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Abstract

Nec refert quibus adsistas regionibus
eius, usque adeo quem quisque locum
possedit, in omnis tantundem partis
nfinitum omnem relinquit. Praeterea
si tam finitum constituatur omne quod
est spatium, si quis procurrat ad oras
ultimus extremas iaciatque volatile
telum, id validis utrum contortum
viribus ire quo fuerit missum mavis
longeque volare, an prohibere aliquid
censes obstareque posse?

Lucrezio, De Rerum Natura, 1,
951/983

OUFTI-Next is the name of the CubeSat demonstrator the University of Liége is designing
in order to demonstrate the feasibility of an ambitious project regarding Earth observation: a
fleet of CubeSats shooting pictures every day of big agricultural fields with an Infra-Red camera,
showing their hydraulic stress and providing fundamental informations about how much and
where to irrigate, in order to preserve reserves of water, especially in countries suffering its
scarcity. The Thesis is focused on the ADC subsystem of OUFTI-Next, with the aim to build
a MATLAB simulator capable to provide results useful to understand the project feasibility,
to size the subsystem and trade-off between COTS available on the market (:ADCS100, KUL,
etc...), to optimize the picture acquisition through dedicated slew maneuvers and to analyze the
perturbations induced by the cryocooler on-board.
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Chapter 1

Introduction

This Master Thesis is the first part of a deeper work about orbit and attitude dynamics
coupled in ADCS of high surface-to-mass ratio satellites.
Nowadays spacecrafts are designed with complex shapes and large areas, in order to accomplish
more and more peculiar mission objectives, maintaining a reduced mass to reduce the launch
cost. As a result, for Earth observation satellites, aerodynamic drag and solar radiation pressure
become the main actors, driving and coupling the orbital dynamics with the attitude one. This is
the case of ZodiArt, [4], a new mission carried out by Politecnico di Milano and supervised by
Prof. Camilla Colombo, whose aim is to launch a fleet of MicroSats each of them equipped with
a reflective balloon, to promote space advertisement during night time and to enhance Earth
observation during day time.
The work will be subdivided as follow:

e Period at ULiege on OUFTI-Next:

— ADCS design and requirements based on the optical design and performance.

Optimization of the image acquisition through slewing maneuvers.

— Development of an ADCS simulator.

Study of the perturbations due to the cryocooler.

Study of the COTS available on the market (Hyperion, KUL).

e Period at Politecnico di Milano:

Test of the simulator provided to ULiege with ZodiArt platform.

— Development of the simulator including a united state model to couple the orbit and
attitude dynamics.

— Sizing of the ADC subsystem of ZodiArt platform in order exploiting perturbations to
control the spacecraft.

— Provide more accurate simulations also for OUFTI-Next.
This Master Thesis reports the results and the work done about OUFTI-Next project, during the

period spent in ULiege. A second report will be presented in Politecnico di Milano once the whole
Thesis will be completed.



1. INTRODUCTION

1.1 OUFTI-Next mission

Figure 1.1 OUFTI-1 CubeSat.

The OUFTI project was born at University of Liege in November 2016, as a continuation of the
first CubeSat ever launched in Belgium, OUFTI-1 in April 2016, when Bernard Tychon proposed
to build a CubeSat capable to detect hydraulic stress in agricultural fields and to provide useful
informations about their correct irrigation.

The phase A of the mission has coming to its end and each subsystem has been preliminary sized.

1.1.1 ADC subsystem

Figure 1.2 Example of ADC subsystem for CubeSats.



1. INTRODUCTION

The ADC subsystem has the aim to control the spacecraft, providing the requested control
torque to perform each mission phase, and determine its position and velocity (the state) in order
to close the feedback loop shown in figure 5.1 on page 23.

Free rigid body equations of motion +
disturbance torques

Attitude Control

Attitude determination

Figure 1.3 ADC subsystem feedback loop.

Generally an ADCS simulator is composed by:

e Spacecraft dynamics and kinematics model.
e Control algorithm.

e Actuators models.

e Sensors models.

e Determination algorithms.

e Reference attitude.

e External and internal disturbances models.

e Orbital model or ephemeris of the spacecraft.

At this stage of the Thesis, the orbital dynamics is still not coupled with the attitude one, so, as
it will be explained in the following chapters, OUFTI-Next ephemeris are provided as an input to
the simulator, instead of integrating the orbital model.

