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Abstract

The OUFTI-Next nanosatellite is the third CubeSat project of the University
of Liége. It is intended to serve as a technology demonstrator of agricultural field
hydric stress detection from low Earth orbit. This project was introduced in 2016
and was initially envisaged as a 3U CubeSat (30 cm x 10 cm x 10 c¢m) including
a Mid-Wave InfraRed camera. However, in the recent past, the goal of upgrading
the payload has lead to the proposal of enhancing the platform to a 6U CubeSat
(30 cm x 20 ecm x 10 cm). This Master’s thesis has the objective of shedding some
light on this concept, including an updated mission analysis and the design of three
working 6U configurations for the OUFTI-Next.
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Chapter 1

The OUFTI-Next mission

This introduction chapter provides background on the OUFTI projects, the aim
of the OUFTI-Next mission, and the enhanced platform under consideration, to un-

derstand the purpose of the study and set the requirements to be fulfilled.

1.1 The project

The Orbital Utility For Telecommunication Innovations (OUFTI-1) was the first
nanosatellite developed by the University of Liége and the Liége Space Center. It
was a 1U CubeSat (10 cm x 10 em x 10 ¢cm) which was launched in April 2016
within the ESA Fly Your Satellite! program. It was a demonstrator for a telecom-
munication protocol called D-STAR, which had a short lifetime, as some days after

its launch the communications with the satellite were lost.

After this, the development of the OUFTI-2 started. This is a similar satellite,
which will be launched in the near future and will test the D-STAR protocol, as well
as two other scientific payloads related to radiation shielding and attitude control

measurement.

With the second nanosatellite of this institution under way, a third mission was
set in motion in 2016: The Orbital Utility for Thermal Imaging - Next (OUFTI-
Next). This was initially projected as a 3U CubeSat (30 cm x 10 cm x 10 ¢cm) for

remote sensing of hydric stress in agricultural areas.

For this, the mid-wave infra-red (MWIR) band was selected as the approach
for detection. The OUFTI-Next is intended to serve as a technology demonstrator,
since this kind of detection is yet to be tested on such a small platform. So the
mission’s objective is to confirm that this kind of detector can yield exploitable data

using a constellation of nanosatellites.



1.2. The mission

During the first year of the mission development, two feasibility studies of the
mission were developed [1] [2], giving promising results. Last year, a total of seven
studies regarding different parts of the satellite were carried out, including a global
mission analysis [3], a study of the cooling system [4], three different solutions for
the optics [5] [6] [7], a thermal analysis [§], and a study of the attitude control and

determination [9).

After this, the interest of using other bands besides MWIR has been brought
up. So this year, the third stage in the mission design is composed of six studies:
a study on the optical system [I0], three studies around the detector and imaging
system [II] [12] [13], an integrated thermal design [I4] and the present assessment
of the upgrade to a 6U platform.

1.2 The mission

Hydric stress or water stress is an issue that comes up when plants need more
water than what is available. It can also be caused by water quality, salinity or
extreme temperatures. If it happens for an extended period of time, it has a severe
impact on crops [I5]. Plants adapt in a molecular level to their environment, with
complex mechanisms to conform to hydric stress. These sharply decrease the crop’s

growth and productivity, in a natural attempt for survival.

When plants enter these stress states, they block natural transpiration through
their leaves, which causes a significant rise in their temperature. This increase in
temperature follows a daily cycle with its maximum around midday, when solar ra-
diation is at its peak, and extends for some time due to thermal inertia [I6]. This
window can be characterized from 12:00 to 14:00 LST, approximately, so the aim is

to observe the target crops during this period.

The rise in temperature on the leaves is immediate when the crops are under
hydric stress, while visible effects on the plant happen when longer periods of time
have passed, which is often too late, as growth and productivity are already severely

compromised at this point.

For this reason, the OUFTI-Next aims to spot the differences between the surface
and the plants temperature, allowing early detection of hydric stress on crops. This
can prevent the losses in growth and productivity in time, by targeting irrigation in

function of the needs of each crop.

CHAPTER 1. THE OUFTI-NEXT MISSION 2



1.2. The mission

The final objective is to use this data to create new irrigation strategies with the
potential of remarkably increasing productivity of agricultural fields, while avoiding

the waste of large amounts of fresh water.

Consistently monitoring crops for this purpose requires having daily or almost-
daily updates in observations. Previous studies [I] [2] have determined that even
though a single satellite can achieve daily recurrence over a target, it isn’t enough to
provide full coverage of the Earth, and so a constellation of satellites is ultimately
needed. The results show that a constellation of 8 satellites at 800km altitude SSO
are enough to fulfill this objective.

However, the first step in this direction is the development of a demonstrator
satellite, which doesn’t aim to achieve full coverage but to provide proof of the fea-
sibility of this kind of observation using a CubeSat.

This demonstrator is the OUFTI-Next, which has been initially projected as a
3U CubeSat using half of its volume for the platform and the other half for the
payload, consisting in a single MWIR detector. Figure [1.2.1] shows a proposal for
the configuration of the 3U OUFTI-Next satellite.

UHF/VHF antennas

17801‘& planels

Platform (COM, PWR, OBC)——

—— ADCS module
Star Tracker ———

Payload
Radiator

Figure 1.2.1: 3U configuration of the OUFTI-Next satellite [3].

The figure shows that all systems are integrated inside the 3U structure, with
the gap for the payload in the lower half of the image. This particular configuration
doesn’t include deployable solar panels, but some configurations including this op-

tion have also been studied in the past.

CHAPTER 1. THE OUFTI-NEXT MISSION 3



1.2. The mission

It is important to remark that all of the past Master’s theses that have been
referenced revolve around this 3U configuration, and so, all previously drawn con-

clusions are related to this concept.

Regarding detection, the OUFTI-Next mission is set to use thermal infrared ra-
diation to detect the temperature of the crops. This refers to the infrared spectrum

of wavelengths from 3 to 15 pm.

The thermal infrared is split into two bands for observation: the mid-wave in-
frared (MWIR) from 3 to 5 pm, and the long-wave infrared (LWIR) from 8 to 14 pm.
These do not fully cover the thermal infrared spectrum, since the atmosphere is es-
sentially opaque to some specific wavelengths, making them unusable. Figure [1.2.2
shows the transmittance of the Earth’s atmosphere as well as the definition of the

infrared spectral bands.

| fe— I |
|

B B ——
VIS-NIR! SWIR | ' MWIR ! ; LWIR ,
100 T T T 1 T T T 1 Y

| | ' H | 1 |
Ground atmospheric windows |

Transmittance (%)

L 1
- 6 7 8 9 0 11 122 13 14 15
Wavelength (um)

Figure 1.2.2: Infrared spectral bands (extracted from [17]).

The 3U concept of the OUFTI-Next uses the MWIR band for detection, as it
presents several advantages over LWIR for being less sensitive to diffraction and
disturbances caused by the detector’s own radiation. Nonetheless, the detector still
needs to be cooled down to avoid this effect, as a detector at ambient temperature

won’t be able to detect anything besides its own emission.

This kind of detection from space has been done before, although always for
larger satellites than the projected OUFTI-Next, and not only using MWIR, as
some LWIR solutions also exist [I]. An interesting mission using this technology is
Arkyd-6 from Planetary Resources, which is a 6U CubeSat demonstrator for tech-
nology intended to detect water resources in space. This mission includes a MWIR
detector and was successfully launched in 2018.

CHAPTER 1. THE OUFTI-NEXT MISSION 4



1.3. Enhanced platform

Figure 1.2.3: Agricultural fields detection using MWIR by Arkyd-6 [18].

Besides the MWIR detector, LWIR observation can improve the obtained data
by using double-band algorithms. This is usually achieved using dual-band detec-
tors. Also, parallel observation in the VIS spectrum can provide valuable data for

target identification, since the raw thermal infrared readings can be hard to identify.

For these reasons, mounting LWIR and VIS detectors besides the main MWIR
detector on the OUFTI-Next satellite has been envisaged in the past.

1.3 Enhanced platform

The main problem for including these upgrades in the payload is that the present
3U concept is already tight in volumetric budget. For this reason, an upgrade to a
larger platform is proposed. Specifically, the new concept is doubling the size of the
satellite, going from 3U (30 cm x 10 cm x 10 ¢cm) to a 6U CubeSat (30 cm x 20

cm x 10 cm).

Besides allowing for the inclusion of a visible spectrum camera, a larger platform
also admits an increase in the size of the optics, immediately decreasing diffraction

and improving the quality of observations, as well as allowing for simpler optics.

CHAPTER 1. THE OUFTI-NEXT MISSION 5



1.3. Enhanced platform

LWIR detectors are more compact than MWIR ones and do not add critical
amounts of complexity to the mission, so including this kind of detector in a larger
satellite can potentially increase significantly the quality of the observations. The

option of a dual-band detector is also possible.

6U CubeSats typically use half of their volume for the platform (3U) and the
other half for the payload (3U), as shown Figure [1.3.1] which contains an example
of this. However, it is important to remark that this volume distribution and con-

figuration is not the only possible arrangement.

Figure 1.3.1: Example of a 6U CubeSat configuration [19].

This increase in size and payload means that the design of the platform and
systems that have been previously sized for the 3U concept needs to be revisited.
Since this is an alternative concept for the same mission, the requirements for the 6U
configuration are the same as those for the 3U configuration. The ways to achieve

these requirements is where the design process diverges.

For the OUFTI-Next demonstrator, the main requirements concern detection. In
order to obtain exploitable data about crops, the ground sampling distance (GSD)
for the observation needs to be lower than 100 m. However, the target value is set

around 50 m.

The requirements on the Attitude Determination and Control System in order to
fulfill this imaging resolution without excessive distortion are set to 0.1° in pointing
accuracy and 0.5 arcmin/s (or 0.00833°/s) for pointing stability. The meaning of
these is further discussed in Section [3.4

CHAPTER 1. THE OUFTI-NEXT MISSION 6



1.3. Enhanced platform

Besides, the thermal precision is also key, since it determines the quality of the
detection. Values around 1 to 2°C are the requirement for this parameter, as they
have been assessed to be feasible [2]. Also, the thermal range of observation is im-
portant, and it is set between 0 and 60°C to be able to observe crops in different

latitudes and climates.

The 8-satellite constellation is projected to provide full coverage of the Earth
every day. The OUFTI-Next demonstrator can not achieve this, so no requirement

is set for the full coverage time.

Besides, recurrence can be achieved, but it is not of paramount interest at this
stage, so this particular requirement is loosened in order to avoid over-constraining

the mission.

The mission lifetime is also key in order to be able to obtain enough data. For
this demonstrator, a lifetime over 3 months is considered acceptable. The single
updated requirement for this case are the structural limits, which are twice the pre-

vious size, a 6U CubeSat, and a maximum of 12 kg [20].

Finally, a summary of the main requirements for the OUFTI-Next demonstrator

is displayed in Table [1.3.1].

Volume 6U CubeSat (30 cmx20 cmx10 cm)
Weight < 12 kg
Lifetime > 3 months
Thermal precision 1-2°C
Thermal range 0-60°C
GSD < 100 m
Pointing accuracy 0.1°
Pointing stability 0.0083° /s
Acquisition A few images a day without a specific target
Hour of passage from 12:00 to 14:00 LMT
Payload TBD

Table 1.3.1: Main requirements for the OUTFI-Next demonstrator.

CHAPTER 1. THE OUFTI-NEXT MISSION 7



1.4. Introduction to the study

1.4 Introduction to the study

At this point, the nature of the payload is still to be determined. The number of
cameras to be used and the selected detectors are still an open point in the design
of the OUFTI-Next satellite.

For this reason, the payload is treated as a black box for the present study,
shifting the attention to the 6U platform and aiming to provide some insight into
several feasible solutions. With these, during later stages on the mission design of
the OUFTI-Next satellite, the appropriate configuration is to be selected depending
on the final solution for the payload.

The first part of this study contains a description of the preliminary configura-
tions that have been proposed, mainly concerning the external shape and maximum

power characteristics of the satellite.

After this, a mission analysis is presented, including studies performed for each
of the proposed configurations. The next chapter contains a detailed analysis of the
different systems of the satellite, presenting a sizing and comparison of the compo-

nents than can be found commercially for each.

This information is then used to go back to the preliminary configurations and
present the detailed proposed configurations for the OUFTI-Next satellite, with a

discussion of which of them are appropriate for each payload possibility.

Finally, the main ideas and results are summed up in the last chapter, where the
drawn conclusions are exposed and the further steps in the design of this concept

are outlined.

CHAPTER 1. THE OUFTI-NEXT MISSION 8



Chapter 2
Preliminary configurations

This chapter includes a description of the thought process behind the selection
of the preliminary configurations for the OUFTI-Next satellite. At this stage, the
architecture or specific components are still open, so the satellite is treated as a

collection of many black boxes.

2.1 Volume and power estimation

The first step is to gather data of the satellite subsystems to obtain a an esti-
mated volumetric and power budget to use for the projected configurations. For
this, a research of COTS modules has been performed to identify a reference vol-
ume to assign to each subsystem, as well as a value for its power output or peak
power consumption. With this, the volume occupied by the entire platform can be
estimated, while the rest of the volume is allocated for the payload, and besides, a

global estimation of the power related to the platform can also be done.

2.1.1 Attitude Determination and Control System

Integrated modules for the Attitude Determination and Control System are a
simple and accessible solution for CubeSat missions. These systems are indepen-
dent and widely tested as a unit, so using an integrated module is a much better
solution than integrating the ADCS independently, which can provide a more spe-

cific solution for the mission’s needs, but unnecessarily increases its complexity.

These systems usually provide attitude control by integrating a combination of
reaction wheels and magnetorquers. Besides, they use sun sensors, gyroscopes, mag-

netometers and star trackers to determine the attitude of the satellite.



2.1. Volume and power estimation

In a fine-tuned closed loop, the system measures and corrects the attitude of the

satellite to provide for the desired pointing in each operational mode.

Table shows four of these systems that are close to the requirements for
the mission. At this stage, their behaviour is not taken into consideration, as this
is part of Chapter 4] Rather, only the power and volume of each system is looked
at, in order to get an estimation for the volume to allocate for the ADCS, as well as

setting the limits for the power consumption of this subsystem.

Company Model Volume Peak power
BlueCanyon XACT-50 0.75U 2470 mW
CubeSpace 3-Axis ADCS 0.75U 3400 mW
Hyperion iADCS400 0.67U 4000 mW
KULeuven KU Leuven ADCS 0.5U 1400 mW

Table 2.1.1: Volume and peak power consumption of COTS ADCS modules.

These four models are specifically designed for 6U CubeSats, so they are all
considered applicable at this stage. With this, the drawn conclusion is that ADCS
modules for 6U use from 0.5U to 0.75U in volume, and have a peak power consump-
tion between 1 and 4 W.

Figure 2.1.1: KU Leuven ADCS module [21].

2.1.2 Communications System

The strategy for communications is yet to be fully defined at this stage. The
UHF band is the choice for commands (uplink) and the VHF band is the choice
for telemetry (downlink), but the download method of the acquired data is open
between VHF, S-band and X-band.

CHAPTER 2. PRELIMINARY CONFIGURATIONS 10



2.1. Volume and power estimation

For this reason, similarly to the previous section, a basic research of COTS
transmitters, receivers and antennas has been performed. Specifically, of UHF /VHF
transceivers (Table [2.1.2), S-band transmitters (Table and X-band transmit-
ters (Table , with the objective of drawing broad conclusions for each commu-
nication strategy.

Company Model Volume | Tx power
Endurosat CubeSat UHF transceiver 11 01U 2W
GOMspace NanoCom AX100 01U 2.6 W
[SISpace UHF uplink/VHF downlink transceiver | 0.15 U 1.7 W
Nanoavionics SatCOM UHF 0.1U 2 W

Table 2.1.2: Volume and power consumption of COTS VHF /UHF transceivers.

An important remark is that, out of the selected VHF/UHF transceivers, the
products by Endurosat and Nanoavionics use UHF for downlink as well as uplink.
This, however, doesn’t set them apart at this stage of design, since their values for

power and volume are in the same range as the rest.

With this, VHF /UHF or UHF /UHF commercial transceivers are around 0.1U in
volume and 2 W in power consumption during data transmission. So, this is taken

as the reference for the power budget.

Company Model Volume | Tx power
Clydespace CPUT S-Band transmitter 02U 5 W
Endurosat CubeSat S-band transmitter 02U 9 W
GOMspace NanoCom SR2000 01U 6 W
IQ Wireless HiSPiCO 0.15 U 5W
[SISpace | High data rate S-band transmitter | 0.33 U 9.2 W

Table 2.1.3: Volume and power consumption of COTS S-band transmitters.

Company Model Volume | Tx power
Clydespace | CPUT X-Band transmitter | 0.2 U 10 W
Endurosat X-band transmitter 02U 12 W
IQSpaceCom XLink 0.3 U 15 W
Syrlinks EWC27 0.25 U 10 W

Table 2.1.4: Volume and power consumption of COTS X-band transmitters.

CHAPTER 2. PRELIMINARY CONFIGURATIONS 11



2.1. Volume and power estimation

There are some clear orders of magnitude that can be identified in both S-band
and X-band transmitters. All of them take from 0.1U to 0.3U in volume, while there
is a clear discrepancy in power consumption: S-band transmitters consume from 5
to 10 W, while X-band transmitters draw from 10 to 15 W. These should be added
to the VHF /UHF transceiver values, which are needed either way, to get the total

estimation for the communications system.

Adding these up, if VHF is used for downlink, the COMM system needs an ap-
proximate volume of 0.1U and around 2 W in power. If the downlink is done by
S-band, the volume turns out to be around 0.3U to 0.4U and a power consumption
from 7 to 11 W is needed. Finally, for X-band, the volume needed is around 0.3U

to 0.4U again, and the power consumption ranges from 12 to 17 W.

For the global analysis, mean values are taken as reference: 0.1U and 2 W
for VHF downlink, 0.35U and 9W for S-band, and 0.35U and 14W for X-band

communications.

Figure 2.1.2: EnduroSat X-band transmitter module [22].

2.1.3 On-Board Computer

The On-Board Computer system is another of the required systems in the satel-
lite. At this point in design, no specific requirements for memory or processing
capabilities are set, so a similar research has been performed, as in the previous
sections, with the only requirement of being designed for operation in CubeSats, in

order to get reference values for volume and power.

Table shows the selected OBC systems with their volume and peak power

consumption.

CHAPTER 2. PRELIMINARY CONFIGURATIONS 12



2.1. Volume and power estimation

Company Model Volume | Peak power
CubeSpace CubeComputer v4.1 0.1U0 435 mW
Endurosat | Onboard Computer (OBC) | 0.2 U 440 mW
GOMSpace NanoMind A3200 01U 900 mW
[SISpace iOBC 0.12 U 550 mW

Table 2.1.5: Volume and peak power consumption of COTS OBC modules.

For this subsystem, the volume ranges between 0.1 and 0.2U, while the peak

power consumption stays under 1W for all considered modules.

It is important to note that the OBC is a cornerstone subsystem in the satellite
and, as such, its determination is part of later stages in the design. Nonetheless,
the obtained values are a valid reference point for sizing the satellite and allowing a

later choice of the most appropriate OBC system.

