QB50, with a length of 2348 km and an area of 4.317-10° km?, is
displayed in Figure 5.2. In this figure it can be seen that the satellite passing over Liege,
almost covers the entire Western Europe, instead of Portugal, the south-west of Spain

and the south of Italy.

Figure 6.2: QB50’s footprint

6.2. Ground station access

It is essential for the mission design to know the time available when the QB50 can
establish communication with the ground station in Li¢ge. As it is mentioned
previously, it is considered a minimal elevation of QBS50 respects the horizon, in order
to take into account the obstacles around the ground station. This constraint is about 10°
above the horizon. Figure 6.3 shows the accesses between the satellite and the Liege GS

during 25™ of July 2014:
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Figure 6.3: GS access time during 25™ of July

Looking at this graph, it can be seen that the interval accesses are represented by
segments with different thicknesses, depending on the duration of each access. It has
been represented this short period of time instead of the graph including all the lifetime,
because of as the lifetime is about 98 days, there are lots of accesses; therefore the graph
including all of them is not too clear.

In Appendix A, the details of the access periods for each day of QB50 lifetime are
displayed. From this simulation, the global statistics will be presented in Table 6.2:

Ground Station Access Duration (s)
Minimum 6.369
Maximum 335.901

Mean 243.405
Total 70344.129

Table 6.2: Access global statistics

Each access will have a mean duration of 4.057 minutes. It can then be deduced that, on
average, the satellite will be visible 11.964 min/day. From the Appendix A, it can also
be seen that there will be at least 3 accesses per day which ensures a daily
communication link between the GS in Li¢ge and the satellite.
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7. Sunlight periods

During the mission, there will be some periods when the satellite will not be illumined.
It occurs when the Earth blocks the sunlight, or if there is a moon eclipse between Earth
and Sun. The first cause appears much more frequently than the moon eclipse because
of the high frequency at which the satellite rotates around the Earth. Indeed, QB50 will
perform 15.8016 revolutions per day; therefore, times of sunlight and darkness follow
each other in very short periods. The two consequences, of the Earth blocking the
sunlight or the moon eclipses to the QB50, are the umbra and penumbra periods, which
can be seen in Figure 7.1:

.

Penumbra

Figure 7.1: Schema of sunlight, penumbra and umbra periods

As the QB50’s orbit is defined, it is possible to calculate the duration the satellite will
be in sunlight, in penumbra and in umbra. Figure 7.2 shows these periods:
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Figure 7.2: Lighting times graph



As this graph is not too clear, due to it is not possible to see the different time intervals
of umbra, penumbra and sunlight, Figure 7.3 shows these periods during 25™ and 26™ of
July 2014. However, the most important thing to note in Figure 7.2 is that every day
during the QB50 lifetime, the satellite will have periods of sunlight, penumbra and
umbra periods, instead of the between the days 8" and 20™ of July, and 19" and 20™ of
September®. Concretely, the first period starts the 8™ of July 2014 at 21:15:14.262 and it
finishes the 20™ of July 2014 at 13:45:12.996, and the second one is comprised between
19" of September 2014 at 18:06:08.753 and 20" of September 2014 at 21:56:39.469.
During the first period, the satellite receives constant light all the time because of there
are not eclipses; hence, there are not penumbra and umbra periods. Concerning the
second period, there will not be umbra periods, even though there will be penumbra
periods, as it can be seen in Figure 7.2.

It happens because of the high orbital inclination (explained in section 3.1), which
causes the non-presence of equatorial orbits. During these periods, as the orbital plane is
approximately perpendicular to the sunlight direction, the Earth cannot block the
sunlight to the satellite, whatever the Sun position. This phenomenon it is also treated in
section 8.6.
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Figure 7.3: Lighting times during 25™ and 26™ of July 2014

¥ Note that these periods could change when all the orbital parameters will be finally defined, basically
the argument of perigee, RAAN and true anomaly
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Below, in Tables 7.1, 7.2 and 7.3, it could be seen the minimum, maximum, mean and
total duration of sunlight, penumbra and umbra periods:

Sunlight Times Duration (min)
Minimum 651.960
Maximum 1009798.734

Mean 4340.569
Total 5963942.325

Table 7.1: Global statistics of sunlight times

Penumbra Times Duration (s)
Minimum 7.893
Maximum 454.021

Mean 19.020
Total 51733.914

Table 7.2: Global statistics of penumbra times

Umbra Times Duration (s)
Minimum 12.547
Maximum 2171.230

Mean 1819.482
Total 2450842.864

Table 7.3: Global statistics of umbra times

Therefore, QB50 will be 70.442% of its time in sunlight, 0.611% in penumbra and
28.947% in umbra periods. As expected, the penumbra periods are very short due to the
low height of the QB50’s orbit.

During one orbit, the maximum duration of an umbra period is 36.119 min, which
represents 39.709% of the orbit. It means that during the periods when the satellite is
inside the Earth’s shadow, the satellite must operate with batteries because of solar
panels are not illumined. Otherwise, the sunlight periods are the time intended to
recharge the batteries. The minimum duration of a sunlight period is 10.866 min; it
means that the batteries have to be able to be charged in this time, in order to ensure the
right functioning of the double CubeSat, if a peak demand is required.
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8. Power system

A power system (SP) failure is one of the principal causes for losing a space mission;
therefore the electrical power provision for space vehicles is an important requirement
for satellite payloads. To provide uninterrupted electrical power, the satellite needs to be
in working order, thus it is indispensable the power supply unit.

The principal functions of the power system are:
o Power source
e Power conditioning
e Power distribution
o Power storage
e Power protection

In Figure 8.1 there is a schema of how it works the power system. Basically, the satellite
generates power with solar panels from the solar irradiation. Then this power has to be
conditioned as the requirements of satellite. Part of this power is distributed in different
subsystems, and the other part is stored in batteries for being used during eclipses or
peak demands.

The power system has to control the good function of the energy. It means that if there
is a subsystem wasting too much energy, this system must cut off the connection and
notify this malfunction to the on board computer. Furthermore, the power system has to
know always the Maximum Power Point Tracking (MPPT) to determine the correct
solar panels function.

Finally, the power system has to be able to shut down all the subsystems, instead of
communication subsystem, which has to send the pertinence beacon signals when an
emergency occurs. When this emergency is solved, the PS has to be able to start up on
its own.

VY
<] ~_ | SOLAR | POWER .| DIFFERENT
PANELS CONDITIONING SURSYSTEMS
A
BATTERIES

Figure 8.1: Basic schema of the power system
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8.1. Power generation

The electrical energy is the form of energy that uses all the subsystems of QB50, thus it
is necessary to convert the power received by the Sun to electrical energy [26]. In
general, a spacecraft power system consists of two main sources:

e Primary energy source: It converts the primary energy into electrical power. In
this case, the solar energy will be the primary energy source. Moreover, QB50
will use solar panels to capture this energy, due to the limited dimensions of the
CubeSat.

e Secondary energy source: The principal aim of this source is to replace the
primary energy source when this is not available. To carry out this function, the
energy has to be correctly stored and the electrical power has to be delivered to
the satellite and its payload when necessary. This is the case when the solar
panels cannot capture the solar energy, because of the satellite is eclipsed. How
long this secondary energy source is used, is determined in section 7.
Concretely, it will have to be able to work continuously during 36.119 minutes.

There are two different options instead of using solar cells, but they cannot be used for
different reasons. The first one is the conversion from nuclear to electrical power, using
the heat produced by radioactive decay of Plutonium-238, but the disadvantage is the
risk of spreading nuclear matter. The second one is using batteries which are charged
before launch, but the problem is the low power that they offer, combined with the time
of the mission, and the limited dimensions and weight of the double CubeSat.

8.2. Solar cells

Solar cells are devices which use the photoelectric effect to convert electromagnetic
radiation that falls on them into electricity. They are constructed from a semiconductor
material, like silicon, linked to a metal conductor and covered by a layer of anti-
reflective glass [27].

Individual cells, otherwise known as photovoltaic (PV) cells, are assembled together as
panels or modules which are then further grouped together as arrays.

Operation

When photons of electromagnetic radiation strike a semiconductor material, they can
reflect off the surface, pass through without striking anything, or can be absorbed by
electrons in the material’s crystal lattice. These electrons are in the valence band.
Absorbing energy from a photon, however, can excite them into the so called
“conduction band”, where they are free to move throughout the material. The excited
electron leaves behind a free space in the lattice which can be filled by an electron from
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a neighbouring atom. This leaves another space which is filled by an electron from the
next atom, and so on.

Photovoltaic cells are limited by the “band gap”, or energy difference between the
valence and conduction bands. Photons, with exactly this energy, create one electron-
hole pair in which case all their energy goes to electrical output. However, photons of
lower energies are absorbed as heat and do not contribute at all to usable energy.
Similarly photons, which higher energies, are partly wasted as extra energy. As the Sun
emits radiation across the whole range of photon energies, large parts of the spectrum
will not contribute to electrical power, limiting cell efficiency.

Other limitations on efficiency include optical losses such as reflection, electrical
resistance within the cell and connectors, and impurities and defects in the crystal
structure.

Types of cell

Most common solar cells are of the silicon p-n junction type. Other types of cells, such
as thin film cells, light absorbing dyes and organic/polymer cells do exist, but these are
rarely used for spacecraft panels.

P-n junction cells consist of two types of silicon with slightly different electrical
properties placed in contact. Excited electrons are diffused across this junction to
recombine with holes, but can only flow one way due to the electric field created by the
imbalance of charge (because of the different way the two types of silicon react to
incident radiation). The effect of the diode leads to a current flow in one direction,
which can then proceed down any connected wire to the load. These cells can then be
single junction or multi-junction.

Single junction cells are the first generation panels. They have just two types of
silicon. Multi-junction cells consist of many different semiconductor materials (for
example gallium arsenide GaAs, germanium Ge and gallium indium phosphide GalnP)
sandwiched together in layers. It creates a cell with several different band gaps,
allowing photons of much different energy to excite electrons and therefore allowing
larger parts of the electromagnetic spectrum to be covered. Modern multi-junction cells
can reach efficiencies of up to 30%, while typical solar cell efficiencies are currently of
27%. In this thesis, the BOL (Beginning Of Life) efficiency considered will be of 30%,
like in OUFTI-1 mission.

Solar cell thermal properties

According to Azurspace properties [28], the emissivity (¢) and the absorpvity (a) of
their Triple Junction GaAs Solar Cell are:
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Figure 8.2: QB50’s high efficiency solar cells

8.3. Energy storage

As it is mentioned previously, the power which will not be used at same time as it is
produced will have to be stored. There are two ways of doing this, with batteries or
flywheels.