1.1.2 Report structure

This report will be subdivided in chapters describing first the requirements for the ADCS
and how the OUFTI ephemeris has been computed, then how each element of the simulator has
been implemented, the mission profiles selected for the simulations, the optimization process,
the general results obtained, the cryocooler disturbance implementation, the trade-off analysis
between two different COTS, the measurements uncertainties mitigation and emergency strategies.
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Chapter 2

Nomenclature and reference frames

In this Thesis three main reference systems will be used: the inertial reference frame, the
noninertial body-fized reference frame and LVLH reference frame. The first one has its origin
in the center of the Earth, its X-axis is oriented towards the vernal direction and the Z-axis is
pointed towards the North Pole. The second one instead is a noninertial frame, characterized by
the X-axis directed in the opposite direction with respect to the detector pointing vector, while
the Z and Y-axis directed towards the surfaces with solar panels, figure 2.1. The S-band antenna
is considered to be on the -Z-axis.

Figure 2.1  The reference frame used for the design of OUFTI-Next ADCS.

The last one is also a noninertial reference frame whose orthogonal unit vectors are , § and
W, where t is the position vector direction. W, instead, is the unit vector normal to the osculating
orbital plane, in the direction of angular momentum vector h, the transverse vector § is normal
to both r and W and it therefore points in the direction of the orbiting body’s local horizon,
figure 2.2 on the following page.
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Ascending node
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v,
Figure 2.2  The local vertical-local horizon rsw frame. u is the argument of latitude, [5].

The subscript (-)y/n, means a rotation between the body-fived reference frame, indicated by b,
from the inertial reference frame, indicated by n. A matrix in LVLH frame, Apv g, is actually
a rotation with respect to the inertial frame and can be indicated as (-);/,. As a result the

following matrix multiplication can generate a rotation from LVLH frame to body-fized reference
frame, Ay

Appt = Ab/nAl/nT (2.1)

where (-)7 is the transpose of the matrix.

The attitude has been implemented exploiting the quaternions, 4-dimensional numbers repres-
enting a single rotation in 3D space. This is due to the Fuler’s rotation theorem: “Any single
rotation can be represented by a vector, é, (eigenvector) that remains fixed during that rotation
and a simple rotation around that vector by an angle, 6 (eigenangle)”, figure 2.3.

-

lf:’ " Y

Figure 2.3  Quaternion representing a single rotation of a 3D-body.
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where:
— in 0
q1 = 6157,’[7,2

— inf
qa> = 6252712

~c2sing (2.2)
q3 = 63817’L§

— 0
g4 = COS3

Other kind of implementations are: direct cosine matrices, Euler angles and Rodrigez vectors.
The reasons why it has been decided to use quaternions instead of the other kind of representation
are the following:

e Only 4 parameters are needed to be integrated. This is a good trade-off between the direct
cosine matrices (9) and the Euler angles/Rodrigez vectors (3).

e They are globally defined, meaning that no singularities are present. Singularities affect
both Fuler angles and Rodrigez vectors.

The disadvantages are the fact that they are not unique, meaning that more than one quaternion
can indicate the same rotation, they need a quaternion normalization at each integration step
and they are not intuitive.

The attitude matrices are direct cosine matrices indicated with A and they will be transformed
in quaternion, g, using the following relations:

@ -a-qa+a;, 299, +9.4,) 2(q.q, — 0,4,
AD=| 2(4d~9:9,) 4+ 4 +4;  2(9.9:+4.)
2( 45 +%94) 2(g,4; 79’1‘]4) 7912 *922 +q§ +qj

(llza(f‘\:a_“:\zz) fh2 :i%\“"m (li :i%\i'm q;‘:i%\s1—-x11—.-\22 +A3;
qQz :ﬁ(;-\;l -Ay) a3 :ému +Ag) a ZE(AH +421) qf =é(ﬁ“~u +Az)
1B :%(Au Ay) a3 :ﬁ(“&ﬁ +A3) @ :é(Azs +Ag) a :ém” +A5)
7(14 :r%(HAH +A, +A33)% a :ﬁ(.—\23 -Ag) qj = -k% (A5-Ap) a :émll “Ay)

Figure 2.4 Direct cosine matrix to quaternion transformation and viceversa.

Finally, the cross product between 2 3-dimensional vectors will be also performed through the
skewsymetric operator, S(-), defined in [9] as following:

0 —as a9
axb=S(a)b=| a3 0 —a1|bd (2.3)
—as9 ay 0
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Chapter

ADCS requirements and other
subsystems main results

In this chapter the high level requirements for the ADC subsystem are listed, as well as
preliminary considerations about the subsystem:

REQ. ID Importance Verification Requirement Note
ON-P-F-ADCS - 0010 M The ADCS s\s shall be able to detumble the spacecraft after
detachment from the launcher.
ON - P - F - ADCS - 0020 M The ADCS s\s shall provide sun-pointing with the faces covered

by solar panels, during "Charging Mode".