Figure 2.1.3: ISISpace Onboard Computer [23].

2.1.4 Electrical Power System

Finally, the satellite’s Electrical Power System can also be obtained commercially
to reduce the overall complexity of the platform. Some companies offer ready-made
EPS modules that include battery packs. This reduces the overall size and increases

simplicity within the satellite, so this kind of EPS have been included in the research.

It is important to note that the size of the EPS, including the battery packs,
depends on the power requirements of the satellite. The batteries need to provide

enough power to keep the satellite functional during eclipse.

CHAPTER 2. PRELIMINARY CONFIGURATIONS 13
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Volume and power estimation

Table shows the selected EPS modules with their volume and power con-
sumption. Since there can be a wide variety of requirements for this subsystem,

very different power systems have been gathered together, for a later classification

into groups.

Company Model Volume | Power consumption
Crystalspace P1U Vasik 0.1/0.15 U 15 mW
CubeSatKit Linear EPS 0.18/0.28 U 100 mW
Endurosat | Power Module I | 0.21/0.3 U 75 mW
GOMSpace | NanoPower P31u 0.26 U 160 mW
GOMSpace | NanoPower P60 | 0.43/0.6 U 600 mW

Table 2.1.6: Volume and power consumption of COTS EPS modules.

Most of the modules allow for two options in battery packs. For this reason, the

volume taken by these EPS often takes two values, for a single value of power con-
sumption related to the electronics of the EPS. These are treated separately when
classifying the available EPS into groups.

Before that, however, it is interesting to consider the amount of power that can

be provided by each battery pack solution. Table shows the same EPS modules
with their volume and power provided by the battery packs.

Company Model Volume | Battery capacity
Crystalspace P1U Vasik 0.1/0.15 U 11/22 Wh
CubeSatKit Linear EPS 0.18/0.28 U 11/22 Wh

Endurosat | Power Module I | 0.21/0.3 U 10.4/20.8 Wh
GOMSpace | NanoPower P31u 0.26 U 20 Wh
GOMSpace | NanoPower P60 | 0.43/0.6 U 38.5/77 Wh

Table 2.1.7: Volume and battery capacity of COTS EPS modules.

With this information, integrated EPS modules can be split into three groups

according to their provided battery capacity: Small EPS modules yielding around
10 Wh in batteries, with volumes between 0.1 and 0.2U and a power consumption
between 15 and 100 mW; medium EPS modules providing around 20 Wh of battery
capacity, which take from 0.15 to 0.3U and consume from 15 to 160 mW; large EPS
modules, with battery capacity values around 40 Wh and power consumption of 600
mW: and finally very large EPS modules, up to around 80 Wh in capacity, 0.6U in
volume and 600 mW in power consumption.
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Figure 2.1.4: GOMSpace NanoPower P31u EPS module [24].

In the global configurations, the estimated power demand of each one determine
which size of EPS is considered, small, medium or large, for which the mean values
are taken. Besides, at this stage, the volume related to antennas is not considered,
since they are mounted on the exterior of the satellite and their size doesn’t signifi-
cantly exceed that of a PCB.

2.1.5 Power generation

Solar panels have also been excluded from this volumetric analysis, since they are
mounted on the sides of the CubeSat and, if needed, deployed. This means that they
are not included in the preliminary volumetric budget, which refers to the interior
of the 6U structure. However, their estimated power output is still interesting, so it
has been researched. Table [2.1.8shows the solar panel modules with their estimated
power output in LEO.

Company Size Efficiency Power in LEO
EnduroSat 1U 29.5% 24 W
EnduroSat 1.5U 29.5% 3.6 W
EnduroSat 3U 29.5% 84 W
GOMSpace 1U 30% 2.3 W
GOMSpace 3U 30% TW
ISISpace 1U 30% 2.3 W
ISISpace 6U 30% 17W

Table 2.1.8: Size, efficiency and generated power of COTS solar panels.
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Efficiency values for COTS solar panels are around 30%, with an estimated gen-
eration of 2.3-2.4W for a 1U panel in LEO. Larger arrays of panels give increased
power outputs, since the configurations can be optimized: For 3U, value between 7

and 8.4 W can be achieved, while a single array of 6U can yield up to 17 W in power.

2.1.6 Summary

Taking into account the results obtained for all the relevant subsystems of the
satellite platform, the preliminary volumetric and power budgets can be obtained. It
is important to bear in mind there are three possible solutions of COMM, depending
on the download strategy: VHF, S-band or X-band; and four possible solutions for
EPS depending on the power provided by the battery packs: small modules (~10
Wh), medium modules (~20 Wh), large modules (~40 Wh) and very large modules
(~80 Wh).

The minimum, average and maximum values for each system and option are dis-
played in Tables[2.1.9/and [2.1.10] With this, some conclusions for the total platform
volume and power needed can be drawn, taking the average values obtained from
the COTS research.

System Option Minimum Average Maximum
ADCS - 05U 0.67 U 0.75 U
COMM VHF 0.1 U 0.11 U 0.15 U
COMM S-band 02U 0.3 U 048 U
COMM X-band 0.3 U 0.35 U 0.45 U
OBC - 0.1 U 0.13 U 02U
EPS Small 0.1U 0.16 U 021U
EPS Medium 0.15U 024U 03U
EPS Large 0.43 U 043 U 043 U
EPS Very large 0.6 U 0.6 U 0.6 U

Table 2.1.9: Volumetric budget for COTS platform subsystems.

Regarding volume, taking the minimum options (VHF download and small EPS),
the platform fits in around 1.1U. This, however, will most likely turn out unfeasible.
Opposite from this, taking the maximum options (X-band download and very large
EPS), the platform needs 1.75U in total. Taking medium-size options, the total
volume for the platform turns out at around 1.4U. This means that the volume that

can be dedicated to payload ranges between 4.25 to 4.9 CubeSat units.
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Volume and power estimation

System Option Minimum Average Maximum
ADCS - 1.4W 28 W 4 W
COMM VHF 1w 1.4 W 2 W
COMM S-band 6 W 8.7W 11.2 W
COMM X-band 11w 13.2 W 17 W
OBC - 0.4 W 0.6 W 0.9 W
EPS Small 0.02 W 0.06 W 0.1 W
EPS Medium 0.02 W 0.08 W 0.16 W
EPS Large 0.6 W 0.6 W 0.6 W
EPS Very large 0.6 W 0.6 W 0.6 W

Table 2.1.10: Power budget for COTS platform subsystems.

In terms of power, minimum options require a power consumption of 4.9 W,
while maximum options consume up to 17.2 W, on average. Medium-size options
for power give an average value for consumption of around 12.5 W. In this case, the

communication strategy is the critical aspect that gives this high variation.

In any case, taking into account that eclipse times in the selected altitude range
are around 30 minutes, the order of magnitude for battery capacity of medium and
large EPS (20 to 40 Wh) is reasonable, keeping in mind the option of very large
EPS (80 Wh) if the payload requires such power consumption. This topic is studied
in depth in Chapter 3]

Finally, the power generated by the solar panel modules is presented in Table
2.1.11] in a similar fashion to previous results presented in this section.

In this case, in order to compare the different possible arrangements, combina-
tions of smaller modules have been compared with complete modules of the same
size. This way, 3 modules of 1U panels yielding 3 x 2.3 W have been compared to
a full 3U module giving 7 W, for example. Like this, the limits and average values

for generated power in LEO are obtained.

Size Minimum Average Maximum
1U 23 W 23 W 24 W
1.5 U 34 W 3.5 W 3.6 W
3U 6.9 W 72 W 84 W
6 U 13.8 W 149 W 17W

Table 2.1.11: Power generated by COTS solar panels.
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2.2 Panel configurations

The second part of this preliminary configuration study is to define the possible
external shapes of the satellites, which will be defined by the 6U structure and the

deployed systems. If there are any, these can include antennas and solar panels.

However, at this stage, the impact of deployed antennas on the satellite’s shape
and surface is negligible, so it has been ignored. Thus, the possible solar panel con-

figurations are defined.

In order to provide an estimation for the total power provided by each configu-
ration, reference values obtained in the COTS analysis are used (see section [2.1.6]),

considering these values are obtained for sun-pointing conditions.

This section contains a description of the proposed configurations, an estima-
tion for the generated power of each one’s solar panels, and the values of equivalent
surface area, to be used in later calculations of the atmospheric drag effect on the
satellite. These values have been obtained using STELA’s modeling tool [25].

For reference, the CubeSat’s reference X-Y-Z orientation is arbitrarily set with
the 6U face normal to the X axis, the 3U face normal to the Y axis, and the 2U face
normal to the Z axis. Any other nomenclature is equally valid, yet it is important
to have consistency when describing each of the faces and directions. For this study,
figure displays the selected orientation.

Figure 2.2.1: Selected orientation of the X, Y and Z faces of the CubeSat.
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2.2.1 Configurations description
Configuration 1: X face

The first and simplest proposed configuration includes solar panels attached to
the X face of the satellite, which means a total panel surface of 6U. One 6U module

can be used for optimum power generation up to 17 W.

This configuration includes no hinges, since no deployment of solar panels is re-
quired, so the external shape coincides with the 6U prism. For this, the effective

surface area is 550.25 cm?2.

Configuration 2: X, Y and Z face

The second configuration includes solar panels attached to all 3 faces of the satel-
lite, which adds up to a total of 11U of solar panels. One 6U module, one 3U module

and two 1U modules can be used in this case.

Adding solar panels on opposite faces is pointless, since they would never gen-
erate power at the same time, however, the three faces around one of the satellite’s
corners can receive solar radiation at the same time, although not perpendicularly.
This situation has been optimized using MATLAB, considering the power provided
by the solar arrays attached to each face. The optimal orientation for this case is
achieved with a rotation of 26.3° around the Z axis, plus a rotation of 14.2° around
the resulting Y’ axis. This orientation provides an equivalent surface of 7U, which

can provide up to 19.6 W.

Regarding the external shape, this configuration is equivalent to Configuration

1, with no hinges and an effective surface area of 550.25 cm?.

Configuration 3: X face with sides deployed

The next proposed configuration parts from Configuration 1, adding deployed
solar panels from faces +Y and -Y. This gives a flat surface of 12U of solar panels
in the X face of the satellite. To achieve this, one 6U module and two 3U modules

can be used, giving up to 33.8 W of power.

The effective surface of this configuration is 785.56 cm? and it includes two hinges.
In the scenario of failure of the deployment mechanisms, power generation of 19 W

could be achieved by optimally orienting the satellite 26.3° around the Z axis.
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Configuration 4: Z face with sides deployed

Deploying solar panels from faces +X and -X around the top Z face of the satel-
lite creates a flat surface of 14U of solar panels in the Z face. Two 6U modules and

two 1U modules can be used for this, yielding up to 38.8 W in total.

This configuration has an effective surface of 1067.24 cm? and includes two hinges.
In a deployment mechanism failure scenario, power generation of up to 17.6 W could

be obtained by orienting the satellite 15.8° around the Y axis.

Configuration 5: Y face with sides deployed

Similarly to the previous two configurations, deploying solar panels from faces
+X and -X around the Y face of the satellite gives a flat solar panel surface of 15U
in the Y face. Two 6U modules and one 3U module can be used, providing up to
42.4 W of power.

The effective surface for this configuration is 1029.03 cm?, and it also includes
two deployment hinges. In the scenario of their failure, the solution would be similar

to the one for Configuration 3, achieving a maximum production of 19 W.

Configuration 6: Y face with sides and top deployed

The sixth proposed configuration is similar to the previous one, adding the de-
ployment of the +7 face of the satellite. This adds 2U to achieve a total of 17U of
solar panels in the Y face of the satellite. Two 6U modules, one 3U module and two
1U modules are ideally used, generating up to 47.2 W.

2 This con-

For this configuration, the effective surface is equal to 1119.76 cm
figuration increases the number of hinges to 3. In the worst case of all deployment
systems failing, the strategy to follow would be the same as Configuration 2, achiev-

ing up to 19.6 W of power.

Configuration 7: All sides deployed at an angle

The concept for the next proposed configuration consists in deploying all sides of
the CubeSat, that is faces +X, -X, +Y and -Y. In order to obtain solar power from
all of them, they are deployed into a plane extending to both sides of the satellite

using four hinges.
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Since the satellite isn’t axially symmetric around the Z axis, the panels are de-
ployed forming a 154° angle with the X plane, so the panel plane goes through the
satellite’s geometric center. Otherwise, forces like drag or SRP can considerably

impact the satellite’s attitude.

A depiction of this configuration is shown in Figure 2.2.2] With this setup, a
panel surface of 18U can be achieved, being composed of two 6U modules and two
3U modules. These, in total, can give up to 50.8 W as they can all be positioned
facing the Sun.

Figure 2.2.2: Basic illustration of Configuration 7.

The effective surface for this configuration is 1405.37 cm?. In the scenario of fail-
ure of the deployment hinges, the situation would be similar to the failed scenario of
Configuration 3, achieving a maximum generation of 19 W. However, in this case,
the entire lateral surface of the satellite would be covered, which could block other

systems like communications antennas or thermal radiators.

Configuration 8: All sides deployed at an angle plus X and Y faces

For the sake of completion, an eighth configuration is proposed. The concept
is similar to configuration 7, adding the front X and Y face to further increase the

total power from the solar panels.

In this case, the optimal orientation of the satellite is the same as in the previ-
ous configuration, so the panels mounted on faces X and Y don’t point directly to
the Sun. This means that using three sets of 6U solar panel modules and three sets

of 3U panel modules, the maximum power generation that can be achieved is 69.8 W.
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This configuration has the same effective surface and failure scenarios as con-
figuration 7, so this configuration also bears a high risk of interfering with other

subsystems in the case of failure of the deployment of the panels.

2.2.2 Summary

Taking into account that the power consumption of the platform can have a
value around 12.5 W considering an intermediate solution for communications, none

of the configurations are immediately discarded, as they all exceed this amount.

Nevertheless, configurations 1 and 2 are not compatible with the choice of X-band

for data download. In this case, the power provided by the solar panels is insufficient.

Finally, as a summary of the proposed preliminary configurations for the satel-
lite, Table includes the nominal power generated by the solar panels, as well
as the achievable power in a deployment fail scenario, in brackets. Besides, the

equivalent surface and an illustration are also shown for each configuration.

# Power Eq. Surface Sketch
17 W
1 550.25 cm?
(17 W)
19.6 W 9
2 550.25 cm
(19.6 W)
33.8 W )
3 785.56 cm
(19 W)
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# Power Eq. Surface Sketch
4 38.8 W 1067.24 cm?
24 cm
(17.6 W)
424 W
5 1029.03 cm?
(19 W)
6 A2 W 1119.76 cm?
.76 cm
(19.6 W)
50.8 W
7 1405.37 cm?
(19 W)
8 69.8 W 1405.37 cm?
37cm
(19 W)

Table 2.2.2: Preliminary configurations of solar panels.
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Chapter 3

Mission analysis

This chapter focuses on the new aspects of the 6U OUFTI-Next mission, not
aiming to repeat what has already been studied, but to spot what can be used and

what needs updating.

3.1 Orbit

In-depth studies of the considered orbits can be found in previous theses related
to the OUFTI-Next 3U configuration [I] [3], and so, the parts that are applicable
to a 6U satellite have been used and not replicated. These include crossing times
above an area of interest, recurrence over a target on the surface with and without

tilting of the satellite, and the duration of eclipse in each of the orbits.

These previous studies are fully applicable to a potential 6U configuration OUFTI-
Next mission. However, not all aspects of the orbit analysis are independent from

the satellite itself. These points have been studied and are presented in this section.

3.1.1 Launch

One of the key aspects of the development of a satellite mission is the design of
a specific orbit that perfectly fits the mission’s requirements. For large satellites,
this includes a dedicated launch to access this specific orbit. However, CubeSat
missions lack the size and budget to make this feasible, so they are usually launched
to generic orbits, either in launches dedicated to bringing many small satellites into

orbit, or by piggybacking besides a larger satellite.

Either of these concepts allow access to a wide range of target orbits in LEO,

two of which have been looked at, in accordance to the mission requirements: Due
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to the many launch opportunities and the appropriateness to an Earth observation
mission, sun-synchronous orbits have been considered; besides, the ISS orbit has

also been looked at because of its high accessibility.

SSO

Sun-synchronous orbits are in a quasi-polar inclination such that the orbit pre-
cesses at the same rate as the Earth revolves around the Sun, so it always has the
same orientation with respect to it. This means that a satellite in one such orbit
passes over any point of the surface at the same local mean solar time throughout
the year.

These orbits are widely used for Earth observation missions, since they guar-
antee the same illumination every day when passing over any given target on the

surface, and also for being quasi-polar, so they can observe all latitudes of the Earth.

Launching a 6U CubeSat to sun-synchronous orbit is possible through many
options. Three have been considered since they offer periodic launches to a wide
variety of altitudes. The first one is ISISpace Launch Services, whose upcoming
launches are shown in Table and range between 450 and 700 km altitude.

Vehicle Period SSO Altitude
Russian H2 2019 450 - 600 km
European Q4 2019 500 - 700 km
European Q4 2019 450 - 600 km
USA Q4 2019 450 - 600 km
Asian H2 2019 500 - 600 km
Asian Q3 2019 500 - 600 km
Asian Q2 2019 500 - 550 km
Asian Q2 2019 500 - 600 km
European Q1 2020 500 - 700 km
Russian H2 2020 500 - 700 km

Table 3.1.1: ISISpace Launch Services upcoming launches to SSO. [20]

Besides, Spaceflight Launch Services [27] also offer several options for accessing
SSO in the near future, including many launches between 400 and 650 km, and also
up to 730 km altitude.
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Finally, RocketLab [28] provide several launches every year to 500km altitude
SSO. These set the conveniently accessible altitude range that will be studied for

sun-synchronous orbits.

ISS orbit

The ISS orbits Earth at around 400km altitude and an inclination of 51.64°,
and there are many opportunities to launch CubeSats from it. However, not all of
them allow for 6U configurations. For example, JAXA’s JEM Small Satellite Orbital
Deployer (J-SSOD) [29] is not compatible with 3U x 2U x 1U CubeSats, so it’s
discarded as an eligible deployment option for this configuration of the OUFTI-Next.

The classic NanoRacks CubeSat Deployer (NRCSD) has the same problem, but
this company also provides the NRCSD DoubleWide [30], which allows deployments
of CubeSats of up to 12U, making it a viable option for deploying on the ISS orbit.
Finally, bSpace [31] also offer frequent CubeSat launch and deployment opportuni-
ties from the ISS.

3.1.2 Lifetime

The lifetime of an unpropelled nanosatellite in LEO is a key parameter to con-
sider when deciding the target orbit of the mission. An orbit too close to the surface
of the Earth will be heavily affected by atmospheric drag which might cause the

satellite to re-enter before the completion of the mission.

In opposition, if the satellite is placed at an excessive altitude, the satellite will
stay in orbit long after completion of the mission, contributing to the growing issue
of space debris. For this reason, IADC guidelines request to dispose LEO satellites
such that their orbital lifetime is under 25 years [32].