The flywheel stores the energy as kinetic energy. However, when the flywheel
accelerates or de-accelerate, the attitude of satellite could change. Hence, to compensate
this problem it has to be used two flywheels. The problem is that it increases the weight
and for this reason it is not possible to use this method in QB50 mission.

Therefore, the way chosen for storing the energy is the batteries. It will allow the
satellite to use this energy stored when it occurs a solar eclipse or in peak demands. For
choosing the battery model, there are some aspects that have to be taken into account:
dimensions, weight, capacity and charging characteristics. It is also important to note
that the batteries cannot be overcharged or discharged through the solar panels.

8.4. Power conditioning

It is important to obtain the power, but also to regulate it for using it in the best
conditions for the satellite. Hence, the power conditioner is a device intended to
improve the quality of the power that is delivered to all the subsystems. It plays an
important role, due to it is necessary to protect, control and provide the power to each
subsystem of the double CubeSat (first, the most important subsystems receive the
power, and so on) with the correct voltage and the necessary power for each task.
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8.5. Power budget

It has to be known the energy needed to choose the right number of batteries and solar
cells for the spacecraft. The incoming power depends on the double CubeSat attitude,
and the payload demands influence the outgoing power and the stored energy.

8.6. Power gathered

For a good design of the power supply system, the specifications for the entire system
should be known, in order to estimate the amounts of incoming, outgoing and stored
energy. There are several factors to be taken into account. For example, the outgoing
energy depending on the payload demands, the type of the batteries and the solar panels.

8.6.1. Power gathered for a double CubeSat

In order to obtain a good estimation of the power collected, it is important to take into
account the behaviour of the satellite depending on the attitude. For this reason, it will
be done two graphs of the power gathered. The first one represents the QB50 advancing
vertically (Figure 8.3), the other one represents the satellite advancing horizontally
(Figure 8.4).
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Figure 8.3: Power collected graph of double CubeSat advancing vertically
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Figure 8.4: Power collected graph of double CubeSat advancing horizontally
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First of all, comment that the satellite receives sunlight each day of its lifetime.
Comparing the two graphs of double CubeSat, one concludes that the attitude plays an
important role on the power gathered, as it could be seen analyzing the graphs, due to
the different forms that they present.

By one hand, looking at the graphs related with the double CubeSat, concretely the
graph where the satellite advances vertically (Figure 8.3), the highest value reached for
the nanosatellite is 7.244 W, it is achieved on 6™ of September 2014. There are three
high peaks of power during the lifetime of QB50 and also three low peaks. However,
what is really striking is what happens between 8™ of July 2014 at 21:15:14.262 and 20"
of July 2014 at 13:45:12.996°. During this period, the satellite is not hidden by the Earth
or the Moon; it is always illumined by the Sun. Therefore during these days, if there are
not demand peaks, the satellite will not use the batteries and it will be able to load them.
It also happens between 19" of September 2014 at 18:06:08.753 and 20™ of September
2014 at 21:56:39.469, but it is a shorter period.

By the other hand, Figure 8.4, which contents the graph when the satellite advances
horizontally, presents two high peaks and two low peaks, it means that there are less
peaks than the other attitude case, but they are more marked. Concretely, the highest
peak is 7.340 W, which is greater compared with the highest peak of Figure 8.3.
However, the total power gathered is lower when the satellite advances horizontally, as
it could be seen comparing the areas of both graphs.

Not only there are differences between both cases of attitude, but also they present some
similarities like obviously, the periods without the Earth or the Moon blocking the
sunlight. The duration is the same, instead of the average of the power gathered, which
is lower when the QB50 advances horizontally, as it is commented. Hence, during the
first period of continuing sunlight (between 8™ and 20™ of July 2014), the minimum
values achieved for the QB50 are quite different depending on the attitude, due to
whereas the nanosatellite advancing vertically has approximately a constant minimum
value of 4.8 W, the double CubeSat advancing horizontally has a low peak, as it could
be seen in Figures 8.3 and 8.4.

Taking into account all these aspects, the best attitude option for the double CubeSat
would be advancing vertically, because the total power gathered during its lifetime is
higher than when the satellite advances horizontally, and the peaks are less marked.

Moreover, these graphs do not allow seeing with detail the power gathered and the
periods of time when the satellite cannot capture solar energy. For this reason, Figures
8.5 and 8.6 shows the power collected on 25™ of July 2014'° during 5 hours (9:00-
14:00), depending on the attitude.

? This phenomenon has been mentioned previously in section 7

' Note that the day chosen is not included in the periods without eclipses
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Figure 8.5: Power collected by a double Cubesat advancing vertically during 5 hours
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Figure 8.6: Power collected by a double CubeSat advancing horizontally during 5 hours
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As it could be deduced looking at both figures, they present a similar form, instead of
the top, where the double CubeSat advancing horizontally have more peaks. Finally,

comment that they have, obviously, the same duration of sunlight and eclipse periods.

8.6.2. Power gathered for a triple CubeSat

The last point of study for a triple CubeSat is the power collected. It will be predicted
the power gathered depending on the attitude, advancing vertically (Figure 8.7) and
horizontally (Figure 8.8). Furthermore, as it has been done with the double CubeSat

previously, it will be presented with detail the power gathered on 25™ of July 2014

during 5 hours (9:00-14:00), in Figures 8.9 and 8.10.
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Figure 8.7: Power collected graph of triple CubeSat advancing vertically
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Figure 8.8: Power collected graph of triple CubeSat advancing horizontally
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Looking at the four graphs of power gathered, it can be seen that the double and triple
CubeSat, grouped by the type of attitude, have a relatively similar form even though the
values are quite different. Obviously, the triple CubeSat collect more power than the
double CubeSat, due to the lateral faces of the triple CubeSat are bigger; thus the solar
panels are bigger too.

Focusing on the graph which includes the information of the triple CubeSat advancing
vertically, it presents a highest value of 9.809 W. It has two periods of time when the
satellite is not hidden by the Earth or the Moon. The first one (between 8" and 20" of
July 2014) is the same as the double CubeSat, but the second one is longer. It happens
because the triple CubeSat has a longer lifetime than the double one (see Figures 5.2
and 5.3). This second period of time, when the satellite is always illumined by the Sun,
takes place between the 19™ of September 2014 at 05:56:00 and the 26™ of September
2014 at 13:04:00. It is shorter than the first one, but probably if the satellite’s lifetime
were longer, it will have similar duration.

Concerning the second graph of triple CubeSat (Figure 8.8), it has a highest value of
10.671 W achieved on 13" of August. It is almost 1 W higher than the triple CubeSat
advancing vertically. However, as it happens with the double CubeSat, the total power
collected for the triple CubeSat advancing horizontally is lower. Otherwise, during the
two periods, when the satellite is always lighted, it takes place the two low peaks of
Figure 8.8.

Therefore, the best attitude option for the triple CubeSat would be advancing vertically,
because although the satellite advancing horizontally has a higher peak of power, the
total power gathered during the triple CubeSat lifetime is higher when the satellite
advances vertically, and this graph presents more constant values.

Figures 8.9 and 8.10 show the power gathered between 9:00-14:00 on 25" of July 2014.
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Figure 8.9: Power collected by a triple Cubesat advancing vertically during 5 hours
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Figure 8.10: Power collected by a triple Cubesat advancing horizontally during 5 hours

As it happens with the double CubeSat, both figures present a similar form instead of
the top, where there are slight changes.

Obviously, the sunlight and eclipse periods are the same for the double and triple
CubeSat. Therefore, the triple CubeSat’s batteries will have to accomplish the results
presented in section 7. It means that these batteries will have to work continuously
36.199 minutes if required, and the minimum period of recharge will be about 10.866
minutes.
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9. SEET: Space Environment and Effects Tool

An important point of this project is the application of SEET on the QB50 mission.
SEET is a new tool of STK designed to evaluate the effects of the space environment on
the spacecraft [29]. So, it will be helpful in QB50 due to it provides extensive
information on the space environment, based on the averaging of large amounts of
historical data.

Furthermore of applying SEET on the QB50 mission, a tutorial of this tool will be done
in order to give some help for the next students, who will use SEET tool in a near
future. This tutorial is located in Appendix B. The structure of this tutorial will be
related, obviously, with the QB50 mission. Hence, it will be described step by step how
to obtain the graphs and reports desired.

Focusing on the Space Environment and Effects Tool possibilities, SEET provides
comprehensive modelling of the space environment, with the capability to predict
various effects of the near-Earth environment on a space vehicle. This tool also provides
five module models that can be used in the spacecraft missions:

e The magnetic field module: It computes the magnetic field along the satellite
path, as well as performing field-line tracing, using standard models.

e The radiation environment module: It computes the expected ionizing dose
rate and energetic particle fluxes experienced by a satellite along its trajectory,
due to the trapped electron and proton populations, as well as the integrated total
dose and fluence (flux integrated over time).

e The vehicle temperature module: It computes the expected temperature of a
satellite exposed to direct solar and reflected Earth radiation, using simple
thermal balancing equations.

e The particle impacts module: It computes the probabilistic distribution of
small mass particles incident on a spacecraft.

e The South Atlantic anomaly transit (SAA) module: It computes the entrance
and exit times and probable fluxes for a satellite crossing the SAA, a region of
space with a greater concentration of ionizing radiation.

9.1. The magnetic field module
As it is commented, this module computes the magnetic field along the satellite path, as

well as performing field-line tracing, using standard models. The range of output is
available from the Earth’s surface out to a few tens of Earth radii (about 120,000 km).
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The Earth’s magnetic field can be represented approximately as a magnetic dipole, with
one pole near the geographic North Pole and the other near the geographic South Pole.
The standard coefficients that represent the geomagnetic field have to be adjusted
periodically, because of the locations of the poles and the strength of the field vary over
time [30]. These standard coefficients with their standard mathematical description are
known as the International Geomagnetic Reference Field (IGRF). The standard
coefficients of IGRF are maintained in tables having nodal values added about once
every five years. During this time, the coefficients are linearly interpolated to
approximate their slow change over time.

The full description of the IGRF main field is a multi-pole spherical harmonic
expansion containing over 100 coefficients:

Nmax

n+1 1
V(r,0,4,6) = R Z ((g) Z (g™ (£) cos(mA) + h™ (&) sin(mA)) P™ (9)) ©.1)
n=1 m=0

where 7, 6, 4 are geocentric coordinates (7 is the distance from the centre of the Earth, 8
is the colatitude and A is the longitude), R is the IGRF reference radius (6371.2 km),
gm(t) and A (t) are the harmonic coefficients at time ¢, and PJ*(6) are the Schmidt
semi normalized associated Legendre functions of degree » and order m.