The ADCS s\s shall provide ground station tracking with the
ON - P -F-ADCS - 0030 M face where the S-band antenna is body-mounted, during
"Downloading Mode".

The ADCS s\s shall provide a "Target following" slew

ON - P - F-ADCS - 0040 M
maneuver, during "Acquisition Mode".
ON-P-P-ADCS - 0050 M The ADCS s\s shall be able t.o determl.ne the attitude within +/-
1 arcsec in each axis (TBC).

ON - P - F-ADCS - 0060 M The ADCS s\s shall provide a de-saturation strategy.

.g.: SRP, Aty heric Drag,
ON - P - F- ADCS - 0070 M The ADCS s\s shall counteract environmental disturbances. <2 rzt‘):p S
ON - P - F-ADCS - 0080 M The ADCS s\s shall counteract internal disturbances. e.g.: Cryocooler vibrations
ON-P-F- ADCS - 0090 M The ADCS pack shall be chosen among the ones availale on the e.g.: BCT, KUL, etc.

market.

ON-P-F-ADCS - 0100 NH The ADCS pack should be chosen among the ones availale on g KUL

the national (Belgium) market.

The ADCS s\s shall be able to provide a pointing accuracy of <
ON-P-P-ADCS-0110 M 0.1 deg and a control stability of < 0.01 deg (0,5 arcmin)
during "Acquisition Mode".

Figure 3.1 OUFTI-NEXT project ADCS preliminary requirements

Here are reported the already considered COTS models for GNSS units, figure 3.2 on the
following page [6].
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Name GNSS200 GPSRM 1 piNAV-NG SGR-05P
Company Hyperion Pumpkin/Novatel SkyFox Labs Surrey
Mass 15 F 109 g 24 g 60 g
Size 20x15x2mm 96x90x16 mm 71.1x45.7x11 mm | 103x64x11 mm
Position accuracy 8 m 1.5 m (RMS) 10 m (20) 10 m (20)
Velocity accuracy 0.03 m/s (RMS) 0.10 m/s (20) 0.15 m/s (20)
Time accuracy 20 ns (RMS) 100 ns (20) 500 ns (20)
Time-to-first-fix 120 50 s 90 s 90 s
(passive antenna)
T“ypmal operating a3y 5V 33V 33V
voltage
Typical p%')wcr 157 W 13 W 1_20 mW ' 1W
consumption (passive antenna) | (active antena)
Jperati - .. i 5 . ] -
CHUIHIE -45°C to +85°C | -40°C to +85°C | -40°C to +85°C | -20°C to +50°C
temperature
Operating Multi GPS o o
constellation constellation GLONASS L s
Cost 7980% 6900 €
Integrates GOMspace
S scamlessly with also proposes
SIS ADCS from a model from
Hyperion Novatel

Figure 3.2

GNSS COTS models

For what concerns ADCS units, a preliminary trade-off has already been done in [6], providing
as the best solution, especially for its reduced volume, the iADCS100, whose characteristics are
presented in figure 3.3.

2U/3U Fine TR High-Precision
Name ADCS solution CubeADGs el ADCS XACT IADCS100
. _ ) 3 axis ADACS .
3 axis control (Picasso)
Hyperion
BlueCanyo .
Company GOMspace CubeSpace MAIL Clydespace lrlt Mrl‘“.m, Berlin Space
Technologies : :
Technologies
Mass 642 g 617 g 694 g 910 g 470 g
Size 0.75 U 0.75 U 0.5U 0.5U 0.3U0
ointi 3° (2 axes
Tolptin <20 <0.06° (ST) 0.013° 0.055° (LOGAT' 2 e 30 arcsec
accuracy 0.007° (3 axes)
Pointing Between 0.12°
il B and 0.1320° <0.1° (ST) 0.1° 0.5° wel?
control/stability i, .
(simulation)
Slewing rate 1.5°/s >10°/s >1.5°/s
- Magnetometers
- Sun Sensor
- Magnetometers | - Star Tracker - Magnetometers | - Magnetometers | - Magnetometers § - Magnetometers
Sensors - Sun Sensor - Gyroscopes - Gyroscopes -Sun Sensor - Gyroscopes - Gyroscope
- Star tracker - Ferrite Core - Star Tracker - Star Tracker - Star Tracker - Star Tracker
torquers
- Air core coil
- Reaction wheels | - Reaction wheels | - Reaction wheels | - Reaction wheels | - Reaction wheels | - Reaction wheels
Actuators
- Magnetorquers | - Magnetorquers | - Magnetorquers | - Magnetorquers | - Magnetorquers § - Magnetorquers
i -20°C to +40°C | -10°C to +70°C | -40°C to +80°C -30°C to +50°C [ -45°C to +40°C
temperature
2.05 W ma . 7
Power 2.05 W 850 mW o oy <30W 14w
1.13 Nadir
Cost 130 000 € $56 000 $66 920 $125 000 $75 000