With this in mind, a range of orbits has been obtained to ensure that the mission
is fully completed and also the guidelines set by the IADC are followed. For this
reason, the possibility of including an on-board propulsion system to force re-entry

from a higher altitude has not been considered.

Simulations for this study have been carried out using STELA [25], a semi-
analytic orbit propagator for end of life analysis developed by CNES. This tool uses
atmoshperic models, solar radiation pressure (SRP), perturbations caused by the

Sun and the Moon, as well as Earth zonal perturbations up to 7th order.
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The selected atmospheric model is NRLMSISE-00, which is a widely used model
for space research. STELA allows to characterize this model with two inputs: The
solar activity, quantified by F10.7 solar flux units, and the geomagnetic activity
index A,. The study has been carried out for three different scenarios of solar ac-
tivity: Maximum (210 sfu), mean (150 sfu) and minimum (75 sfu) [33]. Besides, the

selected geomagnetic activity index has been set to 15 as a reference value [34].

STELA simulations have been carried out for configurations 1, 3, 4, 5, 6 and 7
(see Chapter [2)), since configurations 2 and 8 have the same equivalent surface as 1
and 7, respectively. The reference surface for each configuration has been calculated
using STELA, which allows basic modelling of the satellite configuration to obtain a
value for the drag area. The used values for re-entry simulation have been obtained
using tumbling mode rather than fixed orientation, since the satellite attitude will

not be controlled after the mission is completed and the satellite orbit decays.

The simulation parameters, apart from the reference surface area of the satellite
and the atmospheric model, are the following: Mass, which has been set to 12 kg,
the maximum value for a 6U CubeSat; the drag coefficient, set to 2.2 as a reference
value [35]; the re-entry altitude, set to 120 km as recommended by the software; and
the initial orbit. The main parameters of the selected ones are shown in Table [3.1.2]

Orbit type Altitude Inclination
ISS [36] 403-408 km 51.6400°
SSO 400 km 97.0305°
SSO 500 km 97.4023°
SSO 600 km 97.7882°
SSO 700 km 98.1886°

Table 3.1.2: Selected orbits for STELA simulation.

Simulation results

Figure[3.1.T]shows the results from all performed simulations in a semi-logarithmic
plot. Different line styles indicate values obtained for minimum, mean or maximum
solar activity, while different colors indicate each of the configurations of the satel-
lite. In black dashed lines, the limits for the mission have been indicated: An upper
limit of 25 years for compliance with the IADC guidelines, and a lower limit of 4

months to guarantee the mission’s observation lifetime requirement.
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The results show that some configurations decay too quickly for the lowest alti-
tude and maximum solar activity, while the 25-year limit is surpassed in the higher

orbits for all configurations, also for mean solar activity.
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Figure 3.1.1: Orbit lifetime as a function of the altitude for all configurations.

It is also important to note that the mean value for solar activity will match
more closely the results that give longer lifetimes, since it follows periodic cycles,
while the shorter results are potentially subject to higher variations. This means
that values obtained for 25 years of maximum or minimum solar activity are likely
unrealistic, while simulations lasting a few months are more sensitive to approaching

these limit values.

In order to provide a more visual depiction of the combinations of orbits and
configurations that are viable, Table has been developed. The values in the
table are the results for orbit lifetime using mean solar activity, while the colors in
the table indicate whether they stay inside the limits for minimum and maximum

solar activity.

Green indicates that all simulations (mean, maximum and minimum solar activ-
ity) give results between 4 months and 25 years lifetime, which means that config-

uration and orbit are guaranteed to fulfill both requirements.
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Next, values that lie inside the limits for the mean solar activity simulation,
but yield more than 25 years for minimum solar activity, or less than 4 months for
maximum solar activity, are colored yellow. Finally, red indicates the values that lie

outside the required limits for the mean solar activity simulation.

Appendix [A] contains similar tables with the separate data for all three scenarios
of solar activity, which can help further understand the logic behind Table

ISS 5SSO 5SSO 5SSO 5SSO
400km 400km 500km 600km 700km

Config.
Config.
Config.
Config.
Config.
Config.

Table 3.1.3: Orbit lifetime for mean solar activity, color coded.

The results show that orbits at 400 km might be susceptible to early re-entry in
the case of maximum solar activity for the more complex configurations, while the
simplest configuration 1 could stay in orbit for too long even at 500 km altitude.
All configurations have the potential to stay in orbit more than 25 years at 600km,
and they are certain to overtake this limit when placed at 700 km. With this, an

adequate orbit is to be selected once the final configuration of the satellite is settled.

3.1.3 Ground station visibility

Increased payload capacity in this version of the OUFTI-Next means that the
amount of gathered data is likely to increase as well. This increase needs to be
accounted for and foreseen in terms of data budget, but also in terms of communi-

cation time. For the orbit analysis, the key point is ground station visibility.

Figure[3.1.2 has been generated with CelestLab and shows the visibility duration
for a range of altitudes and maximum elevation angle. This is the maximum angle
with respect to the ground that the satellite reaches in a pass, so an elevation angle

of 90° means that the satellite passes directly overhead.
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Visibility duration - non rotating Earth (min elev =5 deg)
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Figure 3.1.2: Visibility duration as a function of the altitude.

For the considered range of altitudes, visibility passes last from 4 to 11 minutes.
Note that elevations above 40° are already quite similar to a 90° overhead pass.
Taking into account that exploitable passes last for at least 5 minutes [3], passes

with maximum elevations of 10° or more are acceptable.

Knowing this, the duration of the visibility passes over the ground station in
Liege can be determined and highlighted on the ground track of the satellite. These
results have been obtained for the ISS orbit (Figure and SSO orbits at 400km
altitude (Figure 3.1.4)), 500km altitude (Figure and 600km altitude (Figure
3.1.6)).

The 700km altitude SSO has been left out of this study after the results obtained
in Section [3.1.2] where this orbit failed to fulfill the set requirements in any of the

configurations.

Simulations have been run with Celestlab for a total duration of 2 days, which
is enough to spot the cycles appearing in visibility passes. Ground tracks, however,
are only presented for a duration of 1 day, since it provides a better visualization of
the satellite path in each orbit. The visibility passes graphs show the duration and
frequency of the passes, including very short passes at a low elevation which are not
considered.
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Figure 3.1.5: Ground track (left) and pass duration (right) for 500km SSO.
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Figure 3.1.6: Ground track (left) and pass duration (right) for 600km SSO.

The ISS orbit is significantly different to the others, with one set of 5 passes per
day, lasting from 5 to 8 minutes each. Besides, all considered SSO behave similarly,
giving around two sets of 2 consecutive passes per day, with varying duration de-
pending on the altitude. For the lowest of this set of orbits (400km SSO), passes
range from 5 to 8 minutes, while the highest (600 km SSO) presents pass times from

8 to 10 minutes.

3.1.4 Summary

The analysis of the orbits shares many aspects with the 3U configurations, but
some key differences have been spotted. First, the launch opportunities are more
limited but still numerous, providing recurrent access to interesting orbits through

diverse means.

Next, the orbital decay time is a critical factor to keep in mind when selecting
the final orbit of the satellite, as the configuration of the solar panels can drastically
affect the orbit lifetime. SSO above 600 km are advised against, as the satellite
might stay in orbit for too long after the mission, while lower orbits around 400 km
are susceptible to very short lifetimes. In later stages of the design, an adequate

orbit needs to be selected taking into account the information in this chapter.

Finally, regarding the link with the ground station, the results show that across
the entire range of considered orbits, the minimum value of 5 minutes of visibility is
consistently achieved in every case. Also, all orbits share the value of 4 to 5 visibility
passes every day over the ground station in Liége, so these two results can be used

in general, as they apply to every orbit in consideration.
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3.2 Acquisition

The remote acquisition of the thermal data needed in the OUFTI-Next mission
can be done using several strategies: Taking single pictures when the satellite goes
over a target; performing a linear scan using either a 1D or a 2D detector; using a
time delay integration strategy; or an improved scanning strategy using the AOCS.

All of these have been studied previously [2].

The most fitting solution for the OUFTI-Next demonstrator is to take single
pictures over specific targets, since there is no need for full Earth coverage at this
stage. For this reason, considered detectors contain rectangular arrays of pixels and
allow for taking single snapshots. Even with the upgraded payload in a 6U platform,
this is the most suitable strategy for the satellite.

The main drawback for most infrared cameras is the required working temper-
ature of the detector. Typical temperatures of 90 K or 150 K, depending on the
used technology, are hard to achieve, and require detailed a thermal design of the
satellite. This cooling is needed to reduce the SNR down to a point where Earth

observation is clear over the noise coming from the emissions of the detector.

This can be solved using several systems, some of which have been studied in the
past [3] [4]. These include a full passive system, which has been proven unfeasible;
active cooling using a Peltier module, which uses the thermoelectric effect to cool
down the detector; and an active cooling system using a cryocooler based on a one-
piston Stirling engine to cool down the detector and reject the heat to a radiator.
Even though this last solution can negatively affect the satellite’s stability due to

having moving parts, it has been considered the most promising.

Besides the cooling system, two strategies are possible for cold detection: Either
keeping the detector cold permanently, or cooling it down before the detections, and
letting it warm back up afterwards. For the active cooling solution using a Stirling

engine, cooling the detector before each pass is considered the most viable option.

An alternative to this problematic has been studied in a simultaneous study [11],
which introduces the option of using uncooled MWIR and LWIR detectors. These
concepts added to a passive solution for cooling the detector though a radiator can
be enough to reduce the SNR to usable levels. Nevertheless, this discussion is part
of an open argument at this stage in design, and is considered outside of the scope of
the present study. The relevant information at this point is the selected acquisition

strategy of taking single pictures.
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3.3 Communications

The 3U configuration OUFTI-Next is projected to include a payload of one
MWIR camera using half of its volume, 1.5U. For this case, the communications
budget has arrived to the conclusion that one S-band transmitter is enough to down-
load the data collected by the one MWIR detector [3].

The main target when considering a 6U CubeSat is to increase the total volume
dedicated to payload, so that larger or multiple detectors can be used in the same
demonstrator satellite. Such an upgrade carries a significant increase in the amount
of data that needs to be downloaded from the satellite to the ground station. This

chapter contains an assessment of this issue.

3.3.1 Frequency bands

The strategy for basic communications between the ground station and the satel-
lite has been defined in previous stages of the mission as using the UHF band (be-
tween 300 MHz and 3 GHz) for sending commands from ground to the satellite,
and the VHF band (between 30 MHz and 300 MHz) for downloading telemetry data
from the satellite to the ground [I].

This is a very widely used choice for nanosatellite missions and is independent of
the actual size of the satellite, so it is accepted in the present design. Besides, the
download of data can be done using several strategies, and this point is dependant

on the payload.

Although for the 3U concept of the OUFTI-Next, S-band has been selected as
the most fitting frequency band for data download, three strategies are considered
in this study. The first considered option is using the same VHF band for data
download, on top of telemetry. Aside from this, S-band (from 2 to 4 GHz) and
X-band (from 8 to 12 GHz) are also considered.

In Section information of commercial transmitters for all these bands has
been gathered. The exact specifications of each are discussed in depth in Section
M.2] For the present analysis, the reference data rate that can be achieved using

each technology is enough.

Among all selected VHF /UHF transceivers, the downlink data rate is 9600 bps,
the characteristic value for VHF. Regarding S-band transmitters, values range from
1.6 to 4.3 Mbps, with most values being around 2 Mbps. This is selected as the
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characteristic value for S-band transmission. Finally, X-band transmitters give data
rates from 25 to 100 Mbps, with 50 Mbps as the most common value, and so, this

is the selected characteristic data rate for X-band.

3.3.2 Data link

In Section B.1.3 the windows for communication between the satellite and the
ground station have been determined for each considered orbit. This analysis shows
that all orbits pass over Liége from 4 to 5 times a day, with visibility times above
5 minutes in all cases. However, for higher altitudes, pass times are longer so more

time for data download is available.

It is important to take into account that data download can’t be performed dur-
ing 100% of the visibility pass time, since the communications between the ground
station and the satellite need to be established, so time for satellite confirmation
and signal acquisition needs to be accounted for. A reference value for this delay
is from 1 to 3 minutes [37]. In the present study, the time for signal acquisition is

considered as 2 minutes for all orbits and communication systems.

With this, the amount of data that can be downloaded from each orbit can be
calculated for the three considered download frequency bands. For this calculation,
average pass times have been used (see Figures to : 8 minutes for the ISS
orbit, 7 minutes for the 400 km altitude SSO, 8 minutes for the 500 km altitude SSO,
and 9 minutes for the 600 km altitude SSO. The obtained results for downloadable

data in one pass are presented in Table |3.3.1]

VHF S-band X-band

(9600 bps) (2 Mbps) (50 Mbps)
ISS orbit 3.38 Mb 720 Mb 18 Gb
400km SSO 2.81 Mb 600 Mb 15 Gb
500km SSO 3.38 Mb 720 Mb 18 Gb
600km SSO 3.94 Mb 840 Mb 21 Gb

Table 3.3.1: Data downlink for an average pass in each orbit and frequency.

Obtained values range from a few Mb for VHF, to hundreds of Mb for S-band,
to tens of Gb for X-band. It is important to note, however, that the VHF also needs

to be used to download telemetry data, so the effective data download is lower.
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3.3.3 Data budget

To get a perception of how much data the previously obtained results are, some
detector data is gathered. According to [11], the FLIR Neutrino LC [38§] is taken as
the reference MWIR detector, and the SCD Bird XGA [39] is taken as the reference
LWIR detector. Besides, the GOMSpace Aptina MT9T031 [40] is taken as a refer-
ence VIS detector.

The selected MWIR detector has a sensor size of 640 x 512 pixels, the LWIR
detector has an array of 1024 x 768 pixels, and the VIS detector has 2048 x 1536
pixels. These values and the color depth of the image define the amount of data for

each image.

The color depth is the number of bits used to encode each pixel, and it is usually
between 8 (1 byte) and 16 (2 bytes), depending on the detector and the required
precision on the image. During the selection of the detector, this value needs to be

set such that the requirement of 1-2°C is achieved.

To reduce the amount of data to be downloaded, obtained images can be com-
pressed. Compression ratios of up to 2 can be achieved without losses, which halves
the amount of data needed to store one image. Further than this, lossy compressions
can go up to 100 in compression rates, compromising image quality for reduced data
quantities. This option can be studied once the detectors are selected, keeping in
mind that the precision in the downloaded images needs to fulfill the requirements,
and that image compression needs the be performed on board, either in the OBC
system, on in a dedicated processor. At this stage in the design, however, this option

is not considered.

Without compression, the size of one image in kB can be calculated as:

NxMxB

kB| =
S [kB] 8 x 1024

(3.1)

Where N xM is the detector size in pixels and B is the color depth in bits. These

results for the considered color depth values and detectors are shown in Table [3.3.2]

8 bits 10 bits | 12 bits | 14 bits | 16 bits

MWIR detector | 320 kB | 400 kB | 480 kB | 560 kB | 640 kB
LWIR detector | 767 kB | 960 kB | 1152 kB | 1344 kB | 1536 kB
VIS detector | 4160 kB | 5200 kB | 6240 kB | 7280 kB | 8320 kB

Table 3.3.2: Size of one image depending on the color depth and the detector.

CHAPTER 3. MISSION ANALYSIS

36



3.3. Communications

With these, three possible scenarios for the payload are considered: The refer-
ence MWIR detector; a combination of the MWIR detector and the LWIR detector;
and a solution incorporating the MWIR detector, the LWIR detector and the VIS
detector.

Since the VIS detector is used for target identification, an 8-bit (1 byte) color
depth encoding is considered enough. For the other two detectors, the 16-bit (2
byte) color depth values are taken, to ensure the thermal precision requirement is
fulfilled. These values are overestimated for sizing the platform at this stage, but

must be revisited when the satellite’s payload systems are defined [2].

Using these assumptions, the payload scenario using one detector needs 640 kB
to store one picture, the payload combination of two detectors needs 2176 kB, and
the payload scenario combining all three reference detectors gives a size of 6335 kB
for each image. These values can be used to calculate the time required to download

one image using each of the three reference data rates, for VHF, S-band and X-band.

Table [3.3.3] shows the results for the time required to transmit one image using

each of the frequency bands in each of the payload scenarios.

VHF (9600 bps) | S-band (2 Mbps) | X-band (50 Mbps)
MWIR 533 s 2.56 s 0.10 s
MWIR+LWIR 1813 s 8.70 s 0.35 s
MWIR+LWIR+VIS 59279 s 25.34 s 1.01s

Table 3.3.3: Time required to transmit one image for each payload combination.

Finally, these values can be combined with Table to obtain the amount of
images that can be downloaded at every pass for each orbit. Taking into account

the amount of passes per day, the amount of images that can be downloaded per
day in each orbit and frequency band are presented in Tables[3.3.4] [3.3.5] and [3.3.6]

VHF S-band X-band
ISS orbit 0.7 141 3516
400km SSO 0.6 117 2930
500km SSO 0.7 141 3516
600km SSO 0.8 164 4102

Table 3.3.4: Daily downloaded images with a MWIR detector.
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VHF S-band X-band
ISS orbit 0.2 41 1034
400km SSO 0.2 34 862
500km SSO 0.2 41 1034
600km SSO 0.2 48 1206

Table 3.3.5: Daily downloaded images with a MWIR and a LWIR detector.

VHF S-band X-band
ISS orbit 0.1 14 355
400km SSO 0.1 12 296
500km SSO 0.1 14 355
600km SSO 0.1 17 414

Table 3.3.6: Daily downloaded images with a MWIR, a LWIR and a VIS detector.

The required download time for an image using VHF is not enough to download
one image per pass over the ground station, using any of the proposed payload con-
figurations. For this reason, the option of using the VHF band for the data download

as well as for telemetry is discarded.

Besides, the obtained values for S-band and X-band data rates allow the down-
load of different orders of magnitude in number of images per day. Using S-band, the
system can transmit from tens of images per day, in the maximum payload option,

to more than a hundred images per day, for the single detector payload.

Conversely, using the X-band data rate allows for transmissions from several
hundreds to several thousands of daily images, depending on the selected payload

combination.

At this point, it is relevant to keep in mind that the OUFTI-Next demonstrator
mission does not require to provide coverage of any large area. Instead, a lower
amount of daily pictures are enough to prove the performance of the detectors on
board. Besides, Section establishes that using X-band communications sharply
increases the power demands on the satellite.

For these reasons, the conclusion is that the X-band is an unnecessarily powerful
solution for the satellite, which yields an avoidable increase in the power consump-
tion of the satellite in exchange for a needless download data rate. Thus, S-band is

selected as the most fitting frequency band for data download.
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3.4 Attitude and position

The attitude and orbit determination and control system (AOCS) is a key part
of the satellite, and its operation defines the behaviour of the satellite in the different

operational modes.

3.4.1 Position determination

Since the satellite doesn’t have a position control system, a precise position de-
termination system is needed to provide telemetry data that, together with the
readings from the attitude determination system, allow for propagation of the satel-
lite’s position during its operation. This is key for developing the commands for the
observations that the satellite needs to perform.