In addition to the main field, the solar wind affects on the Earth’s main field, creating a
magnetic draping effect that alters the basic dipole at high altitudes. The contribution to
the magnetic field due to the solar wind interaction is called the external field and is
modelled by Olson-Pfitzer model [31].

The region in which the Earth’s total magnetic field (main and external) exerts the
dominant influence on charged particle motions is called the magnetosphere (500-
60.000 km), in which there are the Van Allen radiation belts, solar energetic particles,
and galactic cosmic rays. Such high-energy particles are the main factors that cause the
degradation of components of the satellite. However, QB50 will orbit in a LEO; hence
the influence of these factors will be lower than other satellites orbiting in higher
altitudes.

Main field options

e IGRF: This option provides magnetic field calculations based on the full
harmonic expansion of IGRF coefficients. The model coefficients at the epoch
of interest are linearly interpolated from the ICRF coefficient tables, the nodes
of which are spaced approximately every five years.

e Fast-IGRF: This option provides a specially tuned version of the IGRF
harmonic expansion. It returns a field strength estimate accurate to within 1% of
the full-IGRF option, but it is significantly faster.
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e Centered-dipole: This option is an approximation of the Earth’s magnetic field,
with parameters derived from the IGRF coefficients. The dipole position and
orientation is fixed with respect to the ECEF coordinate system origin with its
axis tilted southward and rotated eastward compared to the ECEF Z and X axes.
The IGRF coefficients determine the degree of tilt. The Centered-dipole model
is a good choice when computational speed is a high priority.

Other user-selectable parameters

e IGRF-update rate: The harmonic coefficients of the IGRF main-field change
slowly with time and are maintained in tables having nodal values added every
five years typically. Between these nodes, the coefficients are linearly
interpolated. The “update rate” determines how frequently the IGRF model
coefficients are re-interpolated from the table. The default update rate is 1 day,
which should be sufficient for most applications. However, for long periods it
should be increased this value.

3

o Field-line refresh rate: This is the time period of the frequency at which the
magnetic field lines will be reconstructed in the solar-magnetic coordinate
system, using the defined magnetic field model. The default refresh rate of 5
minutes represents a reasonable compromise for most situations.

9.2. The radiation environment module

The Earth's trapped particle radiation belts were discovered at the beginning of the
space. Consequently, considerable efforts were invested in building models of the
trapped proton and electron populations, culminating in the NASA AP-8 and AE-8
models. Nevertheless, the CRRES mission has demonstrated that the trapped particle
radiation environment is much more complex than the static environment described by
the old models [32].

The concept of trapped particle radiation

The motions of charged particles entering the magnetosphere from the solar wind and
undergoing acceleration or resulting from the decay of neutrons produced by cosmic ray
interactions with the neutral atmosphere, are dominated by the magnetosphere magnetic
field [33]. Figure 9.1 shows a schema of these charged particles:
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Figure 9.1: Representation of charged particles trapped in the Earth's magnetic field

The population of charged particles trapped by the Earth's magnetic field consists
mainly of protons with energies between 100 keV and several hundred MeV and
electrons with energies between a few tens of keV and 10 MeV.

The trapped proton population

The energetic (above 10 MeV) trapped proton population is confined to altitudes below
20,000 km, while lower energy protons cover a wider region, with protons below
1 MeV reaching geosynchronous altitudes. Figure 9.2 shows the distribution of trapped
protons with energies above 10 MeV, as predicted by the NASA AP-8 MAX model.
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Figure 9.2: Distribution of trapped proton flux >10 MeV
The trapped electron population

The trapped electron population distribution is characterised by two zones of high
intensities, below altitudes of one Earth radius and above two Earth radii in the
magnetic equatorial plane, respectively, which are separated by a region of low
intensities. The location and extent of the inner and outer belts depends on electron
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energy, with higher energy electrons confined more to the inner belt, and lower energy
electrons populating the outer belt to altitudes beyond geosynchronous orbit. Figure 9.3
shows the trapped electron population above 1 MeV.
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Figure 9.3: Distribution of trapped electron flux >1 MeV

9.2.1. SEET radiation environment module

The radiation environment which is collected by the satellite causes degradation in
different devices on QBS50, for this reason it is important to know information on
satellite dosage and incident energetic particle flux. The total dose is computed by
integrating the instantaneous dosage rate over time, where the dosage rate itself depends
on the incident energetic particle flux and shielding parameters (material type and
thickness) of a shielded instrument.

Hence, during the satellite trajectory this module computes the expected dosage rate and
accumulated ionizing dose due to energetic electron and proton particle fluxes, for a
range of user-specified shielding thicknesses.

First of all, it has to be decided which radiation environment model using. The different
models are explained below:

APEXRAD

It is a radiation model to predict the amount of radiation received, based on data
collected by the APEX Space Radiation Dosimeter [34]. The results of this model are
given by four shielding thicknesses fixed; it means that only the prescribed sets of
shielding thicknesses may be used. These values are: 0.108966, 2.0955, 5.9055 and
11.6205 mm
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CRRESRAD

It is a radiation model that predicts the amount of radiation received based on data
collected by the Combined Release and Radiation Effects Satellite (CRRES) Space
Radiation Dosimeter [35], for radiation dosages behind shielding thicknesses of 2.0955,
5.9055, 11.6205 and 22.5171 mm.

Radiation-only

It is a radiation model that gives the results for the three values of shielding thicknesses
that APEXRAD and CRRESRAD share: 2.0955, 5.9055 and 11.6205 mm.

For long scenarios APEXRAD, CRRESSRAD or Radiation-Only option should be
selected. The problem is that these three models do not specifically compute proton or
electron fluxes or provide constituent dosage rate and dose information, they only
compute combined information from all constituent sources.

CRRES

It is a flux model based on CRRESELE [36], an electron flux model for energies
between 0.5-6 MeV, and CRRESPRO [37], a proton flux model for energies between
0.1-100 MeV. These models are based on data collected by CRRES instrumentation.

NASA

It is a flux model based on NASA AE-8 radiation belt maps for electron flux for
energies between 0.04 and 7.0 MeV, and NASA AP-8 radiation belt maps for proton
flux for energies between 0.1 and 400 MeV.

If the model selected is CRRES or NASA, it will be able to use SHIELDOSE-2 [38],
which is a radiation transport model that uses the electron and proton fluxes computed
by the flux models, to estimate the absorbed total dose as a function of depth in a
specified shielding material. Outputs include total and particular dosage rates of
electrons, bremsstrahlung and protons. When SHIELDOSE-2 is active the shielding
thicknesses has to be defined as well as the following options'":

e Detector Type: It has to be selected the type of material under Aluminium
shielding to be used for dose computations. The materials for being chosen are:
Aluminium, Graphite, Silicon, Air, Bone, Calcium, Gallium, Lithium, Silicon
Dioxide, tissue and water.

e Detector Geometry: It has to be selected the geometry of the material under
Aluminium shielding. The possible options are the followings:

" The shielding thicknesses parameters of QB50 are defined and explained in Appendix B
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— Finite-slab: The detector is embedded in one side of a planar slab of
Aluminium shielding material, and is irradiated through the slab from the
other side.

— Semi-infinite slab: The detector has the same geometry as the finite
slab, except that the Aluminium shielding material has no boundary
behind the irradiated surface.

— Spherical: The detector is embedded at the centre of a solid sphere of
Aluminium and irradiated from all directions.

e Nuclear Attenuation Mode: It has to be selected the degree of nuclear
attenuation for dose computations. Possible values are: nuclear attenuation (due
to local charged secondary energy deposition), and nuclear attenuation including
neutrons.

In Figure 9.4 it can be seen a schema showing how it works the radiation environment
module:

Magnetic Field

Position & Time ——»| «——— Model Type

M qde I
Flux Model Databases ﬂ Radiation Databases
/ L, BIB,,
CRRESELE

CRRESPRO
NASAELE Material Properties
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/ \\k\"\“%\
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Flux v. Energy Dose Rate
at Epoch at Epoch
Total Fluence v. Energy Integrated Dose Rate
over Interval over Interval

Figure 9.4: Radiation Environment Model Interdependencies

9.2.2. SEET radiation environment module applied to OUFTI-1

SEET is a new tool of STK; hence it is interesting to see if its results are closer to other
applications used to predict the radiation. For this reason, it will be applied STK/SEET
to OUFTI-1 and it will be compared these results with the Vincent Beukelaers’ thesis
[8], who used SPENVIS software.

As it is mentioned before, SEET radiation environment module has five different
models. They are classified in two groups. The first one includes APEXRAD,
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CREESRAD and Radiation-only models. They are able to compute only total dose
information. The second group includes NASA and CREES. They provide more
complete information. As it is pointed out previously, the CRRES mission has
demonstrated that the trapped particle radiation environment is much more complex
than the static environment described by the old models. Hence, CREES will be the
model used to forecast the total radiation dose with STK/SEET.

Figures 9.5 and 9.6 show the predicted radiation dose for OUFTI-1 during its lifetime,
provided by SPENVIS and STK/SEET, respectively.
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Figure 9.5: Radiation dose received for OUFI-1 provided by SPENVIS
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Figure 9.6: Radiation dose received for OUFI-1 provided by STK/SEET
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In both graphs are represented the total, electron, bremsstrahlung and proton radiation
doses. At first glance, one concludes that the total and proton radiation curves from both
figures roughly have similar form even though the values, due to the values provided by
SPENVIS software are slight greater than the STK/SEET ones. Concerning the
bremsstrahlung and electron radiation doses, their curves show significant variations
depending on the software used.

Nevertheless, what really strikes is the big difference between the radiation values of all
curves provided by SPENVIS and STK/SEET in the range of 0 to 2 mm of shielding
thickness. The SPENVIS curves reach very high radiation values when the shielding
thickness is 0 mm compared with SEET results. However, when the shielding thickness
increases, the radiation values of the SPENVIS graphs fall significantly. Otherwise, the
SEET radiation values remain approximately constant during this range.

Moreover, the most important curve is the total radiation dose, because it is the sum of
all the energetic particles which cause radiation damage to electronic components, solar
cells and materials. For these reason, in Figure 9.7 it can be seen this curve more
detailed. Furthermore, in order to compare the total radiation curves more accurately,
both curves will be superimposed (Figure 9.8).
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Figure 9.7: Regression curve of total radiation dose received for OUFI-1 provided by STK/SEET
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First of all, it has to be commented that the graph presented in Figure 9.7 is a regression
curve. As it is known, a regression is an approximation, hence it always presents some
errors; however, this regression curve is closer the SPENVIS one than the real curve
obtained joining all the points of the graph.