In order to determine the satellite’s position, observation from the ground can
be performed using Doppler effect detection. However, this solution is out of reach
since it would require high diameter antennas for tracking. An alternative, then, is
to include a GNSS receiver on the satellite, which provides with constant values of

position and velocity, to be in turn downloaded as telemetry data.

During operation, the position of the satellite needs to be precisely known in or-
der to correctly identify the observed areas in the acquired data from the detector.
Taking a reference altitude of 600 km and a FOV projection on the order of 3km,
the satellite position must be known to about 300m in position, or around 50 ms in

time, which can be achieved by commercial GNSS receivers [41].

For this reason, a GNSS receiver is included as an additional component in the
satellite’s platform. This kind of unit doesn’t significantly exceed the size of a PCB,
and can receive data from GNSS constellations such as the American GPS, the Eu-
ropean Galileo or the Russian GLONASS.

These constellations are placed in MEO at altitudes between 20 000 and 25 000 km,
so in much higher orbits than the target LEO for observation. With this in mind,
the receiver’s position on the satellite platform needs to be such that it has visibility

of the GNSS constellations in all operational modes.

This kind of system doesn’t carry substantial power requirements for the satel-
lite platform, so the selected course of action is to have it in operation all the time.
This way, the maximum amount of telemetry data is gathered, so a more precise

propagation of the satellite’s trajectory can be performed.
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3.4.2 Attitude determination and control

The 6U concept of the OUFTI-Next satellite has the same requirements in terms
of pointing accuracy and control as the 3U configuration, but a larger volume and

mass, and so, a higher inertia for the ADCS to manage.

Although pointing accuracy is very important in an Earth observation satellite,
pointing stability is even more so. This is related to avoiding vibrations and jitter-
ing on the satellite, which can compromise the entire detection, and are mostly due
moving parts inside the satellite like reaction wheels or active cooling systems like

Stirling engines.

In nanosatellites, this issue is more relevant than in larger missions, due to their
reduced size and inertia. This means that, with respect to the 3U concept of the
OUFTI-Next satellite, the 6U configuration is less susceptible to this issue. Never-

theless, it is still the most demanding requirement.

For this reason, the selection of an ADCS integrated module that is specifically
designed for at least 6U CubeSats is necessary. With this, the requirement for point-
ing accuracy is set at 0.1° 3], which is considered an achievable value after checking

the performance features of the selected ADCS modules.

Regarding pointing control, a more constraining value of 0.5 arcmin /s (0.00833°/s)
is the set requirement for pointing stability [2]. Section of the systems analysis
contains a detailed evaluation of the selected commercial ADCS modules, with the

aim of narrowing down the options that can fulfill these requirements.

In any case, however, the behaviour of the ADCS needs to be studied in depth
in later stages of the mission design, once the payload is fully determined and the
entire satellite distribution can be modelled. At that point, a detailed analysis of

the system can provide confirmation for the fulfillment of the requirements.

The position of this module inside the structure is also relevant. If the system is
placed as close as possible to the satellite’s center of mass, it minimizes the moments
that it has to provide to control the attitude of the satellite, in turn maximizing the
provided pointing accuracy and stability. For this reason, this is a key point to be
taken into account when defining the final internal configuration of the OUFTI-Next

satellite.
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3.5 Power

This section contains an assessment of the power values that can be achieved

using the power consumption data of the selected COTS components, as obtained

in Section 2.1.6

Having determined the communications strategy, the analysis of the power con-
sumption of the satellite is simplified. With this, the remaining point for discussion
about the platform is the size of the EPS and battery packs. Besides, the satellite’s
payload remains to be determined, so the attainable power supplied to the payload

as a whole is also evaluated.

3.5.1 Operational modes

The first step is to determine the satellite’s different operational modes. These
are defined as four different scenarios during the satellite’s operation, that not only
define the required behaviour of the satellite in attitude, but determine which of the

active subsystems need to be functional at each point.

Mode 1: Power generation

The first operational mode refers to the generation of solar power using the
satellite’s panel arrays. So, the satellite enters this mode when it is in illumination

conditions, that is, not in eclipse.

Besides, this scenario happens when the satellite is far away from the ground
station or any target for observation, so for this, no data acquisition is performed,

and there is no communication with the ground.

In this case, the ADCS module is active to keep the satellite is sun pointing
orientation, in order to maximize the power output of the solar cells. Besides, since
there are no communications, the transceiver and transmitter modules are idle. The
GNSS receptor is functional, however, as it has been determined to be operational

across all operational modes to gather data for telemetry.

The essential components of the satellite, the OBC and the EPS, are in oper-
ation, while the payload is not active. So, in these conditions, there is only the

potential power consumption related to the payload’s idle mode.
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Mode 2: Communications

The second operational mode refers to satellite communications with the ground
station. This mode is entered when performing a pass over Liége, as determined in
Section|3.1.3] so this scenario has a total duration between 5 and 10 minutes in total.

This can happen either during illumination or eclipse, indistinctly. The times this
happens during illumination, some power generation is possible during this phase,

although reduced, as the satellite’s attitude is not sun-pointing.

In this mode, the ADCS module is active to properly orient the satellite for
communications, and the communications modules are in operation, so their power
consumption is high. Besides, the GNSS receptor, the OBC and the EPS are func-
tional too. Regarding the payload, it is not active in this case like in the previous

one, so only its idle power consumption is potentially present.

Mode 3: Data acquisition

The third operation mode concerns the acquisition of data by the detectors, so in
this case, the payload is operational. Since detections are performed in the window
between 12:00 and 14:00 LMT, this scenario only takes place during illumination.
For this reason, some power generation is possible in this mode, but not the nominal

value as the satellite’s attitude is not optimized for this.

The payload’s power consumption defines the upper limit for the determination
of the power budget of the mission, so the power consumption in this mode estab-

lishes the maximum value that needs to be provided by the satellite’s power system.

Depending on the acquisition strategy and the payload characteristics, the dura-
tion of this phase varies. For example, taking a single picture over a target takes less
than taking several pictures over a broader area. If a pre-detection cooling strategy

is required, this also affects the total time the satellite is in acquisition mode.

Regarding the rest of the systems, the ADCS module needs to be active for cor-
rect pointing accuracy and stability, as well as the GNSS receptor, OBC and EPS.

The communication systems are idle in this case, since communication and data
acquisition never happen at the same time. Should this be required, one of the two
operation modes needs to be selected, since considering the simultaneous operation

of the payload and COMM systems would carry an excessive sizing in power.
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Mode 4: 1Idle mode

The last operational mode is entered when none of the previously described con-
ditions are given. This is when the satellite is in eclipse and not above the ground
station, so no communications can be performed. Thus, the duration of this mode

is lengthy, like the power generation mode.

In this case, no data or solar power acquisition is possible, so the satellite is
powered by its battery packs. For this reason, the minimum required power con-

sumption is selected for each system.

The ADCS system is in idle mode, so the attitude of the satellite is not pre-
cisely controlled; the communications and payload are also idle, consuming mini-
mum power; while the GNSS receiver, the OBC and the EPS are still operational,

as they are across all operational modes.

3.5.2 Power consumption

With the different operational modes well defined for the mission, an estimation
of the power budget can be performed. For this, the data from COTS components
presented in Section is used, although specific modules aren’t considered at this
point. Instead, working with the average values for power consumption of each sub-
system in order to draw broader conclusions about each operational scenario. An

in-depth discussion on the most fitting particular units is presented in Chapter [4]

Having discarded the VHF and X-band frequencies for data download, the power
consumption of the COMM system is narrowed down to the required power of the
VHF /UHF transceiver plus the S-band transmitter. These units need an average of
8.7 W when transmitting in Mode 3 and are turned off in the rest of operational

modes.

The OBC and the EPS are operational all the time in all modes. The computer
modules have an average consumption of 0.6 W, while the EPS require a power
supply ranging from 0.02 to 0.6 W, depending on the selected size of the system.
This selection is to be done in accordance with the necessary power capacity of the
battery packs: EPS including batteries of around 10 Wh use an average of 0.06 W,
for around 20 Wh, the average consumption is 0.08 W; while larger batteries of 40
or 80 Wh require an EPS of 0.6 W. For this power budget, however, an average
value of 0.3 W is used.

CHAPTER 3. MISSION ANALYSIS 43



3.5. Power

Regarding the ADCS modules, the average power consumption for these is 2.8 W
for full operation and 0.7 W for idle or detumbling phases. However, there is a high
variation between the considered units, ranging from 1.4 to 4 W for precise point-
ing. For this reason, the maximum values of 4 W for precise attitude control modes
and 0.9 W for idle mode or detumbling maneuvers are used, which correspond to
the power consumption that can be needed during the idle operational mode of the
satellite. These maximum values are used in this case because taking lower values
might result in sizing the power budget to an unfeasible solution. This way, if the
eventually selected ADCS module has lower power requirements, this gain can be

accounted for the payload.

Finally, the considered GNSS receiver units present values of power consumption
between 120 and 170 mW. Taking this into account, a reference value of 0.15 W is

used for this system.

Adding up all these values, the reference power consumption for the satellite’s
platform is obtained and displayed in Table for each operational mode. The
table is color coded in green for systems in full operation, yellow for idle mode or
partial functioning, and orange for non operational systems. It is also important
to note that these totals are calculated with characteristic values obtained from the

COTS analysis, so they can potentially be reduced.

Mode 1 Mode 2 Mode 3 Mode 4

ADCS Module

GNSS Rx

VHF/UHF COMM

S-band COMM
EPS
OBC
Payload

Table 3.5.1: Power consumption for Mode 1 (Power generation), Mode 2
(Communication), Mode 3 (Acquisition) and Mode 4 (Idle).
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3.5.3 Power generation

The maximum power that can be generated by the solar panels depends on each
of the proposed configurations in Chapter 2, However, this is only true when the
satellite’s attitude is such that arrays are optimally facing the Sun in the power

generation operational mode.

During the idle mode, the spacecraft is in eclipse, so there is no power genera-
tion in this case. Finally, the satellite’s attitude for communications and acquisition

modes can be characterised as nadir pointing.

With this, simulations for each considered orbit have been performed with Simu-
CIC [42] over two days to estimate the average amount of power generated by each
configuration, in each orientation (Sun pointing or nadir pointing). The orbit al-
titude influences the results on the total illumination time, but not the generated

power, so this parameter is not used at this point.

The attitude law, however, does affect the Sun angle of the solar arrays. An
example of the evolution of this parameter over a 1-day simulation with Sun pointing
and nadir pointing is shown in Figure [3.5.1]
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Figure 3.5.1: Evolution of the Sun angle for configuration 1 at a 500km SSO, for
sun pointing (left) and nadir pointing (right) attitude.

As expected, the sun-pointing simulation keeps the Sun angle close to normal to
the panel plane, maintaining nominal power generation. When keeping the satellite
pointing to nadir, the position of the solar panels on the satellite becomes relevant,
having high oscillations for panels mounted on side faces, but lower oscillations for
panels mounted on the top face. These results can be used to calculate the evolution

of the power generation of each configuration over the simulated period.
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The power generated by a solar array can be expressed as:

P = nAGgscV sina

(3.

2)

Where p is the efficiency of the panel, A is its surface area, Gsc = 1361W/m?

is the solar constant, V is the Sun visibility (from 0 to 1), and « is the Sun angle,

defined as the angle between the Sun direction and the panel plane. With this, the

average power generated by every configuration in sun-pointing conditions and in

nadir-pointing conditions, during illumination, is shown in Table [3.5.2]

Configuration Sun pointing Nadir pointing
1 17.00 W 10.84 W
2 19.60 W 12.51 W
3 33.80 W 21.55 W
4 38.80 W 37.64 W
5 42.40 W 27.34 W
6 47.20 W 30.44 W
7 50.80 W 32.43 W
8 69.80 W 45.79 W

Table 3.5.2: Average generated power for Sun and nadir pointing.

3.5.4 Payload power

With the generated power and the platform consumption, the leftover power
for the payload can be characterized. Table shows the difference between gen-

erated power and platform consumption in each configuration and operational mode.

Config.| Mode 1 | Mode 2 (ill) | Mode 2 (ec) | Mode 3 Mode 4
1 8.55 W -5.08 W -13.75 W 3.62 W -1.95 W
2 10.63 W -3.714 W -13.75 W 4.96 W -1.95 W
3 21.99 W 3.49 W -13.75 W 1219 W -1.95 W
4 25.99 W 16.36 W -13.75 W 25.06 W -1.95 W
5 2887 W 8.12 W -13.75 W 16.82 W -1.95 W
6 32.711 W 10.60 W -13.75 W 19.30 W -1.95 W
7 35.59 W 1219 W -13.75 W 20.89 W -1.95 W
8 50.79 W 22.88 W -13.75 W 31.58 W -1.95 W

Table 3.5.3: Generated power minus platform consumption in each mode.
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For this, a power margin of 20% has been considered in all cases, meaning that
the total power consumption can amount to a maximum of 80% of the total power
production for each mode. Also, mode 2 has been split into illumination and eclipse,

since communications are potentially feasible in both cases.

The negative values in the table indicate that the generated power is less than
the required amount only for the platform. In these cases, electrical power needs to

be drawn from the batteries.

This means that configurations 1, 2, and maybe 3, depending on the payload’s
idle power consumption, need to draw power from the batteries for performing com-
munications during illumination. This can potentially be a problem, since battery
power is intended and sized for sustaining the systems during eclipse, and eventually
for acquisition.

The most critical scenario for this, aside from the unlikely case that the idle con-
sumption of the payload exceeds 12 W, is the scenario where communications are
performed during eclipse. In this case, the batteries need to provide an estimated
13.75 W plus the idle consumption of the payload, during the time for the communi-
cations pass. This scenario sets the limit for the maximum idle power consumption

of the payload, in relation to the battery capacity.

Besides, the payload is only active in mode 3, so the maximum operational power
consumption that the payload can have, without relying on battery power, is de-
fined by the mode 3 column of Table [3.5.3] This value ranges from 3.6 to 32.6 W,
which means that the proposed satellite configurations allow for a wide variety of
on-board payloads. The precise values, however, can differ greatly, since the power
generation during acquisition is not granted. For this reason, the batteries must be

able to provide enough power for the payload, regardless of generation.

3.5.5 Battery power

The maximum power output of the battery pack depends directly on the pay-
load. As has been stated in the previous section, the necessary battery power output

is determined by the payload’s operational consumption.

Regarding the battery capacity (Wh), the required values depend on the amount
of time spent on each operational mode. For this assessment, four reference scenarios

are considered:
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e Scenario 1: A simple orbit with no events. Sun-pointing attitude and opera-

tional mode 1 during illumination, and mode 4 during eclipse.

e Scenario 2: An orbit with a communication pass during illumination. Sun-
pointing mode 1 during most of the illumination time, except for a nadir-
pointing pass with duration depending on each orbit (see Section [3.1.3)), plus

mode 4 during eclipse.

e Scenario 3: An orbit with a communication pass during eclipse. Similar to the

previous scenario with different total times.

e Scenario 4: An orbit with an observation pass. Similar to scenario 2, with

mode 3 during acquisition, which is considered to last for 10 minutes.

Table shows the characteristic time periods of each orbit, including the typ-
ical communication pass time over the ground station. Maximum values are used

for the eclipse times.

ISS orbit 400km SSO 500km SSO 600km SSO
[lumination | 56 min 13 s 56 min 24 s 58 min 48 s 61 min 09 s
COMM pass 8 min 00 s 7 min 00 s 8 min 00 s 9 min 00 s
Eclipse 36 min 14 s 36 min 09 s 35 min 48 s 35 min 32 s
Full orbit 92 min 49 s 92 min 33 s 94 min 36 s 96 min 41 s

Table 3.5.4: Characteristic times of illumination, COMM and eclipse for each orbit.

Using these times, it is possible to compute the minimum necessary battery ca-
pacity for each configuration and scenario, in each orbit. This evolution has been
calculated along each orbit and scenario, selecting the rate of charge or discharge of
the batteries according to the power generation or consumption in each case. All
eight configurations have been studied in order to form basic ideas about each one’s
feasibility.

It is important to keep in mind that the life cycle of the batteries lowers their
maximum capacity. This decline is a function of the number of cycles and also the

depth of discharge, or the lowest percentage reached at every cycle.

According to [41], the life cycle of a typical battery pack in LEO achieves a life-
time of 1 year if the depth of discharge is around 49% at each cycle. Taking into
account the requirements for the mission, a maximum depth of discharge of 50% has
been used for this study.
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Table contains the minimum required battery capacity for each configura-
tion and scenario, for the ISS orbit and the 400 km altitude SSO. Next, Table [3.5.6
presents the same information for the 500 km and the 600 km altitude SSO.

ISS orbit 400km SSO
Sc. 1 Sc. 2 Sc. 3 Sc. 4 Sc. 1 Sc. 2 Sc. 3 Sc. 4

3.57 5.19 6.71 5.70 3.56 4.98 6.31 2.69
3.57 4.83 6.71 5.25 3.56 4.67 6.31 0.24
3.57 3.57 6.71 3.57 3.56 3.56 6.31 3.56
3.57 3.57 6.71 3.57 3.56 3.56 6.31 3.56
3.57 3.57 6.71 3.57 3.56 3.56 6.31 3.56
3.57 3.57 6.71 3.57 3.56 3.56 6.31 3.56
3.57 3.57 6.71 3.57 3.56 3.56 6.31 3.56
3.57 3.57 6.71 3.57 3.56 3.56 6.31 3.56

| N |o|u| kx| w| |~ |T3k

Table 3.5.5: Required battery capacity for ISS orbit and 400km SSO, using a 10 W
payload and a 50% depth of discharge. Values in Wh.

500 km SSO 600km SSO
Se. 1 Se. 2 Se. 3 Sc. 4 Se. 1 Sec. 2 Sc. 3 Sc. 4

3.53 5.15 6.67 5.65 3.50 5.32 7.04 5.63
3.53 4.79 6.67 5.21 3.50 4.95 7.04 5.18
3.53 3.53 6.67 3.53 3.50 3.50 7.04 3.50
3.53 3.53 6.67 3.53 3.50 3.50 7.04 3.50
3.53 3.53 6.67 3.53 3.50 3.50 7.04 3.50
3.53 3.53 6.67 3.53 3.50 3.50 7.04 3.50
3.53 3.53 6.67 3.53 3.50 3.50 7.04 3.50
3.53 3.53 6.67 3.53 3.50 3.50 7.04 3.50

| N oo~ |w| |3k

Table 3.5.6: Required battery capacity for 500km and 600km SSO, using a 10 W
payload and a 50% depth of discharge. Values in Wh.

Across all orbits and configurations, the limiting requirement for battery capacity
corresponds to scenario 3, relative to performing communications with the ground

station during eclipse.

The other main conclusion drawn from this study is that the power generation
is always enough. Even configuration 1, which has the minimum amount of panels,

can power the satellite in all the proposed scenarios.
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This gives a minimum battery capacity of 6.71 Wh for the ISS orbit, 6.31 Wh
for the 400 km altitude SSO, 6.67 Wh for the 500 km altitude SSO, and 7.04 Wh
for the 600 km altitude SSO, whichever the configuration.

These values have been obtained using a value for the payload power consump-
tion of 10 W in operational mode, and 1 W in idle mode. In order for the limiting
case to arise for the acquisition scenario, payload operational consumption needs
to be over 13 W. For payloads under this power consumption, the required battery

capacity is the one stated above.

Besides, the payload’s idle power consumption can have values up to 4.7 W so
the battery packs can be fully charged again during illumination. This limit can be
seen in Figure which shows the evolution of the battery capacity of Configu-
ration 1 in the ISS orbit along scenario 3, for several values of payload idle power

consumption.

100 T T T

ECLIPSE | ILLUMINATION

90

80

70

Battery Capacity [%)]

60 I 0.0 W idle payload
I 1.0 W idle payload
I 2.0 W idle payload
50 [ 3.0 W idle payload
[C14.0Widle payload
[ 4.7 W idle payload

40
0 10 20 30 40 50 60 70 80

Time [min]

Figure 3.5.2: Battery capacity for Configuration 1 in the ISS orbit and scenario 3.

The detailed values of all the performed simulations can be found in Appendix [B]

Next, the same study has been performed for a payload with 20 W of operational
power consumption. Since the data acquisition scenario (number 4) is the limiting
case, there is no need to show the results for all simulated cases again. So, the min-

imum battery capacity requirements for scenario 4 and a 20 W payload are shown

in Table B.5.7
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# ISS orbit 400km SSO 500km SSO 600km SSO
1 9.03 9.02 8.98 8.96
2 8.58 8.57 8.54 8.51
3 6.17 6.16 6.13 6.1
4 3.57 3.56 3.53 3.50
5 4.63 4.62 4.58 4.56
6 3.8 3.79 3.76 3.73
7 3.57 3.56 3.53 3.50
8 3.57 3.56 3.53 3.50

Table 3.5.7: Required battery capacity using a 20 W payload. Values in Wh.

Once again, all panel configurations provide enough power to successfully feed
the systems of the satellite in all considered scenarios. As long as the payload’s
idle power consumption is under 2.8 W, configuration 1 provides enough power gen-
eration for this kind of payload. Configuration 2 stops being sufficient when the
payload’s idle power consumption overtakes 5.1 W. For larger idle consumption val-

ues in idle mode, configurations 3 to 8 are suitable.

The main conclusion to be drawn from this is that, in the situations where the
payload is limiting, the orbit doesn’t have much of an effect on the required battery
capacity. For this reason, the same study has been performed for 30 and 40 W

payloads, taking the maximum values among the orbits.

The results for minimum battery capacity requirements are displayed in Table
for all the considered generic payloads: 10 W, 20 W, 30 W and 40 W of total
operational power consumption. Besides, Table [3.5.9| contains the maximum idle

power consumption that each configuration can hold, for each payload case.

# | 10W Payload | 20W Payload | 30W Payload | 40W Payload
1 7.04 9.03 12.36 15.69
2 7.04 8.58 11.92 15.25
3 7.04 6.17 9.5 12.84
4 7.04 3.57 5.21 8.55
5 7.04 4.63 7.96 11.29
6 7.04 3.80 7.13 10.47
7 7.04 3.57 6.60 9.94
8 7.04 3.57 3.57 6.37

Table 3.5.8: Required battery capacity for generic payloads. Values in Wh.
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# | 10W Payload | 20W Payload | 30W Payload | 40W Payload
1 4.8 2.6 0.5 -

2 7.3 5.0 2.8 0.7

3 10.0 18.0 15.8 13.6

4 10.0 20.0 22.6 20.4

5 10.0 20.0 23.7 21.5

6 10.0 20.0 28.0 25.9

7 10.0 20.0 30.0 29.1

8 10.0 20.0 30.0 40.0

Table 3.5.9: Maximum supported idle power for generic payloads. Values in W.

The results indicate that in the case of using deployable solar panels, mounting

them on the top face of the satellite (+Z) helps increase the power consumption

during nadir pointing, and so, lowers the requirements for the battery packs.

Nevertheless, if the payload’s power consumption in idle mode is low, the sim-

plest configurations appear to be enough to power the satellite, making deployable

panels not necessary in such cases.
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Chapter 4
Systems analysis

Having analysed the mission and narrowed down its requirements using generic
values for each subsystem, the next step is to consider the specific units to be incor-
porated in the platform. This chapter contains a detailed analysis of the modules
introduced in Chapter [2 in order to select the most fitting for the OUFTI-Next

demonstrator.

4.1 Attitude and Position

The first platform subsystem to be assessed is the Attitude and Orbit Deter-
mination and Control System. For this mission, it consists of an integrated ADCS

module and a GNSS receiver.

4.1.1 ADCS module

Four integrated ADCS modules have been considered for the 6U platform: The
Blue Canyon XACT-50, which is an upgraded version of the widely used XACT-15
including larger reaction wheels and magnetorquers to adapt the module to larger
platforms; the CubeSpace 3-Axis CubeADCS; the Hyperion iADCS400, a larger ver-
sion of the previously considered iADCS100; and the KULeuven ADCS, developed
at the KUL university in Belgium.

Table shows the main characteristics of all four modules, including the op-
erational requirements for pointing accuracy and stability, power consumption and
information about each unit’s flight heritage. Unfortunately, some information is
missing, although not critical values. The information in Table has been ob-
tained from [43], [44], [45], [46], [47], [48], [49], [50], [3] and [21].
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Table 4.1.1: Characteristics of the considered ADCS modules.

1Reference values for similar missions.
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Considering the momentum storage capabilities of the three first units, specifi-
cally designed for controlling 6U missions, the KULeuven ADCS module is signif-
icantly lower in this aspect. Its maximum torque is also one order of magnitude

below the rest.

Even though the KULeuven ADCS manufacturer claims that this module is
enough to control satellites up to 12U, comparison with the modules that have been

used in the past for missions this size indicates that this might not be enough.

Once the payload of the satellite is defined, a detailed analysis of this module
needs to be performed, including simulations to verify whether it is sufficient. If it
is, it is better than the rest in mass, volume and power consumption, even though

it hasn’t had any flight heritage at the moment.

Besides this unit, the other three have similar weight, size and momentum capa-
bilities. All of them have some flight heritage, at least for very similar smaller units,
in past successful satellite missions. Besides, all of them can fulfill the mission’s

requirement for pointing accuracy.

Regarding pointing stability, the XACT-50 has achieved values fulfilling the
mission’s requirement in previous similar satellites [45], while the CubeADCS has

achieved values near the missions requirements [3]. No information about this has
been found for the iADCS400, however.

The iADCS400 also has a significantly higher power consumption than the rest,
so it is discarded for this reason. This leaves the XACT-50 as the most fitting unit
for the demonstrator, with low power consumption, plenty of flight heritage and

definitely fulfilling the requirements in pointing accuracy and stability.

Figure 4.1.1: Blue Canyon XACT-50 ADCS module [43].
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The only drawback for the XACT-50 is its cost, being significantly higher than
the rest. The 3-Axis CubeADCS is the next best option, with slightly higher power

consumption and less flight heritage, but coming close to the mission’s requirements.

4.1.2 GNSS receiver

Next, the choice in GNSS receivers is assessed. Four units have been considered:
The Hyperion GNSS200, the SkyFoxLabs piNAV-NG, the NovAtel OEM719 and
the NewSpace NSS GPS Receiver. All of them are intended to provide position

determination for nanosatellite missions.

Company Hyperion SkyFoxLabs NewSpace NovAtel
Name GNSS200 piNAV-NG NSS GPS Rx OEM719
Volume [mm)| 20x15x3 75x35x12.5 96x96x15 46x71x11
Mass 3g 24 g 110 g 3l g
Power 150 mW 125 mW 1W 1.8 W
Tracking rate 10 Hz 1 Hz 1 Hz 100 Hz
Constellations Multiple GPS GPS GPS/GLONASS
Pos. accuracy 8 m 10 m 10 m 1.5 m
Vel. accuracy - 0.10 m/s 0.25 m/s 0.03 m/s
Temperature | —45 to 85°C | —40 to 85°C 10 to 50°C —40 to 85°C
Cost - $6900 - $7950

Table 4.1.2: Characteristics of the considered GNSS receivers.

Table[4.1.2 shows the main characteristics of the considered GNSS receivers. The
information has been obtained from [51], [52], [53], [54] and [9].

According to what has been studied in Section the accuracy provided by all
the selected modules is enough for the mission. The most relevant aspect is the big

discrepancy in power consumption, being around 100 mW for the GNSS200 and the
piNAV-NG, while the NSS GPS and the OEM719 consume around 1 W.

Since the power, mass and volumetric payloads are tight in this mission, and they
fulfill the requirements, the Hyperion GNSS200 and the SkyFoxLabs piNAV-NG are
considered appropriate, while the rest are discarded. Moreover, since there is some
missing information about the GNSS200, the piNAV-NG GNSS receiver has been

chosen as the most suitable receiver for the OUFTI-Next satellite.
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4.2 Communications

Next, the communications subsystem components are analysed. Having settled
that the data download is performed using S-band, the components of the COMM
system are the VHF /UHF transceiver, the S-band transmitter, and the antennas for
both frequency bands.

4.2.1 Commands and telemetry
VHF /UHF transceiver

The commands uplink and the telemetry downlink communications are done by
means of a VHF /UHF transceiver. Four of these units have been analysed: The
EnduroSat UHF Transceiver Type II, the GOMSpace NanoCom AX100, the ISIS-
pace TRXUV VHF /UHF Transceiver, and the NanoAvionics SatCOM UHF Digital
Radio.

Table 4.2.7] shows the main characteristics of the considered transceiver units.
The information has been extracted from [55], [56], [57] and [58].

Company EnduroSat GOMSpace [SISpace Nanoavionics
Name UHF TRx II AX100 TRXUV SatCOM
Volume 0.11U 0.07U 0.15U 0.1U
Mass 9 g 245 g 85 g 60 g
Data rate 9600 bps 9600 bps 9600 bps 9600 bps
Power 2 W (Tx) 2.6 W (Tx) 1.7 W (Tx) 2 W (Tx)
consumption | 85 mW (Rx) | 400 mW (Rx) | 200 mW (Rx) -
Tx Power 33 dBm 30 dBm 23 dBm 33 dBm
Temperature | —35 to 80°C | —30to 85°C | —10to 45°C | —40 to 85°C
Heritage Since 2018 Yes Since 2016 Yes
Cost $4375 - $9500 -

Table 4.2.1: Characteristics of the considered VHF /UHF transceivers.

All of the selected transceivers provide similar values: Around 2 W in power
consumption, 9600 bps in data rate, around 0.1U in volume and less than 100 g in
weight. For this reason, in this case no specific unit is selected for being more fitting

than the rest according to the mission requirements.
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VHF /UHF antenna

Besides, an antenna needs to be selected to work with the VHF /UHF transceiver
to perform the commands and telemetry communications. Most manufacturers pro-
vide antennas designed to work with their transceiver units. So, according to the

previously displayed transceivers, the same company’s antenna’s characteristics are

displayed in Table [4.2.2]

Company EnduroSat GOMSpace [SISpace Nanoavionics
Unit size 10U 2U 10U 10U
Mass 85 g 0 g 85 g 17¢g
Gain > (0 dBi > -5 dBi 0 dBi -
Power 10 mW 160 mW 40 mW -
Temperature - —40 to 90°C | —20 to 60°C | —40 to 85°C
Heritage Since 2018 Yes Since 2016 Yes
Cost $3750 - $5000 -

Table 4.2.2: Characteristics of the considered VHF /UHF antennas.

This information has been obtained from [59], [60], [61] and [58]. Once again,

all units have similar characteristics. It is important to note that each antenna unit

comes with its own active deployment system adapted for CubeSats. However, most
of them are intended for 1U to 3U CubeSats.

The only one that presents a specific deployment system for 6U structures is

the one by GOMSpace. For this reason, this antenna unit and the corresponding

transceiver are selected as the reference VHF /UHF communications systems.

Figure 4.2.1: GOMSpace NanoCom ANT-6F antenna unit [60].

CHAPTER 4. SYSTEMS ANALYSIS

58



4.2. Communications

4.2.2 Data download
S-band transmitter

Moving on to data download, the needed transmitter operates in S-band in this
case. Four different transmitters have been looked at, including the Clydespace
CPUT S-band transmitter, the GOMspace NanoCom SR2000, IQ Wireless HiSPiCO
and the [SISpace high data rate S-band transmitter. Their information can be found
in [62], [63], [64], [65] and [57]; and is summarized in Table

Company Clydespace GOMSpace IQ Wireless [SISpace
Name CPUT S SR2000 HiSPiCO S-band Tx
Volume 0.2U 0.1U 0.15U 0.33U
Mass 100 g 271 g 100 g 300 g
Data rate 2 Mbps 2 Mbps 1.6 Mbps 3.4 Mbps
Power cons. 5W 6 W 5 W 9.2 W
Tx Power 30 dBm - 27 dBm 33 dBm
Temperature | —25to 61°C | —40 to 85°C | —20 to 50°C | —40 to 60°C
Heritage - - Since 2017 Since 2018
Cost - - $7300 -

Table 4.2.3: Characteristics of the considered S-band transmitters.

The units from Clydespace, GOMSpace and IQWireless provide roughly similar
numbers, while the ISISpacce transmitter is significantly bigger, provides a higher
data rate and has a larger power consumption. Taking into account that the results
obtained in Section for 2 Mbps are more than enough, this unit is discarded.

Among the rest, the Clydespace CPUT transmitter has low power consumption
and high transmitter power. However, no flight heritage has been found for this
unit. Besides, the 1QQ Wireless HiSPiCO has plenty of flight heritage and has similar
values for power and data rate, so this unit is selected as the most fitting for the
OUFTI-Next demonstrator, keeping in mind that the Clydespace and GOMSpace

options are also viable.

S-band antenna

Similarly to what has been explained for the VHF /UHF antennas, most of the
available S-band antennas are linked to the transmitters, since the manufacturers

usually design their antennas to work with their transmitter units.
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For S-band, directional patch antennas are used, so their position on the satel-
lite is relevant. The attitude for the communications operational mode must be to
orient the antenna to the ground station, using the ADCS module. These antennas,

however, do not require deployment mechanisms, so one less potential failure mode

is present.

Table displays the information about the considered patch antennas for
S-band. This information has been obtained from [62], [65], [66] and [67].

Company Clydespace GOMSpace IQ Wireless EnduroSat
Size 1U 10U 1U 1U
Mass 50 g 110 g g 64 g
Gain 7 dBi 8 dBi 6 dBi 8.3 dBi

Temperature | —40 to 85°C | —45to 85°C | —40 to 65°C -

Heritage - - Since 2017 -

Cost - $5100 $3000

Table 4.2.4: Characteristics of the considered S-band antennas.

Having determined that the HiSPiCO transmitter provides enough data rate and

is the most fitting for the mission, the most suitable antenna for it is the one de-

signed by 1QQ Wireless for this purpose. It presents similar characteristics to the rest

of considered patch antennas.

Figure 4.2.2: HiSPiCO S-band Tx and patch antenna mounted on a 1U [64].
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4.3 Power

The next subsystem to be looked at is the electrical power system. This is com-

posed of the EPS module including the battery packs, and the solar panels.

4.3.1 EPS module

In Section [3.5] several generic payloads have been analysed, obtaining values
from 3 to 16 Wh for the minimum required battery capacity. This corresponds to
what has been characterised as small (~10 Wh) and medium (~20 Wh) EPS inte-
grated modules in Section [2.1.4]

Detailed information about these is presented in Table [4.3.1l The units present
two values for volume, mass and battery capacity, since they admit two different
battery packs. This information has been obtained from [68|, [69], [70] and [24].

Company Crystalspace | CubeSat Kit EnduroSat GOMSpace
Name P1U Vasik Linear EPS | EPST /I Plus | P31u / P60
Volume 0.07 /013U | 0.18 /028U | 021 /03U | 0.26/0.43U
Mass 80 / 140 g 155 /210 g 208 / 292 g 200 / 449 g
Power cons. 15 mW 100 mW 75 mW 160/600 mW
BP capacity | 11 / 22 Wh 11 /22 Wh | 10.4/20.8 Wh | 20 / 38.5 Wh
Max Power 10 W 15 W 20 W 30 / 60 W
Temperature | —40 to 85°C | —40 to 85°C | —40 to 150°C | —40 to 85°C
Heritage Since 2013 - Since 2018 Since 2013
Cost $4900 - $3125 / $4125 -

Table 4.3.1: Characteristics of the considered EPS modules.

The main difference amongst similar-sized units is the maximum power output,
which might not be enough for the power ranges envisaged in Section [3.5] So, only
the EnduroSat and GOMSpace modules are considered fitting for the OUFTI-Next.

4.3.2 Solar panels

The required amount of solar panel units depends on each configuration. In any
case, they are either grouped in a 6U surface for face X, a 3U surface for face Y, or

a 2U surface for face Z on the satellite.
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Different sizes of solar panels have been found, as well as solutions for deployable
and non-deployable requirements. The selected units from EnduroSat, GOMSpace
and ISISpace are described in Table while the characteristics of units from
Andrews Space and DHV Technology are displayed in Table [4.3.3] This information
has been obtained from [71], [72], [73], [74], [75], [76], [77] and [78].

Company EnduroSat GOMSpace [SISpace
Size 1U / 3U 1U / 3U 1U /3U /6U
Deployable No / No No / Yes No / No / No
Mass 44 / 136 g 26 g/ 150 g 50 / 150 g / 300 g
Number of cells 2 /7 2/6 2/6/15
Cell area 60.30 / 211.05cm? | 60.36 / 181.08 cm? -

Power 2.4 /843 W 24/ 72W 23/6.9/17.0 W
Temperature —55 to 125°C —55 to 150°C —40 to 125°C
Heritage Since 2018 - Since 2013

Cost $1700 / $4800 - $2800 to $5400

Table 4.3.2: Characteristics of the EnduroSat, GOMSpace & ISISpace solar panels.

Company Andrews Space DHYV Technology
Size 6U 1U / 3U / 6U
Deployable No No / No / Yes
Mass 300 g 39 /132 /300 ¢g
Number of cells 16 2/7/20
Power 19.4 W 2.4 /848 /200 W
Temperature —25 to 150°C —120 to 150°C
Heritage - Since 2014
Cost $17 500 -

Table 4.3.3: Characteristics of the Andrews Space & DHV Technology solar panels.

It is clear that fitting a higher number of cells in a 3U or a 6U unit can yield sig-
nificantly greater values of power generation. For this reason, the units from DHV

Technology have been selected as the most efficient.

Thus, the 6U and the 3U panel arrays from DHV are selected to go over the X
face and the Y face of the satellite, respectively. This has the added advantage of
being able to deploy the 6U arrays, if necessary.
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Finally, the Z face of the satellite can be covered by two 1U units from any of the

considered manufacturers, since they provide similar amounts of power generation

from 2.3 to 2.4 W.

4.4 On-Board Computer

The selection of the OBC module needs to be done in later stages of the mission

design, since the necessary memory and processing power depend on the selected

payload and acquisition strategy, which are open questions for the moment.