Nevertheless, analyzing more deeply the points of the graph, it should be noted that the
graph could be divided in three parts. The first part includes the range of shielding
thickness between 0 and 2 mm. During this range, the radiation values remain
approximately constants. The second part includes the range of shielding thickness
between 2 and 4 mm, where the radiation values fall significantly. This fall of radiation
values is related with the behaviour of the electron dose curve (look at Figure 9.6). And
finally, the third part includes the rest of shielding thickness values (4-10 mm). During
this range, the radiation values become again more or less constants. However, the
differences between each three parts are softly hidden for the regression curve.

85



Dose Depth Curve "OUFTI" (Solid Sphere - 1 year)

1.00E+08

1.00E+04 \

[—d _‘1“5_ I\
g ; : —&—Total [Rad Si]
[
& | ) —— Bremsstrahlung
g \\ "\\\ ’—CQJ‘.“. [Rad Si]
o = Frotons [Rad 5i
1.00E+03 \ = 0000000000000 [ 1
. - Electrons [Rad Si]
At *

\\ ~®- Total QB50 [Rad]
1.00E+02 : \

0.00E+00 5.00E+00 1.00E+01
Thickness [mm Al]

Figure 9.8: Comparison between the curves of total radiation dose
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Now, that the curves of total radiation dose are superimposed, it is possible to analyze
more accurately both graphs. As it has been pointed out in Figures 9.5 and 9.6, the
radiation values provided by SPENVIS are slight greater, above all after the thickness
achieves the value of 5 mm. However, the thickness predicted for OUFTI-1 is 1.925
mm. For this value of thickness, the dose radiation provided by SPENVIS is 14 krad,
and the dose radiation provided by the regression curve of STK/SEET is 13.233 krad.
The error committed is 5.479%

Actually, these results are not too displaced; therefore STK/SEET is a good tool to
forecast the radiation dose that will receive the double CubeSat during the mission.

9.2.3. SEET radiation environment module applied to QB50

Once it has been demonstrated that SEET is a good tool to compute the radiation of
QB50, the prediction of radiation dose will be done. In Figure 9.9 it is represented the
total, electron, bremsstrahlung and proton radiation dose forecasted for QB50, and in
Figure 9.10 it is represented the regression curve of total radiation dose.

In order to define the shielding thickness of QB50, it has been taken into account the
design of OUFTI-1 due to the external structure will be at least similar. Hence, the
thickness of solar panels is 1.5 mm and the total shielding thickness, considering the
skeleton of QB50, is 1.925 mm.
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Figure 9.9: Radiation dose received for QB50
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Figure 9.10: Regression curve of total radiation dose received for QB50
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Looking at Figure 9.9 what strikes is the non-presence of proton dose. It is related with
the Van Allen radiation belts. As QBS50 is very close to the Earth, the nanosatellite is far
away from Van Allen radiation belts. Hence, the radiation received for the double
CubeSat is low. Moreover, the electron and bremsstrahlung doses have similar form
than Figure 9.6, even though the radiation values are quite different.

Focusing on Figure 9.10, it can be seen the regression curve of the total radiation dose
received for QBS50. Its form is similar to the OUFTI-1’s curve (Figure 9.7), instead of
the radiation values. Obviously, the values of dose radiation received for QB50 are
lower than results of OUFTI-1, due to the altitude and lifetime are lower. While
OUFTI-1 orbits between 1447 km and 354 km and its lifetime is about 1 year, QB50
orbits in a circular orbit of 330 km and the lifetime forecasted is about 98 days.

Focusing on the shielding thickness of QB50 planned (1.925 mm), the total radiation
dose predicted by STK/SEET is 342.5499 rad. It seems to be a lower radiation dose if it
is compared with OUFTI-1. However, as it is said before, there are two main factors
that have to be taken into account in order to understand the results: the lifetime and the
altitude. The first factor does not need explanation due to longer lifetime means more
radiation received. The second one is related with the Van Allen radiation belts. As
commented previously, QB50 will be far away from Van Allen radiation belts; therefore
the dose radiation received for the nanosatellite decreases substantially.

In principle, with these low values of radiation dose predicted, the electronic
components of the double CubeSat would not have problems in this aspect.
Nevertheless, in future developments it has to be done a precise analysis in order to
know more accurately the dose radiation received.

9.3. The vehicle temperature module

This module calculates the expected temperature of a spacecraft exposed to direct solar
and reflected Earth radiation, using thermal balancing equations. The temperature
computations are based on models for either spherical objects [39], or planar objects
with a specified orientation [40].

The Sun or Earth radiation can be either absorbed or reflected by opaque spacecraft
material. The total thermal radiation transferred of a spacecraft will be a function of
reflectivity, emissivity, surface area, temperature and geometric orientation. This model
accounts all the sources of emitted and absorbed energy, along with some internal heat
dissipation, following the thermal equilibrium equation:

Eabsorbed + Edissipated = Eemitted (92)

where the energy absorbed (E,psorved) represents the fraction of the incoming radiation
that is absorbed by the material, independent of the incident angle of the radiation. The
energy dissipated (Egissipatea) 1S the radiation converted in heat energy because of some
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electrical or mechanical operations. And the energy emitted (Eemiteq) represents the
fraction of energy emitted relative to an ideal blackbody at the same temperature.

Applying the Stefan-Boltzmann law, the average external temperature 7; of a spacecraft
may be modelled as:

un T+ + Q; 1
GBTé _ K(Qs Q:)R)I]O Q > + Qi A_O 9.3)

where o3 is the Stefan-Boltzmann constant, Qs,, is the direct thermal power from the
Sun, Qg is the power due to sunlight reflected from the Earth, QO is the radiant
infrared power emitted from the Earth due to its temperature, Q; is the power from the
heat produced inside the spacecraft, 7, is the material absorptivity of the spacecraft, 4
is the total radiating surface area, and &y is the surface emissivity of the spacecraft. All
the power sources contribute while the spacecraft is illumined; only the emissive-
infrared component from the Earth (Qjz) and internally-generated heat (Q,) play a role,
while the spacecraft is in the shadow of the Earth.

The absorbed portion of the incoming energy and emitted infrared energy are function
of the Earth’s atmosphere, the clouds and the gas concentrations. The albedo of the
Earth is a measure of how it reflects sunlight into space by the Earth’s atmosphere,
clouds, oceans and land surfaces. Typically 30% of solar energy at optical wavelengths
may be reflected and thereby contributes to Qgx.

The rest of solar energy raises the Earth’s temperature because it is absorbed by the
atmosphere and Earth’s surfaces contributing to Oz. The Earth’s albedo, the power per
unit area from the Sun and the spacecraft’s distance from the Earth and Sun are
therefore used in combination to estimate how affects the radiated power to the
spacecraft.

There are two models to determine the reflected incidence of incoming radiation: a plate
and a sphere model. For QB50, the selection will be a sphere.

In order to calculate the temperature that the double CubeSat will receive during its
lifetime, a graph is created. Figure 9.11 shows the temperature in K as a function of
time.
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Figure 9.11: Temperature achieved for QB50 during its lifetime
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Looking at the graph, it could be said that the maximum temperature achieved for QB50
is 320.047 K, without considering the re-entry phase, at the end of which the
nanosatellite is disintegrated. Comparing this graph with Figure 8.3, which represents
the power collected graph of a double CubeSat advancing vertically, one concludes that
they have, obviously, a similar form. For the intermediate temperatures, it has to be
taken into account the solar heating when the satellite enters into the Earth’s shadow,
because the satellite loses temperature progressively. Between the days of 8" to 20" of
July, and 19" to 20™ of September, the satellite is always illumined because of the Earth
does not intersect the trajectory between the QB50 and the Sun. During these periods
the temperature fluctuates between 294.238 and 302.431 K.

9.4. The particle impacts module

About 10,000 space debris objects are currently catalogued, but the number of debris
larger than 1 cm is estimated to be around 60,000. The danger of these objects comes
from their high relative velocity with respect to the satellite and the intensity of the
impact can be extremely high.

This module computes the probabilistic number of small particles impacting the
spacecraft of a given cross-sectional area and orbit, during a specified time period.
These impacts can cause significant damage to spacecraft. They could have two
different origins: meteoroids [41] or artificial debris [42]. The probable impact rate on a
satellite is determined from the modelled particle environment and the cross-sectional
area of the satellite. The surface material of satellite has to be specified because it plays
an important role. Figure 9.12 shows how affect the particle impacts.

Figure 9.12: Schema of how affect the particle impacts
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Meteors

The meteor showers occur when the Earth passes through the dust trails of comets.
Commonly, the meteoroids’ mass is between the range of 1 ug —10 mg and reaching
velocities between 12 km/s and 70 km/s. Meteor showers have two important
characteristics: the radiant, which is the point in the sky where meteors come from, and
the number of shower meteors per hour, specified with Zenithal Hourly Rate (ZHR).
There are peaks of ZHR higher than 10,000 when the spacecraft crosses a dense comet
dust trail, but usually the normal value of ZHR is approximately 200. SEET’s Meteor
Environment model is largely based on a database of 50 parameterized annual meteor
showers.

Debris

Orbital debris consist of numerous objects with different origins like inactive satellites,
parts of spacecraft produced by an accident, explosion, collision or erosion. This model
calculates an average impact velocity profile and the orbital debris particle flux at a
given time as a function of particle size, satellite average altitude (values included in the
range of 300-2250 km), orbital inclination, and the Fj,, solar activity index for the
previous 13 months. The debris environment module calculates the particle flux that
would be capable of causing damage to satellite surface. Figure 9.13 shows the
locations of debris around the Earth.

Figure 9.13: Debris around the Earth

In order to compute the particle impacts received for the double CubeSat, Figure 9.14
shows the impact rate during its lifetime.
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Figure 9.14: Particle impacts rate of QB50
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Looking at Figure 9.14, one concludes that there are some peaks during the mission
period, but the most important one is the peak achieved on 28" of July with a value of
2958310 5™\, It happens because of the variation of the South delta Aquariids meteor
shower activity [43]. South delta Aquariids meteor streams are groups of meteoroids
originating from dust grains ejected from an unknown comet. These small dust grains
(meteoroids) are distributed along the parent comet's orbit concentrated close to the
comet nucleus with fewer grains farther away from the nucleus. The South delta
Aquariids annual shower is a brief, but intense, meteor shower.

Nevertheless, although on 28" of July is reached the highest peak, the impact rate
values are still low; hence it does not seem to be an issue of concern.

9.5. South Atlantic anomaly transit (SAA)

The South Atlantic anomaly is a region of space where there is an increased
concentration of ionizing radiation. The electronic parts of the satellite can be spoiled
because of this radiation. For this reason, it has to be known when the satellite is in this
zone for decreasing the electronic damage.