Nevertheless, in the line of the present systems analysis, the main characteris-
tics of some COTS OBC units are presented in Table [£.4.1] including ISISpace’s
iOBC, EnduroSat’s OnBoard Computer, the NanoMind A3200 by GOMSpace and
the CubeComputer v1.4 by CubeSpace. This information has been obtained from
[79], [23], [80] and [&1].

Company ISISpace EnduroSat GOMSpace CubeSpace
Name iOBC OBC A3200 CubeComputer
Volume 0.12U 0.2U0 0.07U 0.1U
Mass 76 g 28 g 24 g 56 g
Mean power 400 mW 340 mW 170 mW 200 mW
Peak power 550 mW 440 mW 900 mW 435 mW
Memory 64MB 2MB Program | 512KB flash, 23kB
SDRAM, Memory, 128MB NOR EEPROM,
1MB NOR 256kB RAM, flash, 32kB 4MB flash,
Flash, 256kB | 2048kB flash, FRAM, 2MB SRAM,
FRAM, 2 MicroSD 32MB MicroSD
MicroSD socket SDRAM socket
Processor 400MHz 180 MHz 64 MHz 48 MHz
32-bit 32-bit 32-bit 32-bit
Temperature | —25 to 65°C | —30to 85°C | —30 to 8 °C | —10 to 70°C
Heritage Since 2014 Since 2018 Since 2015 Since 2018
Cost $4900 $2900 $7250 $4500

Table 4.4.1: Characteristics of the considered OBC units.
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4.5. Chassis

4.5 Chassis

The last component in the systems analysis is the 6U structure for the satellite.
Its job is to withstand the mechanical loads on the satellite, while holding all the

subsystems in place.

In the same spirit as for the rest of subsystems, a COTS analysis has been per-
formed so it can be used as reference in the future. The 6U structures provided
by EnduroSat, GOMSpace and ISISpace have been considered. The mass, size and
cost for each one is presented in Table £.5.1] the information for which has been

obtained from [82], [83] and [19].

Company EnduroSat | GOMSpace [SISpace
Mass 908 g 1060 g 698 g
Length 100 mm 100 mm 100 mm
Width 226.3 mm 226.3 mm 226.3 mm
Height 366 mm 340.5 mm 340.5 mm
Cost $8250 - $8300

Table 4.5.1: Characteristics of some COTS 6U structures.

It is important to keep in mind that the size of the structure needs to be selected
in function of the size of the largest solar panels that need to be attached to it. For
a 6U CubeSat, these can be up to 100.0 x 226.3 x x 366.0 according to the design
specifications [20].

Having selected the 6U DHV technologies solar arrays, the best option is the
6U structure by Endurosat, as it secures enough room for the solar panels. In later
stages of the satellite’s design, this choice needs to be revisited taking into account

the structural requirements.
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Chapter 5
Proposed configurations

After selecting the most fitting units for the satellite in each subsystem, some
full satellite configurations are proposed for the 6U OUFTI-Next satellite. Since the
payload for this is still an open discussion, three proposals are made in this chapter,

for three payload sizes.

These configurations have been named OUFTI-Next 6S, 6M and 6L. This way,
once the mission’s payload systems are fully settled, the most fitting solution amongst

these proposals can be taken.

5.1 OUFTI-Next 6S

The first proposed arrangement aims to efficiently carry payloads with low re-
quirements in power. In Section [3.5] the preliminary configuration 1 has turned out
to be feasible for scenarios where the payload power requirements are low, and so,

communications are limiting.

With this in mind, the OUFTI-Next 6S has the external shape of configuration
1, with 6U of solar panels mounted on the satellite’s X face, and it is sized so it can
perform communications with the ground station at every available pass, as well as

performing reliable data acquisition.

For this, the EnduroSat EPS Type I has been selected, providing 11 Wh in bat-
tery capacity and a maximum power capacity of 20W, which matches the power

generated by the solar cells.
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5.1. OUFTI-Next 6S

5.1.1 Components

The components of the OUFTI-Next 6S platform are fully defined. In Table
5.1.1], these units are displayed with their mass, dimensions, volume allocated in the

structure, and cost.

Dimensions
Component Mass Cost
( Allocated volume )
ADCS Module 1930 ¢ 100x100x75.4 mm $125 000
BlueCanyon XACT-50 (0.75U )
GNSS Receiver 2 71.1x45.7x11 mm $6900
SkyFoxLabs piNAV-NG (0.15U )
VHF /UHF Transceiver %5 65x40x6.5 mm )
GS NanoCom AX100 (0.15U )
VHF/UHF Antenna 90 116.7x221.7x9.1 mm ]
GS NanoCom ANT-6F ( +7Z face frame )
S-band Tx 100 95x46x15 mm $7300
IQ Wireless HiSPiCO (0.20U)
S-band Antenna e 50x50x3.2 mm 85100
IQ Wireless HiSPiCO (TBD)
OBC 58 95.9%90.2x23.2 mm $2900
EnduroSat OBC (0.25U )
EPS Module 95.9x90.2x21.2 mm
208 ¢ $3125
EnduroSat EPS Type I (0.22U )
Solar Array 300 360x189.5x1.6 mm )
DHV 6U Fixed Panels ( +X face frame )
Structure
EnduroSat 6U Structure 908 g 366x226.3x100 mm $8250
Platform Total 3018 g (100U + ADGS) §158 574
1.75 U

Table 5.1.1: Mass, volume and cost budget for the OUFTI-Next 6S platform.

The obtained total mass of the platform is slightly above 3 kg. For the volume,
all subsystems except for the ADCS module fit into a 1U space, taking plenty of
breathing space between PCBs. The ADCS itself occupies 0.75U, so a total of 1.75U
is required for the platform in the OUFTI-Next 6S.

ncomplete value: Information about the cost of the VHF/UHF COMM system and solar
panels is missing. With values for similar products, the total cost is estimated around $175 000.
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5.1. OUFTI-Next 6S

This means that, regarding the mechanical aspects, this configuration allows for
any payload of less than 8.9 kg in weight and 4.25U in total size. The limitations in

power consumption are discussed in the next section.

Figure 5.1.1: Arrangement of the OUFTI-Next 6S. Front and back.

5.1.2 Power budget

The power consumption of each of the selected components is shown in Table
[.1.2 for each of the operational modes defined in the mission analysis.

Mode 1 Mode 2 Mode 3 Mode 4
ADCS Module 2470 mW 2470 mW 2470 mW 500 mW
GNSS Rx 125 mW 125 mW 125 mW 125 mW
VHF /UHF TRx 0mW 2600 mW 0mW 0mW
VHF /UHF Antenna 0mW 160 mW 0mW 0mW
S-band Tx 0mW 5000 mW 0mW 0 mW
S-band Antenna 0mW 500 mW 0mW 0mW
OBC 440 mW 440 mW 440 mW 440 mW
EPS 75 mW 75 mW 75 mW 75 mW
Platform Total 3110 mW 11370mW | 3110 mW 1140 mW

Table 5.1.2: 6S Configuration power consumption for each operational mode.
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5.2. OUFTI-Next 6M

The used operational modes are: Sun-pointing power generation (Mode 1), com-
munications with the ground station (Mode 2), Earth observation (Mode 3), and
idle mode during eclipse (Mode 4).

Using the simulations performed in Section and the selected solar panels, the

average power generated in sun-pointing and nadir-pointing attitude is presented in
Table 5.1.3l
Sun pointing ‘ Nadir pointing
20.00 W | 12.75 W

Table 5.1.3: 6S Configuration average generated power for Sun and nadir pointing.

With this, the performance of the OUFTI-Next 6S configuration is assessed in the
operational scenarios proposed in Section [3.5] these being an orbit without events
(Scenario 1), an orbit with a COMM pass during illumination (Scenario 2), an orbit
with a COMM pass during eclipse (Scenario 3) and an orbit including a 10-minute

Earth observation pass during illumination (Scenario 4).

In this case, the communications pass is the limiting factor for the achievable
idle mode payload power consumption, which is up to 5.56 W. For this maximum
value, the maximum power output of the EPS module sets the maximum payload

power consumption in operation. For clarity, these are displayed in Table [5.1.4]

Operational mode ‘ Idle mode
16.89 W | 5.56 W

Table 5.1.4: 6S Configuration maximum payload power consumption.

5.2 OUFTI-Next 6M

The second proposed configuration has the objective of fulfilling the missions for
which the OUFTI-Next 6S is insufficient in terms of power.

Taking into account the general results obtained in Chapter [3| configuration 2
has been selected. This setup, including non-deployable solar panels in all three faces
of the satellite, allows to increase the power production especially when performing
nadir-pointing maneuvers. Not having deployable panels also has the advantage of
entirely avoiding this potential failure point, which can eventually compromise other

subsystems.
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5.2. OUFTI-Next 6M

5.2.1 Components

This arrangement includes the same selected systems as the previous one, up-
grading the EPS module to the GOMSpace P31u and including the additional fixed

solar panels. The new EPS allows for power values up to 30 W and includes a total

battery capacity of 20 Wh.

Dimensions
Component Mass Cost
( Allocated volume )
ADCS Module 1230 100x100x75.4 mm $195 000
BlueCanyon XACT-50 (0.75U )
GNSS Receiver 2 71.1x45.7x11 mm 86900
SkyFoxLabs piNAV-NG (0.15U)
VHF /UHF Transceiver %5 65x40x6.5 mm )
GS NanoCom AX100 (0.15U )
VHF /UHF Antenna 90 116.7x221.7x9.1 mm ]
GS NanoCom ANT-6F ( +7Z face frame )
S-band Tx 100 95x46x15 mm 87300
IQ Wireless HiSPiCO (0.20U )
S-band Antenna e 50x50x3.2 mm $5100
IQ Wireless HiSPiCO (TBD)
OBC 58 ¢ 95.9x90.2x23.2 mm $9900
EnduroSat OBC (0.25U )
EPS Module 200 92.9x89.3x24.2 mm )
GS NanoPower P31u (0.25U )
Solar Array 300 360x189.5x1.6 mm )
DHV 6U Fixed Panels ( +X face frame )
Solar Array 132 329x82x1.6 mm )
DHV 3U Fixed Panels ( +Y face frame )
Solar Array T8e 97%x97x1.6 mm ]
2 DHV 1U Fixed Panels ( +7Z face frame )
Structure
908 g 366x226.3x100 mm $8250
EnduroSat 6U Structure
Platform Total 3480 g (100U + ADCS ) §155 45(f]

1.75 U

Table 5.2.1: Mass, volume and cost budget for the OUFTI-Next 6M platform.

2Incomplete value: The cost of the VHF/UHF COMM system, EPS module and solar panels

is missing. With values for similar products, the total cost is estimated around $180 000.
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5.2. OUFTI-Next 6M

Table[5.2.T)includes the mass, dimensions, volume allocated in the structure, and

cost of all components of the 6M configuration.

These can fit in the structure in same way as the 6S, with all the components
except for the 0.75U ADCS module included in a 1U cube. So, the available volume
for the payload systems is 4.25U once again. The weight, however, has increased
with the EPS upgrade, coming to a total of 3220 g. This means that the payload

systems can have a maximum mass of up to around 8.5 kg.

Solar Panels
0BC
GNSS Rx

Figure 5.2.1: Arrangement of the OUFTI-Next 6M. Front and back.

5.2.2 Power budget

With the upgrade in EPS, the power consumption of this unit is increased to
160 mW. This affects the total power consumption values in all of the mission’s
operational modes. Since most of the values have already been presented in Table
5.1.2) only the total power consumption in each mode is presented in Table [5.2.2}

so no redundant information is shown.

‘ Mode 1 ‘ Mode 2 ‘ Mode 3 ‘ Mode 4
Platform Total | 3195mW | 11455mW | 3195mW | 1125mW

Table 5.2.2: 6M Configuration power consumption for each operational mode.
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5.2. OUFTI-Next 6M

The generated power is different too, since the solar arrays have been upgraded.

Once again, the performed simulations yield the average power generation values
shown in Table £.2.3

Sun pointing ‘ Nadir pointing
22.25 W | 14.18 W

Table 5.2.3: 6M Configuration average generated power for Sun and nadir pointing.

In this case, the most efficient Sun pointing attitude is a rotation of 23.0° around
the 7 axis, plus a rotation of 12.5° around the resulting Y’ axis, in the satellite ref-
erence frame. Once again, the nadir-pointing attitude result is used for estimating

the power generation during modes 2 and 3.

With this, the proposed operational scenarios are used to size the allowable
payload power consumption in operative and idle mode, knowing that the battery

capacity is 20 Wh and the total power cannot exceed 30 W.

In this case, the acquisition scenario is the one that limits the maximum idle
power consumption of the payload, when imposing that the battery depth of dis-
charge must be above 50% and that it needs to be able to recharge back to 100%

after each orbit.

Besides, the maximum power consumption attainable by the payload in opera-

tional mode is limited by the Electrical Power System’s capabilities. These values

are displayed in Table [5.2.4]

Operational mode ‘ Idle mode
26.80 W | 10.14 W

Table 5.2.4: 6M Configuration maximum payload power consumption.

This upgrade allows to boost the power of the payload by around 10 W, also
allowing twice the previously available idle power consumption. However, both max-
imum values aren’t attainable at the same time, as in that case, the power generation

isn’t sufficient.

This situation arises for a small range of values near the maximum in idle and

operational power consumption, which are characterised in Section [5.4]
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5.3. OUFTI-Next 6L

5.3 OUFTI-Next 6L

The third and final proposed configuration is intended for payloads with high
values of power consumption. Section has identified the preliminary configu-
ration 4 as more efficient than the similar configurations with two deployed solar
panels, while the more complex solutions with three or four deployed solar arrays

have resulted unnecessary.

For this reason, the OUFTI-Next 6L configuration takes the concept of the pre-
liminary configuration 4, with a fix 2U solar array on the +Z face, plus two 6U
deployable solar panels from faces +X and -X. Thus, creating a large solar array

surface on the +7 face of the satellite.

It is important to keep in mind that solar panel deployment adds a failure mode
to the mission, since un-deployed solar panels can potentially impair the operation

of other subsystems.

5.3.1 Components

This arrangement includes the same general components as the two previously
presented configuration, once again upgrading the electrical power system and the

solar panels.

In the OUFTI-Next 6L configuration, the selected electrical power system is the
GOMSpace NanoPower P60, which allows for a maximum power of 60 W across
the system. Besides, the selected battery pack to go with it is the GOMSpace
NanoPower BP4, which is designed to work with the selected EPS and provides a
total of 38.5 Wh in battery capacity.

Regarding the distribution, the GNSS receiver, VHF /UHF transceiver, S-band
transmitter, OBC and EPS modules can fit once again in a 1U cube. Besides, the
0.25U allocated for the batteries is placed over the ADCS module, bringing the
total volume required by the platform to 2U. The mass of the upgraded platform
becomes 3635 g, so all the payload systems can amount up to 8.3 kg in mass and 4U
in volume. This is slightly less than the smaller configurations, still staying in the

same order of magnitude.

Finally, like in the previous configurations, the mass, dimensions, volume allo-
cated in the structure and cost of all the components present in the 6L configuration
are shown in Table 5.3.1]
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5.3. OUFTI-Next 6L

Dimensions
Component Mass Cost
( Allocated volume )
ADCS Module 1930 ¢ 100x100x75.4 mm $125 000
BlueCanyon XACT-50 (0.75U)
GNSS Receiver 2 71.1x45.7x11 mm 86900
SkyFoxLabs piNAV-NG (0.15U )
VHF /UHF Transceiver %5 65x40x6.5 mm )
GS NanoCom AX100 (0.15U)
VHF /UHF Antenna 90 116.7x221.7x9.1 mm )
GS NanoCom ANT-6F ( +7Z face frame )
S-band Tx 100 95x46x 15 mm $7300
IQ Wireless HiSPiCO (0.20U0 )
S-band Antenna e 50x50x3.2 mm 85100
IQ Wireless HiSPiCO (TBD)
OBC 58 ¢ 95.9%90.2x23.2 mm $2900
EnduroSat OBC (0.25U)
EPS Module 179¢ 92x88.9x19.8 mm ]
GOMSpace NanoPower P60 (0.25U)
Battery pack 270 94 x84 %23 mm )
GOMSpace NanoPower BP4 (0.25U)
Solar Array 600 ¢ 360x189.5x1.6 mm )
2 DHV 6U Deployable Panels ( £X face frames )
Solar Array TSe 97x97x1.6 mm )
2 DHV 1U Fixed Panels ( +Z face frame )
Structure
908 g 366x226.3x100 mm $8250
EnduroSat 6U Structure
Platform Total 3637 ¢ 2.00 U $155 45(f]

Table 5.3.1: Mass, volume and cost budget for the OUFTI-Next 6L platform.

5.3.2 Power budget

The power consumption of all subsystems except for the EPS is the same as for
the OUFTI-Next 6S and 6M. In this case, the selected EPS has a consumption of 600
mW. Including this, and once again avoiding the information already displayed in
Table the power consumption for each operational mode of the OUFTI-Next
6L is shown in Table (.3.21

3Incomplete value: The cost of the VHF /UHF COMM system, EPS system and solar panels is
missing. With values for similar products, the total cost is estimated around $190 000.
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5.3. OUFTI-Next 6L

‘ Mode 1 ‘ Mode 2 ‘ Mode 3 ‘ Mode 4
Platform Total | 3635mW | 11895mW | 3635mW | 1665mW

Table 5.3.2: 6. Configuration power consumption for each operational mode.

Besides, the power generation in this case in significantly increased, especially
in nadir-pointing, due to the deployed solar panel configuration. The results of the

simulations with the selected panels are shown in Table [5.3.3]

Sun pointing ‘ Nadir pointing
44.80 W | 43.46 W

Table 5.3.3: 6L Configuration average generated power for Sun and nadir pointing.

Finally, the same operational scenario study is performed in order to determine
the maximum power consumption of the payload in this configuration. Similarly
to the 6M, the acquisition scenario sets the limit for the idle power consumption of
the payload, while the maximum for operation is defined by the EPS capacity. The

results for maximum payload power consumption are displayed in Table [5.3.4]

Operational mode ‘ Idle mode
56.36 W | 22.34 W

Table 5.3.4: 6L Configuration maximum payload power consumption.

Figure 5.3.1: Arrangement of the OUFTI-Next 6L. Packed and deployed.
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5.4. Summary

5.4 Summary

Next, the three proposed configurations are presented side by side, so a global

view of which one to choose, given a payload, is provided. Tables [5.4.1] and [5.4.2|

display the values for mass, volume and estimated cost of the platform, as well as the

maximum attainable payload mass, volume and power in idle and operational mode.

OUFTI-Next 6S | OUFTI-Next 6M | OUFTI-Next 6L
Mass 3.02kg 3.48kg 3.64 kg
Volume 1.75 U 1.75 U 2.00U
Estimated cost $175000 $180 000 $190000

Table 5.4.1: Platform features of the OUFTI-Next 6S, 6M and 6L.

OUFTI-Next 6S | OUFTI-Next 6M | OUFTI-Next 6L
Mass 8.9kg 8.5kg 8.3kg
Volume 4.25 U 4.25 U 4.00 U
Max. idle power 5.56 W 10.14 W 22.34 W
Max. power 16.89 W 26.80 W 56.36 W

Table 5.4.2: Maximum payload features of the OUFTI-Next 6S, 6M and 6L.

Finally, Figure [5.4.1] graphically displays all the feasible values of idle and opera-
tional power consumption of the payload, by the three configurations. In later stages
in the mission’s development, this information can be used to easily determine the
most fitting configuration of the 6U OUFTI-Next CubeSat.

OUFTI-Next 6S

Payload operational power consumption [W]

0 5 10 15 20 25
Payload idle power consumption [W]

Figure 5.4.1: Payload power consumption of the OUFTI-Next 6S, 6M and 6L.

CHAPTER 5. PROPOSED CONFIGURATIONS 75



Chapter 6

Conclusions

This study needs to be understood in the context of the larger OUFTI-Next
project. The need for this analysis comes out of the proposal for an upgraded pay-

load in the satellite, which requires an upgraded platform.

With the currently still open discussion about the payload, the main idea that
has been pursued is to propose a set of working satellite platforms that can adapt
to a wide rage of potential payloads, as well as to define concise orders of magnitude
for any 6U solution for the OUFTI-Next demonstrator.

The first step in this direction has been taken in the proposal of eight preliminary
panel arrangements. These have provided insightful reference values for the systems
on the satellite, and they have also confirmed that, in the case of a failure in the
deployment of solar panels, the reduced array arrangements can be enough to power

the platform.

Next, a more detailed analysis of the main aspects of the mission has been carried
out, setting a viable altitude range for the final mission regarding launch opportuni-
ties and orbit lifetime. Besides, the selection of a frequency band for data download
has been settled with S-band, since VHF is not enough for reliable data download,

and X-band is an unnecessarily powerful technology.

The following commercial units research and analysis has provided a selection of
the ideal components for each subsystem, as well as characterising the rest as ac-
ceptable or unfeasible. The most fitting of these have been included in the proposed

platform configurations.

Concerning the total costs of each proposed configuration, the largest part is
related to the selected Blue Canyon XACT-50 ADCS integrated module. In spite
of its high cost, it is the only considered one with available proof of fulfilling the
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set requirements for pointing accuracy and stability in previous missions. However,
this choice has little impact on the mass, volumetric and power budget of the final
configurations, as it can be easily exchanged by any other ADCS module that can

fulfill the requirements.

Should this be done, and an ADCS module with higher power consumption be
selected, this difference can be deducted from the payload’s total idle power con-
sumption, making the developed power budget analysis still applicable. So, keeping
this in mind, the choices in almost all components are easily interchangeable with
little to no effect on the general performance of the three proposed platforms. The

only key units are the ones directly linked to the power and communications systems.

This study has therefore given three working proposals for 6U configurations of
the OUFTI-Next demonstrator, each one specifically designed for a range in pay-
load power consumption. In regard to the mass and volume, the conclusion is that
payloads of under 9 kg in mass and volumes of 4U or slightly more are supported in

this CubeSat dimensions.

The next steps to be taken in the development of the 6U configuration OUFTI-
Next satellite require definite information about the payload systems. Once this is
settled, a detailed thermal analysis needs to be performed, as well as an assessment

of the Attitude Determination and Control System.
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Appendix A

Orbit lifetime simulation results

This appendix contains color-coded tables with the STELA simulation results
for orbit lifetime. In the tables, green indicates that the value is inside the 4 months

to 25 years acceptable range, while red indicates that the value is outside.

Mean solar activity

ISS SSO SSO SSO SSO
400km 400km 500km 600km 700km

Config.
Config.
Config.
Config.
Config.
Config.

Table A.0.1: Orbit lifetime for mean solar activity (150 sfu).
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Maximum solar activity

ISS SSO SSO SSO SSO
400km 400km 500km 600km 700km
Config.
Config.
Config.
Config.
Config.

Config.

Table A.0.2: Orbit lifetime for maximum solar activity (210 sfu).

Minimum solar activity

ISS SSO SSO SSO SSO
400km 400km 500km 600km 700km

Config.
Config.
Config.
Config.
Config.
Config.

Table A.0.3: Orbit lifetime for minimum solar activity (75 sfu).
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Appendix B

Battery power simulation results

This appendix contains the results of the simulations performed to assess the

battery levels along each operational scenario proposed in Section

The results for generic 10W, 20W, 30W and 40W payloads are presented. These
have been used to determine the requirements for minimum battery capacity in each

orbit, configuration and scenario.
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000°00T | 09G°€ | OFG'0 | 06LGY | 72006 | €8LT | €090 | 096~ | 99°€ 8
000001 | 09S°€ | O0FG'0 | 06SFE | 7000 | €8L°T | €090 | 096~ | 99°€ L
000001 | 09°€ | 0F6'0 | OILTE | 7000 | €8L°T | €090 | 096~ | 99°€ 9
000001 | 09°€ | 0F6'0 | 0284C | 7000 | €8L°T | €090 | 096~ | 99°€ ¢
000001 | 09°€ | 0F6'0 | 066'FC | 72000 | €8L°T | €090 | 096~ | 99°€ 7
000001 | 09°€ | 0F6'0 | 0660z | 72000 | €8L°T | €09'0 | 096~ | 99°€ €
000001 | 09S¢ | OFG'0 | 0£9°G | 72006 | €8T | €090 | 096~ | 99°€ ¢
000001 | 09S¢ | OFG'0 | 09G°L | 7200 | €8LT | €090 | 096~ | 99°€ I

0SS Uy 00F
000001 | 0AG°€ | LEG'0 | 06L'GY | 66006 | 6SLT | $090 | 096~ | LG'€ 8
000001 | 0LG°€ | LEG'0 | 06SFE | 66000 | 68L°T | 7090 | 096~ | L€ L
000001 | 0LG°€ | LE6'0 | OILTE | 66000 | 68L°T | ¥09'0 | 096~ | LG€ 9
000001 | 0LG°€ | LE6'0 | 0284% | 66000 | 68L°T | ¥09'0 | 096~ | LG€ ¢
000001 | 0LG°€ | LE6'0 | 066'FC | 66000 | 68L°T | ¥09'0 | 096~ | LG€ 7
000001 | 0AG°€ | LEG'0 | 066°0Z | 6600 | 6SLT | $09°0 | 096~ | LG°€ g
000001 | 0AG°€ | LEG0 | 0£9°G | 6600 | 6SLT | $09°0 | 096~ | LG°€ ¢
000001 | 0AG°€ | LE6'0 | 09G°L | 6600 | 6SLT | $09°0 | 096~ | LG°€ I

NGO SSI

Ca) () (W) ) ) () ) ) g

Lvd | Ivd | wnpp | 9po | Ivd | Ivd | osdipg | 9po | Ivd

Table B.0.1: Scenario 1 for 10 W payload. ISS orbit and 400km SSO.

88

APPENDIX B. BATTERY POWER SIMULATION RESULTS



000°00T | 00G°€ | 6T0'T | 06LGY | 7800 | €GLT | 2640 | 096~ | 09°€ 8
000001 | 00S°€ | 6T0'T | 06SFE | ¥80°0S | €GLT | 26G°0 | 096~ | 0G°€ L
000001 | 00S°€ | 6T0'T | OILTE | ¥80°0S | €GLT | 26G°0 | 096~ | 0G€ 9
000001 | 006°€ | 6T0'T | 0.84C | ¥80°0S | €GLT | 26G°0 | 096~ | 0G€ ¢
000001 | 00S°¢ | 6T0'T | 0667 | P800S | €GLT | @640 | 096~ | 09°€ v
000001 | 00S°€ | 6T0'T | 06602 | 7800 | €GLT | @640 | 096~ | 09°€ g
000001 | 00S°€ | 6T0°T | 0£9°G | ¥80°0S | €GLT | @640 | 096~ | 09°€ ¢
000001 | 00G°€ | 6T0'T | 09G°L | 7800 | €GLT | 2640 | 096~ | 0G°€ T

0SS Ut 009
000°00T | 0£GE€ | 0860 | 06LGY | LET'0S | OLLT | 1650 | 096~ | €9°€ 8
000001 | 0S5°€ | 0860 | 06SFE | LET0S | OLLT | L6G0 | 096 | €5°€ L
000001 | 0SS°€ | 0860 | OILTE | LET0S | OLLT | L6G0 | 0967 | €5°€ 9
000001 | 0SS°€ | 086'0 | 0284% | LET0S | OLLT | 16G0 | 096~ | €G°€ ¢
000001 | 0£9°€ | 0860 | 066'FC | LET0S | OLLT | 16G°0 | 096~ | €G°€ 7
000001 | 0€G€ | 0860 | 06602 | LET'0S | OLLT | 1640 | 096~ | €9°€ g
000001 | 0£GE€ | 0860 | 0£9°G | LET'0S | OLLT | 1640 | 096~ | €9°€ ¢
000001 | 0€GE€ | 0860 | 09G°L | LET'0S | OLLT | 1660 | 096~ | €9°€ I

0SS w3 009

Ca) () (W) ) ) () ) ) g

Lvd | Ivd | wnpp | 9po | Ivd | Ivd | osdipg | 9po | Ivd

Table B.0.2: Scenario 1 for 10 W payload. 500km SSO and 600km SSO.
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000°00T | €¢8°0 | 0646V | ¥L0°0G | €8L'T €090 | 096'¢- | 000°00T | 09¢°€ LIT'0 | C88'IC 9¢¢ 8
000°00T | €280 | 06G7E | 7L0°0G | €8LT €090 | 096'¢- | 000°00T | 09¢°€ LIT0 | P6T°TT 9¢€ L
000°00T | €280 | OTL'TE | $L0°0G | €8LT €090 | 096'¢- | 000°00T | 099°€ L1T°0 ¢09°6 9¢€ 9
000°00T | €280 | 0L8°LC | 7,009 | €811 €090 | 096'¢- | 000°00T | 099°€ L1T°0 aaw’ 9¢€ g
000°00T | €280 | 066F7C | VL0°0G | €8LT €090 | 096°¢- | 000°00T | 099°€ LIT0 | ¢9€°¢GT 9¢€ 4
000°00T | €280 | 066°0¢ | ¥L0°0G | €8LT €090 | 0496°¢- | 000°00T | 099°€ L1T°0 067°¢C 9¢€ €
000°00T | €¢8°0 0€96 | ¥L00S | €8L'T €090 | 0496'¢- | 000°00T | 099°€ L1T°0 060°¢ 9¢°€ é
000°00T | €¢80 09¢°L | TLO0G | ¥67°C €090 | 096'c- | T9L°G8 | T.LCT LIT0 | 8L0°9- 86 I

OSS W 00¥
000°00T | #08°0 | 0646V | 660709 | G8L'T 709°0 | 096°¢- | 000°00T | 0LS°€ €ET'0 | G8Y'IT LG°€ 8
000°00T | #7080 | 06G7E | 660709 | 68LT 709°0 | 096°¢- | 000°00T | 0LS°€ €ET0 | ¥6T'TT LG°€ L
000°00T | #7080 | OTL'TIE | 660°09 | 68LT 709°0 | 096°¢- | 000°00T | 0LS°€ €eT0 ¢09°6 LG°€ 9
000°00T | 7080 | 0L8°LC | 660°09 | 68L°T 709°0 | 046°¢- | 000°00T | 0LS°€ €eT0 aaw’ LG°€ g
000°00T | ¥08°0 | 066F7C | 660704 | 68LT 709°0 | 046°¢- | 000°00T | 0LS€ €ET’0 | ¢9¢ 4l LG9°€ 4
000°00T | ¥08°0 | 066°0¢ | 660°09 | 68L°T 709°0 | 046¢- | 000°00T | 0LS°€ €ero 067°¢C L9°€ €
000°00T | 7080 0€96 | 66009 | 68L°T 709°0 | 046¢- | 000°00T | 0LS°€ €ero 060°¢ L9°€ G
000°00T | %080 06¢°L | 09009 | 864°C 7090 | 066°¢- | 98E€¥8 | 08€V €ET0 | 8L0'9- 61°¢ I

NAIO SSI

(%) W | W1 &% | | @ | Wy | %) | @ | @ | e | (Im) E—

Lvd WL | SPOIN Lvd Ivd | esdipd | opolN Lvd Lvd | ININOD | °POIN Lvd

Table B.0.3: Scenario 2 for 10 W payload. ISS orbit and 400km SSO.
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000°00T | 698°0 | 0646V | ¥80°09 | €GL'T ¢69°0 | 096'¢- | 000°00T | 00S°€ 0ST°0 | ¢88'I¢ 0s'€ 8
000°00T | 6980 | 06G7E | #8009 | €4L'T ¢69°0 | 096'¢- | 000°00T | 00S°€ 0ST°0 | ¥6T°TT 0s'€ L
000°00T | 6980 | OTL'TIE | #8009 | €4LT ¢69°0 | 096°¢- | 000°00T | 00S°€ 0ST°0 ¢09°6 0s€ 9
000°00T | 6980 | 0L8°LC | #8009 | €4L'T ¢69°0 | 096°¢- | 000°00T | 00S°€ 0ST°0 aaw’ 0s'€ g
000°00T | 6980 | 0667C | #8009 | €4LT ¢69°0 | 096°¢- | 000°00T | 00S°€ 0ST°0 | ¢9¢°4l 0¢€ 4
000°00T | 6980 | 066°0¢ | #8009 | €4LT ¢69°0 | 0496'¢- | 000°00T | 00S°€ 0ST°0 067°¢C 0s€ €
000°00T | 6980 0€96 | ¥80°0¢ | €SL'T ¢69°0 | 0496'¢- | 000°00T | 00S°€ 0ST°0 060°¢ 0s€ é
000°00T | 6980 09¢°L | €009 | T99°¢C ¢69°0 | 096'C- | €98°C8 | 8OV'V 0ST°0 | 8L0'9- 6E4 I

OSS W 009
000°00T | P80 | 0646V | LET0G | OLL'T L6G°0 | 096°¢- | 000°00T | 0€9€ €ET'0 | G8Y'IT €€ 8
000°00T | P80 | 06G7E | LET0G | OLLT L69°0 | 096°¢- | 000°00T | 0€9€ €ET0 | ¥6T'TT €qe L
000°00T | P80 | OTL'TE | LET0G | OLLT L69°0 | 096°¢- | 000°00T | 0O€9°€ €eT0 ¢09°6 €qe 9
000°00T | P80 | OL8°LC | LET0G | OLLT L69°0 | 096°¢- |000°00T | 0O€9°€ €eT0 aaw’ €aqe g
000°00T | P80 | 066F7C | LET0G | OLLT L69°0 | 046¢- | 000°00T | 0O€9°€ €ET’0 | ¢9¢ 4l €aq€ 4
000°00T | P80 | 066°0C¢ | LET0G | OLLT L69°0 | 046¢- | 000°00T | 0O€9°€ €ero 067°¢C €9¢ €
000°00T | L¥8°0 0€9°6 | LET0S | OLL'T L69°0 | 0§6¢- | 000°00T | 0O€9°€ €ero 060°¢ €qe G
000°00T | L¥80 09¢°L | 98009 | 6L9°C L69°0 | 0S6°¢- | V9C¥8 | OVET €ET0 | 8L0'9- ar-g I

OSS W 004

(%) W | W1 &% | | @ | Wy | %) | @ | @ | e | (Im) E—

Lvd WL | SPOIN Lvd Ivd | esdipd | opolN Lvd Lvd | ININOD | °POIN Lvd

Table B.0.4: Scenario 2 for 10 W payload. 500km SSO and 600km SSO.
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000°00T | O¥6°0 | 0646V | ST0°09 | 99T°€ LITO | 0GL°F1- | L8TCLL | LLYV 98¥7'0 | 096°¢- 1€9 8
000°00T | O¥6°0 | 06S%E | GT0°0G | 99T°€ LITO | OSL°FT- | L8CLL | LISV 9870 | 096°¢- 1€9 L
000°00T | O¥6°0 | OTL'TIE | GT0°0G | 99T°€ LITO | 0SL°FT- | L8CLL | LISV 9870 | 096°¢- 1€°9 9
000°00T | O¥P6°0 | OL8'LC | SGT0°0G | 949T°€ LITO | OSL°FT- | L8CLL | LISV 9870 | 096°¢- 1€9 g
000°00T | O¥V6°0 | 066F7C | SGT0°0G | 949T°€ LITO | 0GL°FT- | L8CLL | LISV 9870 | 096°¢- 1€9 4
000°00T | O¥6°0 | 066°0¢ | SGT0°0G | 949T°€ LIT°O | 0SL°FI- | L8CLL | LISV 9870 | 096°¢- 1€9 €
000°00T | O¥6°0 0€9°6 | 41009 | 9SI'€ LIT'O | 0SL°FI- | L8CLL | LISV 9870 | 046°¢- 1€9 é
000°00T | 0¥6°0 0g9¢’L | 91009 | 99T1°€ LITO | 0GL°FT- | L8TLL | LLYV 987'0 | 096'¢- 1€9 I

OSS W 00¥
000°00T | LE€6°0 | 06L°6V | €00°09 | G9€€ €ET’0 | 0GL¥I- | CI€6L | ¢ced 1L¥'0 | 096G 1.9 8
000°00T | L€6°0 | 06G7E | €00°09 | G9€€ €eT’0 | 0GL¥1- | CI€6L | ¢ced 1L¥'0 | 096G 1.9 L
000°00T | L€6°0 | OTL'TIE | €00°09 | GG9€€ €ET°0 | 0GL¥I- | CI€6L | CCEd 1.¥'0 | 096°C 1.9 9
000°00T | L€6°0 | 0L8°LC | €00°09 | GG9€€ €ET’0 | 0GL¥I- | CIE€6L | CCEd I.¥'0 | 096G 1.9 g
000°00T | LE6°0 | 066F7C | €00°09 | GG9€€C €ET’0 | 0GL¥I- | CIE€6L | CCEd ILy'0 | 096°C 1.9 4
000°00T | LE6°0 | 066°0¢ | €00°09 | G49€€C €ET’0 | 0GL¥I- | CIE€6L | CcEd ILy'0 | 096°C- 1.9 €
000°00T | L€6°0 0€9°6 | €00°0¢ | 499€’€ €er’0 | 0GL¥I- | CIE€6L | ¢ce'd I.y'0 | 096°C 1.9 G
000°00T | L€6°0 0g9¢’L | €00°0G | <g€€ €ET'0 | 09L7I- | ¢I€6L | ¢CEq ILV0 | 096°¢C 1.9 I