The Earth’s magnetic field, where are trapped protons and electrons by the Van Allen
radiation belts, is approximately a tilted dipole pattern at low altitudes. This inclination
makes the centre of the Earth and the centre of the magnetic dipole pattern to be
displaced; therefore, there is a portion of the inner radiation belt closer to the Earth than
others. This region is known as the South Atlantic anomaly, and it is located in the coast
of Brazil.

This module computes the entrance and exit times and probable fluxes for a satellite
crossing the SAA region. For all flux-related output is needed to be specified the energy
channel parameter. The SAA module covers altitudes from 400 km through 1700 km.
Thus QBS50 is not within this range of altitudes, this module will not be used in this
project.
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10. Conclusions

This project constitutes a detailed mission analysis of the QB50 double CubeSat in
terms of lifetime, ground station accesses, sunlight periods, power collected, radiation
environment, vehicle temperature and particle impacts predictions. Furthermore, it has
been estimated the lifetime and the power gathered of a triple CubeSat. Another
important goal has been the application of the SEET tool of STK to the QBS50
nanosatellite, because it is the first time that this tool is used in the University of Licge
for the mission analysis of a satellite.

First of all, analyzing the orbit and its evolution in time, it has been obtained with STK
a lifetime of 98 days for a double CubeSat, more than the minimum lifetime of three
months required. Moreover, the lifetime predicted for a triple CubeSat has been 104
days. Note that the centre of mass of the triple CubeSat has not been displaced of its
geometric centre. This aspect can explain the difference of lifetime between both
nanosatellites.

Once the lifetime has been forecasted, the second step has been to determine the ground
station accesses. The footprint of QB50 have a length of 2348 km and an area of
4.317-10° km®. Each access between the GS in Liége and the satellite will have a mean
duration of 4.057 minutes, and the satellite will be visible 11.964 min/day on average.
Furthermore, there will be at least 3 accesses per day which will ensure a daily
communication link.

The sunlight, penumbra and umbra periods also have been computed. Concretely, QB50
will be 70.442% of its time in sunlight, 0.611% in penumbra and 28.947% in umbra.
The maximum duration of an umbra period is 36.119 minutes, which represents
39.709% of the orbit. Hence, during this interval of time, the nanosatellite will operate
with batteries. Otherwise, the minimum duration of a sunlight period is 10.866 minutes.

When the sunlight periods have been defined, the power gathered for a double and triple
CubeSat is estimated depending on the attitude. For the double and triple CubeSat,
taking into account all these aspects, the best attitude option would be advancing
vertically, because the total power gathered during its lifetime is higher than when the
satellite advances horizontally.

Finally, it is applied the SEET tool in QB50. However, before being applied to the
double CubeSat, it has been demonstrated that this tool is valid to predict the radiation,
applying it in OUFTI-1 CubeSat and comparing its results with the radiation values
provided by SPENVIS. The total radiation dose predicted has been 342.5499 rad. Thus
it is a low value of radiation dose; the electronic components of the double CubeSat
would not have problems in this aspect. Nevertheless, in future developments it has to
be done a precise analysis, in order to know more accurately the dose radiation received.
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SEET tool also allows the prediction of the vehicle temperature and the particle impacts
that will receive the nanosatellite during its lifetime. Concretely, the maximum
temperature achieved for QB50 is 320.047 K. Concerning the particle impacts, the
maximum peak of the impact rate is reached on 28" of July, with a value of 2.9583-107"°
s, because of the variation of the South delta Aquariids meteor shower activity.
However, it does not seem to be an issue of concern.

In order to summarize these results, Table 10.1 includes all of them and allows taking
an overview of this project.
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Type Results
Double CubeSat 98 days
Lifetime ;
Triple CubeSat 104 days
. Length 2348 km
Footprint T
Area 4.317-10° km
Minimum duration 6.369 s
Access Maximum duration 5.598 min
Ground Station access Mean duration 4.057 min
Total duration 19.540 h
Average duration 11.964 min/day (3 accesses/day)
Sunlight periods 70.442%
Sunlight periods Penumbra periods 0.611%
Umbra periods 28.947%
Advancing vertically (highest value) 7.244 W
Double CubeSat ~d —— v (hiah 1 390
Power gathered vancing horizontally (highest value) 7.340 W
) Advancing vertically (highest value) 9.809 W
Triple CubeSat - - -
Advancing horizontally (highest value) 10.671 W
Radiation environment Total radiation dose 342.5499 rad
SEET | Vehicle temperature Maximum 320.047 K
Particle impacts Maximum impact rate 2.9583-100 ™!

Table 10.1: Summary of results
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Appendix

A. GS Accesses

Access

Start Time (UTCG)

15 Jun 2014 09:16:50.433
15 Jun 2014 10:50:31.582
15 Jun 2014 22:40:53.332
16 Jun 2014 00:13:08.190
16 Jun 2014 09:39:51.487
16 Jun 2014 23:03:09.075
17 Jun 2014 08:31:07.068
17 Jun 2014 10:03:12.641
17 Jun 2014 23:26:06.638
18 Jun 2014 08:53:23.197
18 Jun 2014 22:16:59.464
18 Jun 2014 23:49:44.126
19 Jun 2014 09:16:01.546
19 Jun 2014 22:38:59.277
20 Jun 2014 08:06:38.898
20 Jun 2014 09:39:01.621
20 Jun 2014 21:31:26.830
20 Jun 2014 23:01:36.707
21 Jun 2014 08:28:34.438
21 Jun 2014 21:51:47.738
21 Jun 2014 23:24:56.517
22 Jun 2014 07:20:45.644
22 Jun 2014 08:50:48.930
22 Jun 2014 22:13:28.029
23 Jun 2014 07:40:51.323
23 Jun 2014 09:13:27.261
23 Jun 2014 21:04:58.075
23 Jun 2014 22:35:43.368
24 Jun 2014 08:02:23.656
24 Jun 2014 21:25:16.431
24 Jun 2014 22:58:44.044
25 Jun 2014 06:53:22.757
25 Jun 2014 08:24:13.092
25 Jun 2014 21:46:34.364
26 Jun 2014 07:13:42.915
26 Jun 2014 08:46:28.382
26 Jun 2014 20:37:22.328
26 Jun 2014 22:08:25.533
27 Jun 2014 07:34:50.068
27 Jun 2014 20:57:24.075
27 Jun 2014 22:31:04.614
28 Jun 2014 06:25:10.307
28 Jun 2014 07:56:13.106
28 Jun 2014 21:18:17.123
29 Jun 2014 06:45:12.426
29 Jun 2014 08:18:03.261
29 Jun 2014 20:08:30.567
29 Jun 2014 21:39:41.916
30 Jun 2014 07:05:52.682
30 Jun 2014 20:28:09.292
30 Jun 2014 22:01:55.623

Stop Time (UTCG)

15 Jun 2014 09:22:03.435
15 Jun 2014 10:52:43.660
15 Jun 2014 22:45:00.920
16 Jun 2014 00:17:33.417
16 Jun 2014 09:45:27.387
16 Jun 2014 23:08:36.889
17 Jun 2014 08:35:00.845
17 Jun 2014 10:07:53.970
17 Jun 2014 23:31:29.825
18 Jun 2014 08:58:47.016
18 Jun 2014 22:21:31.903
18 Jun 2014 23:53:41.419
19 Jun 2014 09:21:33.055
19 Jun 2014 22:44:30.836
20 Jun 2014 08:10:57.922
20 Jun 2014 09:43:20.881
20 Jun 2014 21:32:49.576
20 Jun 2014 23:06:50.456
21 Jun 2014 08:34:04.384
21 Jun 2014 21:56:35.766
21 Jun 2014 23:28:25.935
22 Jun 2014 07:20:52.013
22 Jun 2014 08:56:14.750
22 Jun 2014 22:19:00.564
23 Jun 2014 07:45:26.481
23 Jun 2014 09:17:25.359
23 Jun 2014 21:07:19.325
23 Jun 2014 22:40:48.050
24 Jun 2014 08:07:56.709
24 Jun 2014 21:30:13.970
24 Jun 2014 23:01:47.984
25 Jun 2014 06:55:07.275
25 Jun 2014 08:29:33.294
25 Jun 2014 21:52:06.490
26 Jun 2014 07:18:27.911
26 Jun 2014 08:50:08.511
26 Jun 2014 20:40:10.849
26 Jun 2014 22:13:22.836
27 Jun 2014 07:40:24.380
27 Jun 2014 21:02:26.879
27 Jun 2014 22:33:48.496
28 Jun 2014 06:27:22.834
28 Jun 2014 08:01:28.881
28 Jun 2014 21:23:48.405
29 Jun 2014 06:50:02.486
29 Jun 2014 08:21:31.053
29 Jun 2014 20:11:31.648
29 Jun 2014 21:44:34.543
30 Jun 2014 07:11:27.153
30 Jun 2014 20:33:14.142
30 Jun 2014 22:04:28.304

100

Duration (sec)
313.002
132.078
247.588
265.227
335.901
327.814
233.777
281.329
323.187
323.819
272.439
237.293
331.508
331.558
259.024
259.260

82.746
313.749
329.946
288.027
209.418

6.369
325.820
332.535
275.158
238.098
141.250
304.682
333.053
297.539
183.940
104.518
320.202
332.126
284.996
220.129
168.521
297.304
334313
302.804
163.882
132.527
315.774
331.282
290.060
207.792
181.081
292.627
334.470
304.850
152.680



52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111

1 Jul 2014 05:55:41.629
1 Jul 2014 07:26:47.845
1 Jul 2014 20:48:35.065
2 Jul 2014 06:15:18.631
2 Jul 2014 07:48:10.010
2 Jul 2014 19:38:19.825
2 Jul 2014 21:09:31.167
3 Jul 2014 06:35:30.335
3 Jul 2014 19:57:30.770
3Jul 2014 21:31:14.626
4 Jul 2014 05:24:53.501
4 Jul 2014 06:55:56.016
4 Jul 2014 20:17:26.889
5 Jul 2014 05:44:00.244
5Jul 2014 07:16:46.965
5 Jul 2014 19:06:48.647
5 Jul 2014 20:37:51.893
6 Jul 2014 06:03:41.661
6 Jul 2014 19:25:27.164
6 Jul 2014 20:59:00.160
7 Jul 2014 04:52:45.407
7 Jul 2014 06:23:36.162
7 Jul 2014 19:44:51.137
8 Jul 2014 05:11:15.805
8 Jul 2014 06:43:52.838
8 Jul 2014 18:33:56.820
8 Jul 2014 20:04:42.580
9 Jul 2014 05:30:25.038
9Jul 2014 18:51:57.074
9 Jul 2014 20:25:11.750
10 Jul 2014 04:19:23.116
10 Jul 2014 05:49:46.594
10 Jul 2014 19:10:46.225
11 Jul 2014 04:37:03.764
11 Jul 2014 06:09:26.531
11 Jul 2014 17:59:47.799
11 Jul 2014 19:30:01.646
12 Jul 2014 04:55:38.614
12 Jul 2014 18:16:59.150
12 Jul 2014 19:49:49.072
13 Jul 2014 05:14:25.418
13 Jul 2014 18:35:10.465
14 Jul 2014 04:01:22.695
14 Jul 2014 05:33:26.761
14 Jul 2014 18:53:47.390
15 Jul 2014 04:19:20.369
15 Jul 2014 17:40:32.315
15 Jul 2014 19:12:51.233
16 Jul 2014 04:37:30.498
16 Jul 2014 17:58:02.109
17 Jul 2014 03:24:11.748
17 Jul 2014 04:55:51.770
17 Jul 2014 18:15:57.879
18 Jul 2014 03:41:28.030
18 Jul 2014 05:14:55.162
18 Jul 2014 17:02:36.283
18 Jul 2014 18:34:16.478
19 Jul 2014 03:58:59.216
19 Jul 2014 17:19:19.190
19 Jul 2014 18:53:28.578