NAIO SSI

(%) W | W1 &% | | @ | e | &%) | @ | @ | v | um) Siuo0

Lvd WL | SPOIN Lvd Lvd | ININOD | °POIN Lvd Ivd | esdipd | opolN Lvd

Table B.0.5: Scenario 3 for 10 W payload. ISS orbit and 400km SSO.
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000°00T | 6T0'T | 0646V | ¢V0°0S | €CS€ 0GT°0 | 0SL°¥%1- | 69F'I8 | GEL'G ¢v'0 | 096°C- 0L 8
000°00T | 6TO'T | 06G¥E | ¢¥O°09 | €C5°€ 0ST°0 | OSL¥I-| 69%'18 | GEL'G cvvr'0 | 096°¢- ¥0°L L
000°00T | 6TO'T | OTL'TIE | ¢¥O09 | €¢5€ 0ST°0 | OGL° %I~ | 69F'18 | GEL'G o0 | 096°¢- ¥0°L 9
000°00T | 6TO'T | 0L8°LC | ¢¥009 | €¢5€ 0GT°0 | OGLFI-| 69718 | GEL'G cyvr'0 | 096°¢- v0'L g
000°00T | 6TO0°T | 066%C | ¢¥O°0G | €¢5°€ 0GT°0 | OGLFI-| 69718 | GEL'G cvv'0 | 096°¢- v0'L 4
000°00T | 6TO'T | 066°0¢ | ¢¥O0S | €¢5°€ 0GT°0 | OGLFI-| 69718 | GEL'G cvr'0 | 096°¢- v0'L €
000°00T | 6T0°T 0€9°6 | ¢¥0°0S | €C9°€ 0GT°0 | OGLFI-| 69718 | GEL'G cvv'0 | 096°¢- ¥0°L é
000°00T | 6T0°T 0g9¢’L | ¢¥0°0G | €c¢9'€ 0GT°0 | 0GL¥I- | 69F'I8 | GEL'G cv'0 | 096°C- 0L I

OSS WY 009
000°00T | 086°0 | 0646V | ¢c0°09 | LEEE €ET’0 | 0GL°¥1- | 80G'6L | €0€°¢ €90 | 096°¢- 199 8
000°00T | 0860 | 06G%E | ¢c009 | LEEE €ET’0 | 0GL°¥1- | 80G'6L | €0€¢ €90 | 096°¢- 199 L
000°00T | 0860 | OTL'TIE | €C009 | LEEE €ET’0 | 0GL°%1- | 80G'6L | €0€°¢ €90 | 096°¢- 199 9
000°00T | 0860 | 0L8°LC | ¢c009 | LEEEC €ET0 | 0GLFI- | 8BOG'6L | €0€'G €90 | 096°¢ 99 g
000°00T | 0860 | 066%7C | ¢c009 | LEEC €ET0 | 0GLFI- | 80G'6L | €0€'G eIr'0 | 096°¢ 99 4
000°00T | 0860 | 066°0¢ | ¢c0°09 | LEEC €ET’0 | 0GLFI- | 80G'6L | €0€G eIr'0 | 096°¢ 199 €
000°00T | 08670 0€9°6 | ¢c00S | LEEE €er’0 | 0GLFI- | 804°6L | €0€°¢ €0 | 046'¢ 199 G
000°00T | 086°0 09¢°L | ¢c0'0G | LEEE €ET'0 | 0GL77I- | 80G'6L | €0€¢ €970 | 096°C- L9°9 I

OSS WH00S

(%) W | W1 &% | | @ | e | &%) | @ | @ | v | um) Siuo0

Lvd WL | SPOIN Lvd Lvd | ININOD | °POIN Lvd Ivd | esdipd | opolN Lvd

Table B.0.6: Scenario 3 for 10 W payload. 500km SSO and 600km SSO.
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000°00T | €LL°0 | 0646V | #L0°09 | €8L'T €090 | 096'¢- | 000°00T | 09¢°€ L91°0 | ¢8Y'TC 9¢¢ 8
000°00T | €LL°0 | 0687E | L0709 | €8LT €090 | 096'¢- | 000°00T | 09¢°€ L9T°0 | 76801 9¢€ L
000°00T | €LL°0 | OTL'TE | $L0°0G | €811 €090 | 096'¢- | 000°00T | 099°€ L91°0 ¢0€6 9¢€ 9
000°00T | €LL°0 | 0L8°LC | 7L0°0G | €811 €090 | 096'¢- | 000°00T | 099°€ L91°0 ¢e89 9¢€ g
000°00T | €LL°0 | 066F7C | VL0709 | €8L°T €090 | 096°¢- | 000°00T | 099°€ L9T°0 | ¢90°¢GT 9¢€ 4
000°00T | €LL°0 | 066°0¢ | ¥L0°0G | €8LT €090 | 0496°¢- | 000°00T | 099°€ L91°0 061°¢C 9¢€ €
000°00T | €LL°0 0€96 | ¥L00S | €8L'T €090 | 0496'¢- | 000°00T | 099°€ L91°0 06L°T 9¢°€ é
000°00T | €LL°0 09¢°L | 18009 | 098¢ €090 | 096'c- | SIEI8 | L9V L9T°0 | 8LEO- 69°G I

OSS W 00¥
000°00T | 0LL0 | 06467 | 660709 | G8L'T 7090 | 066°¢- | 000°00T | 0LG°€ L91T°0 | ¢8Y'TC LG°€ 8
000°00T | 0LLO0 | 06G7E | 660709 | 68LT 709°0 | 096°¢- | 000°00T | 0LS°€ L9T°0 | 76801 LG°€ L
000°00T | 0LLO0 | OIL'TE | 660°09 | 68LT 709°0 | 096°¢- | 000°00T | 0LS°€ L91°0 ¢0€6 LG°€ 9
000°00T | 0LL0 | 0L8°LC | 660°09 | 68L°T 709°0 | 046°¢- | 000°00T | 0LS°€ L91°0 ¢a89 LG°€ g
000°00T | 0LL0 | 066F7C | 660709 | 68L°T 709°0 | 046°¢- | 000°00T | 0LS€ L91T°0 | ¢90°GT LG9°€ 4
000°00T | 0LL0 | 066°IT | 660°09 | 68LT 709°0 | 046¢- | 000°00T | 0LS°€ L91°0 061°¢C L9°€ €
000°00T | 0LL°0 0€€’¢ | 66009 | 68L°T 709°0 | 046¢- | 000°00T | 0LS°€ L91°0 06L°T L9°€ G
000°00T | 0LL°0 0GL°€ | L6009 | 998°C 7090 | 0S6°¢- | TSEI8 | LEIT L9T°0 | 8LEO- LS I

NAIO SSI

(%) W | W1 &% | | @ | Wy | &%) | ) | @ | e | (Im) E—

Lvd WL | SPOIN Lvd Ivd | esdipd | opolN Lvd Lvd ‘boy OPOIN Lvd

Table B.0.7: Scenario 4 for 10 W payload. ISS orbit and 400km SSO.

94

APPENDIX B. BATTERY POWER SIMULATION RESULTS



000°00T | €98°0 | 0646V | #8009 | €GL'T ¢69°0 | 096'¢- | 000°00T | 00S°€ L91°0 | ¢8Y'TC g€ 8
000°00T | €980 | 06G7E | #8009 | €4L'T ¢69°0 | 096'¢- | 000°00T | 00S°€ L9T°0 | 76801 ge L
000°00T | €980 | OTL'TIE | #8009 | €49L'T ¢69°0 | 096°¢- | 000°00T | 00S°€ L91°0 ¢0€6 g¢ 9
000°00T | €980 | 0L8°LC | #8009 | €4L'T ¢69°0 | 096°¢- | 000°00T | 00S°€ L91°0 ¢e89 g¢ g
000°00T | €480 | 0667C | #8009 | €4L'T ¢69°0 | 096°¢- | 000°00T | 00S°€ L9T°0 | ¢90°¢GT g€ 4
000°00T | €480 | 066°0¢ | #8009 | €4LT ¢69°0 | 0496'¢- | 000°00T | 00S°€ L91°0 061°¢C g€ €
000°00T | €480 0€96 | ¥80°0¢ | €SL'T ¢69°0 | 0496'¢- | 000°00T | 00S°€ L91°0 06L°T g€ é
000°00T | €980 09G¢°L | 88009 | 0¢8'¢C ¢69°0 | 096'Cc- | 6IT'I8 | L997 L9T°0 | 8LEO- €9°¢ I

OSS W 009
000°00T | €180 | 0646V | LET0G | OLL'T L6G°0 | 096°¢- | 000°00T | 0€9€ L91T°0 | ¢8Y'TC €€ 8
000°00T | €180 | 06G7E | LET0G | OLLT L69°0 | 096°¢- | 000°00T | 0€9€ L9T°0 | 76801 €qe L
000°00T | €180 | OTL'TE | LET0G | OLLT L69°0 | 096°¢- | 000°00T | 0O€9°€ L91°0 ¢0€6 €qe 9
000°00T | €180 | 0L8°LC | LET0G | OLLT L69°0 | 096°¢- |000°00T | 0O€9°€ L91°0 ¢a89 €aqe g
000°00T | €180 | 0667C | LET0G | OLLT L69°0 | 046¢- | 000°00T | 0O€9°€ L91T°0 | ¢90°GT €aq€ 4
000°00T | €180 | 066°0¢ | LET0G | OLLT L69°0 | 046¢- | 000°00T | 0O€9°€ L91°0 061°¢C €9¢ €
000°00T | €180 0€9°6 | LET0S | OLL'T L69°0 | 0§6¢- | 000°00T | 0O€9°€ L91°0 06L°T €qe G
000°00T | €180 09G¢°L | ¢€0°09 | LE8®'C L6G°0 | 0S6°C- | 98T'I8 | LSSV L9T°0 | 8LEO- G9°¢g I

OSS WH00S

(%) W | W1 &% | | @ | Wy | &%) | ) | @ | e | (Im) E—

Lvd WL | SPOIN Lvd Ivd | esdipd | opolN Lvd Lvd ‘boy OPOIN Lvd

Table B.0.8: Scenario 4 for 10 W payload. 500km SSO and 600km SSO.
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000°00T | €LL°0 | 0646V | #L0°09 | €8L'T €090 | 096'¢- | 000°00T | 99°€ L9T°0 | C84'TI 9¢¢ 8
000°00T | €LL°0 | 0687E | L0709 | €8LT €090 | 096'¢- |000°00T | 99°€ L91°0 76870 9¢€ L
000°00T | €LL°0 | OIL'TE | $E€0°0G | 9681 €090 | 096¢- | T€6'96 | V.L9€ L9T°0 | 869°0- 6L.°€ 9
000°00T | €LL°0 | 0L8°LC | #9009 | €I€T €090 | 096'¢c- | G€9'88 | 0607V L9T°0 | 8LTE- a9 g
000°00T | €LL°0 | 066F7C | VL0709 | €8L°T €090 | 096'¢- | 000°00T | 99°€ L91°0 ¢90°¢G 9¢€ 4
000°00T | €LL°0 | 066°0¢ | 910°09 | I80°€C €090 | 096'¢c- | 698°8L | 848T L91°0 | OI8'L- 919 €
000°00T | €LL°0 0€9°6 | 89009 | PEI'€ €090 | 096'c- | 08¢'8L | CE6V L91°0 | OT¢'8- €9 é
000°00T | €LL°0 049¢’L | €€0°09 | €197 €090 | 096'¢- | 8EL69 | 069 L9T°0 | 8LEI9T-| <06 I

OSS W 00¥
000°00T | 0LL0 | 06467 | 660709 | G8L'T 7090 | 0S6°¢- | 000°00T | LG€ L9T°0 | ¢8Y'II LG°€ 8
000°00T | 0LLO0 | 06G7E | 660709 | 68LT 709°0 | 096°¢- | 000°00T | LG°€ L91°0 76870 LG°€ L
000°00T | 0LL0 | OTLCT | 8G0°09 | €061 709°0 | 096C- | 66696 | ¥89°€ L9T°0 | 869°0- 8¢ 9
000°00T | 0LL°0 0,88 | €80°0¢ | 6I€C 709°0 | 0G6°¢- | 09¢'88 | 00T'¥ L9T°0 | 8LTE- €9V g
000°00T | 0LL70 066G | 66009 | 68L°T ¥09°0 | 046¢- | 000°00T | LG°€ L91°0 ¢90°¢G LG9°€ 4
000°00T | 0LL°0 0607 | 0€0°0¢ | L8O€ 709°0 | 0G6°¢- | €06'8L | KI8TV L91°0 | OI8L- LT°9 €
000°00T | 0LL°0 0ET¥ | €00°0¢ | OST°€ 709°0 | 0S6°¢- | 08C'8L | ¢E6'V 291°0 | OT¢'8- €9 G
000°00T | 0LL°0 098¢ | €V0°09 | 6197 7090 | 0§6°¢- | TLL69 | 00€9 L9T°0 | 8LEI9T-| €06 I

NAIO SSI

(%) W | W1 &% | | @ | Wy | &%) | ) | @ | e | (Im) E—

Lvd WL | SPOIN Lvd Ivd | esdipd | opolN Lvd Lvd ‘boy OPOIN Lvd

Table B.0.9: Scenario 4 for 20 W payload. ISS orbit and 400km SSO.
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000°00T | €98°0 | 0646V | #8009 | €GL'T ¢659°0 | 096'¢- | 000°00T g€ L9T°0 | C84'TI g€ 8
000°00T | €980 | 06G7E | #8009 | €4L'T ¢69°0 | 096°¢- | 000°00T ge L91°0 76870 ge L
000°00T | €980 | OTL'TIE | €V0°09 | 1981 ¢69°0 | 096C- | 18896 | VI9E L9T°0 | 869°0- €LE 9
000°00T | €980 | 0L8°LC | ¢L00G | €8CC ¢69°0 | 096'c- | G8€'88 | 0€0V L9T°0 | 8LTE- 9¢v g
000°00T | €480 | 0667C | #8009 | €4L'T ¢69°0 | 096°¢- | 000°00T g€ L91°0 ¢90°¢G g€ 4
000°00T | €480 | 066°0¢ | TE009 | T490°€ ¢69°0 | 096'¢c- | T998L | 86LV L91°0 | OI8'L- 19 €
000°00T | €480 0€96 | vL00S | GCI'€ ¢69°0 | 096'c- | ¢L08L | CTL8V L91°0 | OT¢'8- ¥¢9 é
000°00T | €980 09G¢°L | LE0°0G | €87'F 6690 | 096'¢c- | G€G'69 | 0€cC9 L9T°0 | 8LEI9T-| 968 I

OSS WY 009
000°00T | €180 | 0646V | LET0G | OLL'T L6G°0 | 096°¢- |000°00T | €9°€ L9T°0 | ¢8Y'II €€ 8
000°00T | €180 | 06G7E | LET0G | OLLT L69°0 | 096°¢- |000°00T | €9°€ L91°0 76870 €qe L
000°00T | €180 | OTL'TE | €60°09 | P81 L6G°0 | 096C- | 90696 | ¥P9€ L9T°0 | 869°0- 9L°€ 9
000°00T | €180 | 0L8°LC | V0009 | 06C°C L69°0 | 0SG6°¢- | SE¥'88 | 0507 L9T°0 | 8LTE- 84V g
000°00T | €180 | 0667C | LET0G | OLLT L69°0 | 046¢- |000°00T | €9°€ L91°0 ¢90°¢G €aq€ 4
000°00T | €180 | 066°0¢ | ¢S0°09 | 890°C L6G°0 | 0G6°C | 99L°8L | 8C8Y L91°0 | OI8L- €19 €
000°00T | €180 0€96 | ¥¢c0'0S | ¢€I'€ L69°0 | 066°¢ | GVI'8L | 68V 291°0 | OT¢'8- 9¢'9 G
000°00T | €180 0g¢’L | ¢00°09 | 0677¥ L69°0 | 086'¢- | €09'69 | 0S¢9 L9T°0 | 8LEI9T-| 86’8 I

OSS WH00S

(%) W | W1 &% | | @ | Wy | &%) | ) | @ | e | (Im) E—

Lvd WL | SPOIN Lvd Ivd | esdipd | opolN Lvd Lvd ‘boy OPOIN Lvd

Table B.0.10: Scenario 4 for 20 W payload. 500km SSO and 600km SSO.
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000°00T | 0L2°0 | 064°0T | 800°0G | 981°¢ | ¥09°0 | 096°C- | GL6°LL | L96F | L9T°0 | STFS- | L£9 8
000°00T | 0LL°0 | 06£9 | &F0°0S | ¥L6F | ¥09°0 | 0S6C- | ¥96°29 | 9S.°9 | 1910 | 901°61- | ¥6°6 L
000°00T | 0LL°0 | 0189 | L£0°0S | 6€2°G | ¥090 | 0S6C- | ¢S0°L9 | 0T0°L | 2910 | 8690 | L¥OT 9
000°00T | 0LL°0 | 0L’ | €00°0S | 9¥9°G | ¥09°0 | 0S6'c- | ¥8L°G9 | Le¥v'L | 2910 | 8L1°€e- | 6CTI G
000°00T | 0LL°0 | 065G | SFO'0S | 6L¢F | ¥09°0 | 056G~ | 188°0L | 0909 | L9T°0 | 8€6FI-| 6S'8 i
000°00T | 0LL°0 | 068’8 | Lg0°0S | ¥&¥9 | ¥090 | 0S6'¢- | ¢06'€9 | S0&'8 | L9T°0 | OT8Le-| ¥8°%CT g
000°00T | 0LL°0 | OS¥'S | ¥10°0G | L8%9 | ¥09°0 | 096C- | 0SL°€9 | 892’8 | L91°0 | 01¢'Se- | L6CT 4
000°00T | 0LL°0 | 0SG'8 | €00°0¢ | 9¥8L | ¥09°0 | 0S6°C- | SS€T19 | 2296 | L9T0 | 8L£9¢- | 69°¢CT T

QIO SST ‘PeOTARd M OF
000°00T | 0LL°0 | 064°0% | 66006 | 68LT | ¥09°0 | 0S6°c- |000°00T | 08¢ | L9T0 | @8C'T LG°¢ 8
000°00T | 0LL°0 | 065G | €10°0S | TOSE | ¥09°0 | 0S6C- | S00°LL | @S0G | 1910 | 90T'6- | 099 L
000°00T | 0LL°0 | OI9F% | L00°0S | 99¢°¢ | ¥090 | 0S6'¢- | €66FL | L¥eG | 2910 | 869°01-| €T'L 9
000°00T | 0LL°0 | OLT'S | 820°0S | ©86°¢ | ¥090 | 0S6'¢- | SOF'GL | ¥9L°G | 2910 | SLT'€I-| 96°L G
000°00T | 0LL°0 | 062°¢ | O0TO°0S | 909°C | %090 | 0S6'c- | €0TH8 | L8e¥ | L91°0 | 8¢6%- | 1¢°¢ i
000°00T | 0L2°0 | 0609 | 000G | 0SL¥ | #09°0 | 096C- | #S.°89 | ©€¢9 | L9T°0 | OISLI-| 096 ¢
000°00T | 0LL°0 | 0£€9 | L£0°0S | ¥¢8F% | ¥09°0 | 096C- | LTS8 | G099 | 2910 | 01Z'ST-| ¥96 4
000°00T | 0L2°0 | 0S0°8 | ST0°0S | @819 | ¥09°0 | 0S6c- | I€FF9 | ¥96°L | L9T0 | 8L&9%- | 9£7CT T

QIO SST ‘PeoTAed M 0€

(%) (1) M) T | (%) (Tm) (1) M) 7| (%) (Tm) (1) M) e | (um) Syuop

Ivd | ‘wmpl | epo]N | Ivd | Ivd |osdipd | epolN | Ivd | Ivd boy | epoly | Ivd

Table B.0.11: Scenario 4 for 30 W and 40 W payload. ISS orbit.
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