1 Jul 2014 05:58:03.889
1 Jul 2014 07:32:01.159
1 Jul 2014 20:54:05.656
2 Jul 2014 06:20:09.725
2 Jul 2014 07:51:33.166
2 Jul 2014 19:41:22.653
2 Jul 2014 21:14:22.430
3 Jul 2014 06:41:04.244
3 Jul 2014 20:02:34.848
3 Jul 2014 21:33:47.582
4 Jul 2014 05:27:11.474
4 Jul 2014 07:01:09.224
4 Jul 2014 20:22:57.132
5Jul 2014 05:48:48.477
5Jul 2014 07:20:14.088
5 Jul 2014 19:09:42.723
5 Jul 2014 20:42:45.256
6 Jul 2014 06:09:14.310
6 Jul 2014 19:30:27.502
6 Jul 2014 21:01:44.897
7 Jul 2014 04:54:43.070
7 Jul 2014 06:28:51.526
7 Jul 2014 19:50:21.165
8 Jul 2014 05:15:56.849
8 Jul 2014 06:47:31.783
8 Jul 2014 18:36:28.758
8Jul 2014 20:09:41.164
9 Jul 2014 05:35:55.317
9 Jul 2014 18:56:49.942
9Jul 2014 20:28:17.122
10 Jul 2014 04:20:28.917
10 Jul 2014 05:55:05.818
10 Jul 2014 19:16:15.557
11 Jul 2014 04:41:32.116
11 Jul 2014 06:13:23.115
11 Jul 2014 18:01:33.309
11 Jul 2014 19:35:07.700
12 Jul 2014 05:01:04.574
12 Jul 2014 18:21:39.306
12 Jul 2014 19:53:20.312
13 Jul 2014 05:19:49.179
13 Jul 2014 18:40:37.509
14 Jul 2014 04:05:30.563
14 Jul 2014 05:37:44.263
14 Jul 2014 18:59:01.842
15 Jul 2014 04:24:38.684
15 Jul 2014 17:44:51.782
15 Jul 2014 19:16:50.417
16 Jul 2014 04:42:58.024
16 Jul 2014 18:03:23.596
17 Jul 2014 03:27:46.835
17 Jul 2014 05:00:30.872
17 Jul 2014 18:21:19.949
18 Jul 2014 03:46:33.241
18 Jul 2014 05:16:46.062
18 Jul 2014 17:06:21.706
18 Jul 2014 18:38:43.171
19 Jul 2014 04:04:27.809
19 Jul 2014 17:24:29.307
19 Jul 2014 18:55:02.707

101

142.261
313.314
330.591
291.094
203.156
182.828
291.263
333.909
304.077
152.957
137.973
313.208
330.243
288.233
207.123
174.076
293.363
332.649
300.338
164.737
117.663
315.364
330.028
281.044
218.945
151.938
298.584
330.279
292.868
185.371
65.801
319.224
329.332
268.352
236.583
105.509
306.054
325.960
280.156
211.240
323.761
327.044
247.868
257.502
314.452
318.316
259.467
239.184
327.526
321.487
215.087
279.102
322.071
305.212
110.899
225.423
266.693
328.592
310.117
94.129



112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171

20 Jul 2014 02:45:32.591
20 Jul 2014 04:16:38.927
20 Jul 2014 17:36:30.657
21 Jul 2014 03:01:58.999
21 Jul 2014 04:34:40.003
21 Jul 2014 16:23:14.114
21 Jul 2014 17:54:02.127
22 Jul 2014 03:18:48.278
22 Jul 2014 16:38:59.714
22 Jul 2014 18:12:03.704
23 Jul 2014 03:35:44.666
23 Jul 2014 16:55:22.849
24 Jul 2014 02:20:51.084
24 Jul 2014 03:52:52.490
24 Jul 2014 17:12:04.798
25 Jul 2014 02:36:53.932
25 Jul 2014 15:57:02.628
25 Jul 2014 17:29:06.969
26 Jul 2014 02:53:04.675
26 Jul 2014 16:12:31.460
27 Jul 2014 01:38:05.374
27 Jul 2014 03:09:21.334
27 Jul 2014 16:28:20.611
28 Jul 2014 01:53:12.427
28 Jul 2014 03:26:00.522
28 Jul 2014 15:13:32.120
28 Jul 2014 16:44:25.004
29 Jul 2014 02:08:34.056
29 Jul 2014 15:27:54.071
29 Jul 2014 17:00:55.277
30 Jul 2014 02:23:59.073
30 Jul 2014 15:42:45.521
31 Jul 2014 01:07:41.644
31 Jul 2014 02:39:31.223
31 Jul 2014 15:57:50.657
1 Aug 2014 01:22:07.705
1 Aug 2014 14:41:31.370
1 Aug 2014 16:13:09.484
2 Aug 2014 01:36:38.722
2 Aug 2014 14:55:16.135
2 Aug 2014 16:29:10.238
3 Aug 2014 00:20:33.214
3 Aug 2014 01:51:10.887
3 Aug 2014 15:09:18.071
4 Aug 2014 00:33:41.963
4 Aug 2014 02:05:52.187
4 Aug 2014 13:53:57.920
4 Aug 2014 15:23:29.465
5 Aug 2014 00:47:13.629
5 Aug 2014 14:05:52.242
5 Aug 2014 15:37:53.153
6 Aug 2014 01:00:45.578
6 Aug 2014 14:18:42.868
6 Aug 2014 23:43:24.456
7 Aug 2014 01:14:16.570
7 Aug 2014 14:31:44.359
7 Aug 2014 23:55:39.156
8 Aug 2014 01:27:56.889
8 Aug 2014 13:15:00.108
8 Aug 2014 14:44:51.535

20 Jul 2014 02:48:11.400
20 Jul 2014 04:21:37.798
20 Jul 2014 17:41:57.398
21 Jul 2014 03:06:42.331
21 Jul 2014 04:37:50.522
21 Jul 2014 16:25:58.499
21 Jul 2014 17:58:53.627
22 Jul 2014 03:24:12.753
22 Jul 2014 16:43:48.606
22 Jul 2014 18:15:07.516
23 Jul 2014 03:40:58.985
23 Jul 2014 17:00:48.457
24 Jul 2014 02:24:57.758
24 Jul 2014 03:56:57.236
24 Jul 2014 17:17:15.997
25 Jul 2014 02:42:05.651
25 Jul 2014 16:01:13.027
25 Jul 2014 17:33:08.930
26 Jul 2014 02:58:27.306
26 Jul 2014 16:17:46.075
27 Jul 2014 01:41:06.164
27 Jul 2014 03:14:05.404
27 Jul 2014 16:33:43.455
28 Jul 2014 01:57:57.286
28 Jul 2014 03:28:43.089
28 Jul 2014 15:16:27.290
28 Jul 2014 16:49:09.097
29 Jul 2014 02:13:54.192
29 Jul 2014 15:32:41.107
29 Jul 2014 17:03:51.813
30 Jul 2014 02:29:08.454
30 Jul 2014 15:48:07.796
31 Jul 2014 01:11:34.678
31 Jul 2014 02:43:36.666
31 Jul 2014 16:03:02.202
1 Aug 2014 01:27:08.968
1 Aug 2014 14:45:19.651
1 Aug 2014 16:17:23.139
2 Aug 2014 01:41:57.197
2 Aug 2014 15:00:18.679
2 Aug 2014 16:30:42.063
3 Aug 2014 00:22:28.952
3 Aug 2014 01:56:03.630
3 Aug 2014 15:14:39.560
4 Aug 2014 00:37:57.192
4 Aug 2014 02:09:20.157
4 Aug 2014 13:54:52.226
4 Aug 2014 15:28:28.718
5 Aug 2014 00:52:19.707
5 Aug 2014 14:10:01.102
5 Aug 2014 15:41:42.170
6 Aug 2014 01:05:59.002
6 Aug 2014 14:23:49.668
6 Aug 2014 23:45:50.898
7 Aug 2014 01:18:56.672
7 Aug 2014 14:37:02.551
7 Aug 2014 23:59:59.360
8 Aug 2014 01:31:01.999
8 Aug 2014 13:16:31.824
8 Aug 2014 14:49:43.448
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158.809
298.871
326.740
283.332
190.519
164.384
291.501
324.475
288.893
183.812
314.320
325.607
246.674
244.746
311.198
311.719
250.399
241.961
322.630
314.615
180.790
284.070
322.844
284.859
162.567
175.170
284.093
320.136
287.036
176.536
309.381
322.274
233.034
245.442
311.545
301.264
228.281
253.655
318.475
302.544

91.825
115.738
292.743
321.489
255.229
207.970

54.306
299.254
306.079
248.860
229.017
313.424
306.800
146.443
280.102
318.192
260.203
185.110

91.716
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172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231

9 Aug 2014 00:08:06.158

9 Aug 2014 13:26:05.224

9 Aug 2014 14:58:07.966
10 Aug 2014 00:20:30.102
10 Aug 2014 13:37:48.533
10 Aug 2014 23:02:06.367
11 Aug 2014 00:32:50.150
11 Aug 2014 13:49:38.430
11 Aug 2014 23:13:07.640
12 Aug 2014 00:45:15.001
12 Aug 2014 14:01:30.006
12 Aug 2014 23:24:19.613
13 Aug 2014 12:41:44.471
13 Aug 2014 14:13:25.297
13 Aug 2014 23:35:25.737
14 Aug 2014 12:52:06.829
14 Aug 2014 14:25:56.998
14 Aug 2014 22:16:26.771
14 Aug 2014 23:46:24.079
15 Aug 2014 13:02:33.048
15 Aug 2014 22:25:41.450
15 Aug 2014 23:57:19.129
16 Aug 2014 13:12:56.815
16 Aug 2014 22:35:26.120
17 Aug 2014 11:52:27.756
17 Aug 2014 13:23:17.560
17 Aug 2014 22:45:03.427
18 Aug 2014 12:01:11.087
18 Aug 2014 13:33:43.699
18 Aug 2014 22:54:28.859
19 Aug 2014 12:09:59.714
19 Aug 2014 21:32:59.524
19 Aug 2014 23:03:43.003
20 Aug 2014 12:18:42.559
20 Aug 2014 21:40:56.516
20 Aug 2014 23:12:53.674
21 Aug 2014 12:27:16.287
21 Aug 2014 21:48:51.385
22 Aug 2014 11:04:39.156
22 Aug 2014 12:35:41.273
22 Aug 2014 21:56:31.620
23 Aug 2014 11:11:30.035
23 Aug 2014 12:44:07.434
23 Aug 2014 22:03:54.322
24 Aug 2014 11:18:15.932
24 Aug 2014 20:40:32.785
24 Aug 2014 22:10:59.657
25 Aug 2014 11:24:48.591
25 Aug 2014 20:46:16.669
25 Aug 2014 22:17:52.264
26 Aug 2014 11:31:04.606
26 Aug 2014 20:51:54.427
27 Aug 2014 10:06:51.594
27 Aug 2014 11:37:02.790
27 Aug 2014 20:57:11.767
28 Aug 2014 10:11:08.176
28 Aug 2014 11:42:45.449
28 Aug 2014 21:02:04.646
29 Aug 2014 10:15:18.478
29 Aug 2014 11:48:45.088

9 Aug 2014 00:13:10.458

9 Aug 2014 13:30:15.253

9 Aug 2014 15:01:47.590
10 Aug 2014 00:25:39.364
10 Aug 2014 13:42:52.341
10 Aug 2014 23:04:21.483
11 Aug 2014 00:37:27.118
11 Aug 2014 13:54:53.727
11 Aug 2014 23:17:18.287
12 Aug 2014 00:48:24.450
12 Aug 2014 14:06:22.679
12 Aug 2014 23:29:16.611
13 Aug 2014 12:45:36.360
13 Aug 2014 14:17:15.692
13 Aug 2014 23:40:32.543
14 Aug 2014 12:56:59.512
14 Aug 2014 14:26:59.313
14 Aug 2014 22:17:17.868
14 Aug 2014 23:51:08.045
15 Aug 2014 13:07:44.786
15 Aug 2014 22:29:22.569
16 Aug 2014 00:00:58.101
16 Aug 2014 13:17:56.769
16 Aug 2014 22:40:06.220
17 Aug 2014 11:55:27.547
17 Aug 2014 13:27:34.176
17 Aug 2014 22:50:05.275
18 Aug 2014 12:05:36.472
18 Aug 2014 13:36:27.312
18 Aug 2014 22:59:23.921
19 Aug 2014 12:15:00.300
19 Aug 2014 21:35:24.470
19 Aug 2014 23:08:01.142
20 Aug 2014 12:23:48.481
20 Aug 2014 21:44:56.465
20 Aug 2014 23:15:47.899
21 Aug 2014 12:32:02.140
21 Aug 2014 21:53:34.124
22 Aug 2014 11:07:54.017
22 Aug 2014 12:39:38.797
22 Aug 2014 22:01:28.827
23 Aug 2014 11:15:53.923
23 Aug 2014 12:46:26.921
23 Aug 2014 22:08:42.755
24 Aug 2014 11:23:10.210
24 Aug 2014 20:42:36.159
24 Aug 2014 22:15:14.793
25 Aug 2014 11:29:49.011
25 Aug 2014 20:49:57.509
25 Aug 2014 22:20:58.621
26 Aug 2014 11:35:51.001
26 Aug 2014 20:56:21.012
27 Aug 2014 10:09:06.798
27 Aug 2014 11:41:14.583
27 Aug 2014 21:01:59.064
28 Aug 2014 10:14:54.172
28 Aug 2014 11:45:54.941
28 Aug 2014 21:06:54.136
29 Aug 2014 10:19:47.371
29 Aug 2014 11:49:17.200
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304.300
250.029
219.624
309.262
303.808
135.116
276.967
315.296
250.647
189.449
292.673
296.998
231.889
230.394
306.806
292.683

62.315

51.098
283.966
311.738
221.119
218.972
299.954
280.099
179.791
256.616
301.847
265.385
163.613
295.062
300.587
144.946
258.138
305.922
239.950
174.225
285.852
282.739
194.861
237.525
297.207
263.889
139.487
288.432
294.278
123.374
255.136
300.420
220.840
186.357
286.394
266.585
135.205
251.793
287.297
225.996
189.493
289.489
268.894

32.112



232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289

29 Aug 2014 21:06:31.369
30 Aug 2014 10:19:08.854
30 Aug 2014 19:40:12.279
30 Aug 2014 21:10:31.563
31 Aug 2014 10:22:34.210
31 Aug 2014 19:42:50.384
31 Aug 2014 21:14:07.330
1 Sep 2014 10:25:31.208
1 Sep 2014 19:45:09.566
1 Sep 2014 21:17:41.846
2 Sep 2014 10:27:57.364
2 Sep 2014 19:46:57.677
3 Sep 2014 08:59:25.862
3 Sep 2014 10:29:51.100
3 Sep 2014 19:48:09.927
4 Sep 2014 08:59:45.355
4 Sep 2014 10:31:12.839
4 Sep 2014 19:48:43.062
5 Sep 2014 08:59:34.657
5 Sep 2014 10:32:16.745
5 Sep 2014 19:48:34.258
6 Sep 2014 08:58:45.375
6 Sep 2014 19:47:40.666
7 Sep 2014 08:57:12.183
7 Sep 2014 18:16:21.335
7 Sep 2014 19:45:59.217
8 Sep 2014 08:54:50.299
8 Sep 2014 18:13:06.247
8 Sep 2014 19:43:26.555
9 Sep 2014 08:51:34.837
9 Sep 2014 18:09:10.845
9 Sep 2014 19:39:59.146
10 Sep 2014 08:47:20.503
10 Sep 2014 18:04:19.259
10 Sep 2014 19:35:33.887
11 Sep 2014 08:42:01.375
11 Sep 2014 17:58:23.384
11 Sep 2014 19:30:15.062
12 Sep 2014 08:35:30.673
12 Sep 2014 17:51:15.645
13 Sep 2014 08:27:40.421
13 Sep 2014 17:42:47.731
14 Sep 2014 08:18:21.090
14 Sep 2014 17:32:49.820
15 Sep 2014 08:07:20.958
15 Sep 2014 17:21:09.804
16 Sep 2014 07:54:25.123
16 Sep 2014 17:07:32.131
17 Sep 2014 07:39:13.680
17 Sep 2014 16:51:36.267
17 Sep 2014 18:22:32.709
18 Sep 2014 07:21:17.845
18 Sep 2014 16:32:58.438
18 Sep 2014 18:02:23.136
19 Sep 2014 06:59:50.653
19 Sep 2014 17:38:26.033
20 Sep 2014 06:33:16.177
20 Sep 2014 17:07:33.149

29 Aug 2014 21:11:06.320
30 Aug 2014 10:23:57.380
30 Aug 2014 19:42:13.828
30 Aug 2014 21:14:33.886
31 Aug 2014 10:27:26.026
31 Aug 2014 19:46:14.466
31 Aug 2014 21:17:11.960
1 Sep 2014 10:30:12.832

1 Sep 2014 19:49:15.974

1 Sep 2014 21:18:34.140

2 Sep 2014 10:32:16.179
2 Sep 2014 19:51:27.157
3 Sep 2014 09:02:03.604

3 Sep 2014 10:33:33.464
3 Sep 2014 19:52:49.442
4 Sep 2014 09:03:21.108
4 Sep 2014 10:33:59.958
4 Sep 2014 19:53:22.504
5 Sep 2014 09:03:42.623

5 Sep 2014 10:33:16.867

5 Sep 2014 19:53:05.168
6 Sep 2014 09:03:11.404
6 Sep 2014 19:51:55.550
7 Sep 2014 09:01:46.855
7 Sep 2014 18:17:31.343
7 Sep 2014 19:49:51.109

8 Sep 2014 08:59:26.878

8 Sep 2014 18:15:29.823
8 Sep 2014 19:46:48.607
9 Sep 2014 08:56:08.477
9 Sep 2014 18:12:10.683
9 Sep 2014 19:42:43.881
10 Sep 2014 08:51:47.888
10 Sep 2014 18:07:40.826
10 Sep 2014 19:37:31.091
11 Sep 2014 08:46:20.570
11 Sep 2014 18:01:57.843
11 Sep 2014 19:30:55.405
12 Sep 2014 08:39:41.055
12 Sep 2014 17:54:56.718
13 Sep 2014 08:31:42.665
13 Sep 2014 17:46:30.376
14 Sep 2014 08:22:17.001
14 Sep 2014 17:36:29.347
15 Sep 2014 08:11:13.160
15 Sep 2014 17:24:40.812
16 Sep 2014 07:58:16.413
16 Sep 2014 17:10:46.752
17 Sep 2014 07:43:05.890
17 Sep 2014 16:54:19.938
17 Sep 2014 18:22:55.082
18 Sep 2014 07:25:10.007
18 Sep 2014 16:34:30.162
18 Sep 2014 18:04:23.328
19 Sep 2014 07:03:35.096
19 Sep 2014 17:41:15.367
20 Sep 2014 06:36:24.488
20 Sep 2014 17:10:35.216
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274.951
288.526
121.550
242.323
291.815
204.083
184.630
281.624
246.408
52.294
258.816
269.479
157.742
222.364
279.515
215.754
167.120
279.443
247.966
60.122
270910
266.030
254.883
274.672
70.007
231.892
276.579
143.576
202.052
273.640
179.838
164.735
267.385
201.567
117.205
259.195
214.459
40.343
250.382
221.073
242.245
222.645
235911
219.527
232.202
211.008
231.290
194.621
232.210
163.672
22.373
232.163
91.724
120.193
224.443
169.334
188.311
182.066



B. Tutorial

First of all, a scenario has to be defined, which will have to cover the desired time
period for the satellite orbit of interest (15 June 2014 - 20 September 2014). After this,
it has to be created the QB50 satellite, following the parameters of section 4; the orbit,
following the explanation of section 3.3; and finally it has to be added the ground
station of interest (Liége).

Once it has been done, it can start the tutorial about the different module models of
SEET:

1. Magnetic field module

Configure the Magnetic Field Model

1. Display satellite properties. In the properties panel tree, under Basic, select “SEET
Environment”. The upper dialog box contains the Magnetic Field parameters. As the
QB50 will be in a LEO and considering the time period, 98 days, it will be used the
following selections: “Fast-IGRF” as Main Field, “Olson-Pfitzer “as External Field, and
“1 day” as IGRF Update Rate.

e It has been chosen Fast-IRGF instead of IGRF due to the longer lifetime of
QB50, and because of as it is explained in section 9.1, the results of Fast-IGRF
are within 1% of the full-IGRF option, and it is significantly faster than IGRF.
The Centered-dipole option is not chosen either due to Fast-IGRF is a better
magnetic field approximation.

e QOlson-Pfitzer is chosen instead of none external field in order to take into
account the solar wind.

e The IGRF Update Rate is about 1 day due to it provides more accurate results.
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I8 0B50_nanosatellite : Basic SEET Environment |Z||E|rz|

= Basic - tagretic Field Model
----- Dbt -
_____ Atttude b ain Field: | Fast IGRF L |
----- PaszBr.. E «ternal Field: | Olzot-Ffitzer W |
_____ E;;:se | IGRF Update Fate: |1 day &l
----- Referen
_____ Ground Sauth Atlantic Anamaly (S
----- Chanrel: | >23 Mev v|
----- SEETT...
..... SEET P Flux Level | Background + 3 Sigma w |
----- SEETR

----- Descript... ™

5] (e

Figure 10.1: SEET Environment panel

Configure the Display 3D Vector

2. Within the satellite properties under 3D Graphics, select “Vector”. In the vector list,
select the “Nadir (Centric) Vector”, and deselect the “Show Label” option.

3. In the same vector list, select the “Velocity Vector” and deselect the “Show Label”
option.

4. Click the “Add” button to bring up the “Add Vector Geometry Components” dialog.
Under the satellite object, select the “SEET Geomagnetic Field” vector and add it to the
selected Name list.

5. Back in the 3D Graphics Vector panel, select the “SEET Geomagnetic Field”.
Change the colour and deselect “Show Label” option. Select “Show Magnitude”.
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Figure 10.2: 3D Graphics Vector panel

6. To view the vectors selected in the previous step, display the 3D viewing window.
On this toolbar, click on the “From/To Position” button and select the “Satellite” for
both the menu boxes.

View From/To: 3D Graphics 1 - Earth

Wiew: (%) From Pasition ko Position () Along a Direction [Tuntethered

From Paosition To Paosition

@ Earth

@ Sun

@ Maon
OBS0_satellite

[~ Latitude, Longitude, Altitude

QES0_satellite

Reference Frame: |QBSD_sateIIite ICR Axes v| [F\dd...l
(%) Constrained "Up" Yeckor:  [+2 s [Jallow Rotation Ower "Up"
(:) Unconstrained Rotation

[JLack in Wiew Direction

[Advanced...] [ Reset Yiew ]

o] [ conel ]

Figure 10.3: 3D viewing window
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7. To observe the behaviour of the geomagnetic field vector over time, it has to be used
the Animation toolbar.

i melStepls 3HA0 s e

Figure 10.4: Behaviour of the geomagnetic field vector
8. Select “Report & Graph Manager” on the principal menu.

9. In the Report and Graph Manager dialog box, select “My Styles”. Select “New” and
then “Report”. Enter a name for the report.

10. In the Report Style dialog box, scroll through the Data Providers list to the “SEET
Magnetic Field” data provider. Select “Time”, “B Field-ECF x”, “B Field-ECF y” and
“B Field-ECF z” and add them to the Report Contents list. Generate the report.

& Report Style - MagField Vector : Content

Head Data Providers Repart Contents
~Header - :
= . : Time -
..... =] -~
= Vertical intensiy 2 SEET Magnetic FieldB Field - ECF »
----- = Horizontal intensity H SEET Magnetic Field-B Field - ECF
..... B Magretic declination D SEE T Magnetic Field B Field - ECF 2
----- M agnetic inclination | E
----- B Dipale L-shell parameter ]
----- Bl Mclhwain L-shell parameter @
----- B/Beq
B Field - D
B Figld - EC
w
< > Unitz... l [ Options... l
K l [ Cancel ] [ Apply ] [ Help l

Figure 10.5: SEET Magnetic Field Report Contents

108



2. The radiation environment module

1. Select the “Scenario Properties”. Under “Basic”, select “Units” then scroll down to
“Radiation Shield Thickness” and select “mm”. Returning to “Basic”, select “SEET
Radiation”. In the NASA Electron and Proton Activity pane, change the dialog to “Solar
Max”.

2. Define the Magnetic Field model following the point 1 of this tutorial.

Configure the Radiation Environment for a long time base dose depth analysis

3. Next step is to configure the Radiation Environment for a long time base line dose
depth analysis and generate a graph. For doing this, on the satellite’s Properties page,
under “Basic”, select “SEET Radiation”. In the Model panel, confirm that
Computational Mode is “CREES”, the Detector Type is “Silicon” and Detector
Geometry is “Spherical”. Mark the boxes “Use Nuclear Attenuation” and “Include
Neutrons in Nuclear Attenuation”. In the Shielding Thicknesses, remove all the values
and add “0.0127 mm, 1 mm, 2 mm, ..., 10 mm”.

e The Computational Mode selected is CREES, due to it is the best model as it is
explained in section 9.2.1.

e The Detector Type chosen is Silicon because, as it is mentioned in section 8.2,
the solar panels are a silicon p-n multi-junction.

e The Detector Geometry selected is spherical due to it is a better approximation
of the double CubeSat.

e The Nuclear Attenuation, including neutrons, is chosen in order to take into
account all the possible factors in the simulation of the QB50 mission.

e The Shielding Thicknesses starts with 0.0127 mm because is the lower value
that STK recognize.
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B 0B50_nanosatellite : Basic SEET Radiation
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Figure 10.6: SEET Radiation panel

4. To compute and view the dose depth graph for this computational mode, bring up the
Report and Graph Manager from the main menu.

5. Select in the Object Type the “Satellite”. In My Styles pane, select “New” and then
“Graph”. Enter a name for the graph.

6. In the Graph Style dialog box, scroll down to the “SEET Radiation Dose Depth”. For
the X-axis select “Shielding Thickness” and for the Y-axis select “Electron dose”,
“Electron-Bremsstrahlung dose”, “Proton dose” and “Combined dose”.

7. Before generate the graph, in the Time Properties select “Specify properties”, select
“Use step size” and introduce it for example 3600 sec, because it does not work with
small step size, as 60 sec. The graph should look like as Figure 9.9.
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Figure 10.7: Radiation dose received for QB50

8. To obtain only the total radiation dose graph, it has to be followed the same steps
than before, but just select “Combined dose”. The graph should look like as Figure 9.10.

Total Dose (rads)

|
4 5 tl: 7 8 9 10
Shielding Thickness (mm)

Combined dose(rads)

Figure 10.8: Regression curve of total radiation dose received for QB50

3. The vehicle temperature module

1. Select the “Satellite Properties”. In the properties panel tree, under Basic, select
“SEET Thermal”. Those properties related to the calculation of satellite temperature
will be displayed in the Thermal Model panel.

2. Use the default value for albedo. Set the Material Emissivity to “0.86” and the
Material Absorptivity to “0.91”. The Dissipation chosen is “0 W”, the default value. Set
the Cross-Sectional Area to “0.016667 m>”. And change the Shape Model property to
“Sphere”.
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e The default value of albedo is used in this tutorial, because it is near the centre
of the usual range of this value.

e The values of Material Emissivity and Absorptivity are the solar cells ones,
defined in section 8.2.

e The Dissipation value represents the heat generated by the operation of internal
components of a space vehicle. As this thesis is a first approximation of the
QB50 mission and the heat dissipated for the internal components it is still
unknown, the Dissipation value chosen is 0 W.

e The Cross-Sectional Area is 0.016667 m’ following the QB50 parameters
defined in section 4.3.

e A sphere is chosen as the Shape Model instead of a plate, due to it is the best
approximation of the double CubeSat.

B QB50_nanosatellite : Basic SEET Thermal
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Figure 10.9: SEET Thermal panel

3. In the Report and Graph Manager dialog box, select “My Styles folder”. Select
“New” and then “Graph”. Enter a name for the graph.

4. In the Graph Style dialog box, scroll through the Data Providers list to the “SEET
Vehicle Temperature” set and expand the set by clicking the plus symbol. Choose
“Temperature” from the expanded list into the Y-axis pane. Generate the graph. It
should look like as Figure 9.11:
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Figure 10.10: Temperature achieved for QB50 during its lifetime

10. To obtain a report, follow the same steps that for the graph, choosing “New report”
instead of graph, and inside Data Providers list to the “SEET Vehicle Temperature
Model” and choose “Definition”.

4. The particle impacts module

1. Select “Satellite Properties”. In the properties panel tree, under Basic, select “SEET
Particle Flux”. Those properties related to the calculation of impact information will be
displayed in the Basic SEET Particle Flux panel. Then fill in the following values: For
Fi07 Source, use the “Flux File”. Leave the Fio7 Source File default. The Cross-
Sectional Area is “0.016667 m>”. The Pit Depth is “1.5 mm”. Select “User Defined” as
the Material option, and the Density and Tensile Strength are respectively “5.7333
g/em’” and “0.6 MPa”. Mark “Use Sporadic Meteors”.

e Choosing the Fjo7 Source and the Fjo; Source File default is the best
approximation of the solar activity, due to STK uses its database to forecast it.

e The Cross-Sectional Area is 0.016667 m” following the QB50 parameters
defined in section 4.3.

e The Pit Depth is 1.5 mm, the thickness of the solar panels without the
aluminium structure of the nanosatellite. It has been considered just the solar
panels, due to it is the surface material above the aluminium structure and it is
weaker than aluminium.

e The material of the solar panels is not defined for STK software, hence it has to
be determined its properties. The Density is 5.7333 g/cm’[28], and the Tensile
Strength is 0.6 MPa [44].
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e It has been selected the option of Sporadic Meteors in order to take into account
all the possible factors in the simulation of the QB50 mission.

B QB50_nanosatellite : Basic SEET Particle Flux
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Figure 10.11: SEET Particle Flux panel

2. In the Report and Graph Manager dialog box, select “My Styles”. Select “New” and
then “Graph”. Enter a name for the graph.

3. In the Graph Style dialog box, scroll through the Data Providers list to the “SEET
Meteor Flux” data provider and expend the “Damaging Impacts” folder. Choose
‘Impact rate’ in the Y-Axis pane. Generate the graph. The graph should look like as
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Figure 10.12: Particle impacts rate of QB50
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