Figure 3.3 4ADCS100 unit characteristics and performances

10
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Figure 3.4 (ADCS100 unit
Modes definition The modes of the mission can be summarized in figure 3.5.
Fully operationnal Orbit
Partially operational
Non operational

! '

lllumination Eclipse

| \ | l

Sun-pointing ;-1 Acquisition

71 Communication i Idle :--1 Communication

Figure 3.5 Mission modes

Here are also reported important results from the other subsystems, relevant from the ADCS
point of view: Mission Analysis, Electric Power Generation, Telemetry € Telecommunication,
Configuration and Payload. These results were obtained in [6].

11
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3.1 Mission Analysis

The most important design choice has been to shoot pictures while being over the area of
interest between 12:00 and 14:00 in solar time. It is also known as the Local Mean Time (LMT).

In order to satisfy this constraint, two orbits have been investigated: 1SS (400km) and SSO
(650km). Each orbit will be studied with its relative attitude.

ISS orbit The orbital parameters are provided in table 3.1.

Table 3.1 1SS orbital parameters

Semi-major axis (km) about 400
Eccentricity (-) 0.0003830
Inclination (deg) 51.6416

RAAN (deg) 321, 9140 or user defined
Argument of perigee (deg) 239.4439 or user defined
True anomaly (deg) user defined

The ground tracks repetition is about 59.5 days, meaning that the Local Mean Time LMT
repeats at the equator each 59.5 days. It is remarkable that for 1-3 days the satellite will see
mostly oceans in the southern hemisphere, independently from epoch, RAAN, argument of perigee
and true anomaly, since the passages are cyclic. The lifetime on this orbit is about 5.5 months, [6].
Similar results have been obtained also for Cygnus Cargo orbit at 500 km altitude. Nevertheless
this solution can increase the lifetime of about 2 years.

Date a [km] | h [km] | i [deg] | e [-] | © [deg] | w [deg] | M [deg]
2019-01-01 00:00:00 | 7033.4 | 655 98.01 0 | 124.71 0 0

Figure 3.6  SSO (655 km) with 7any = 13 : 30. Epoch: January 1, 2019, [6].

SSO orbit First of all it must be stated that the orbit will not be maintained Sun-Synchronous,
since no propulsion is provided on QOUFTI-Nezt. Then, in order to define a Sun-Synchronous
orbit, it is fundamental to provide the LMT at the ascending node, T4, since it will remain
constant due to the orbit properties. After some analysis, [6], it has been decided to have a
Tany = 13 : 30, in order to provide between 12:00 and 14:00 LMT a quite wide range of altitudes,

figure 3.7 on the facing page.

12
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Between Day 1-5

Latitude [deg]
o

-180 -120 -60 0 60 120 180
Longitude [deg]

Figure 3.7 SSO (600 km) with 7axy = 13 : 30. Epoch: January 1, 2019, [6].

It seems that an even higher in altitude SSO is the best solution for OUFTI-Next mission, but
the problem is the necessity to de-orbit without propulsion, since the lifetime will be longer than
25 years, as requested by ECSS. Moreover it is important to notice that, if images are acquired
close to 12:00 LMT, sun glint could be a problem.

As stated before, all the three orbits, will be analysed from the point of view of the ADCS
subsystem. Anyway some important conclusions can be listed:

e On the one hand, ISS orbit has too long and variable (due to drag) repeated ground tracks
and, as a result, it cannot be exploited for smart irrigation experiments. On the other hand
it provides a lifetime compatible with the ECSS requirements.

e SSO orbits provide instead almost constant (low perturbation level) recursions of even 10
days, but the disposal phase remains irresolvable without propulsion.

3.2 Electric Power Generation

From EPS point of view, a preliminary analysis has been carried out, considering only 1 lateral
surface covered by solar panels. This choice is not the best; the optimal configuration is the
following: "2 x 3U panels on a long face as well as on 1U panel on +Z. Indeed, this configuration
can increase the power generated up to 10 W, but the satellite needs to be oriented correctly to
the sun. The optimum is a rotation of -13° around X or Y to see the top face and 45° around Z
to present the corner between two long faces", [6]. In order to understand better, a useful image
from [6] can be used, showing OUFTI-Next from the point of view of the Sun, figure 3.8 on the
next page.

13
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o LeeE

Figure 3.8 Optimum orientation of the platform for the EPS subsystem. View from the sun to the
satellite. The reference frame indicated is different from the one used in this Thesis.

The problem is that Sun-sensors integrated inside the solar panels are quite course: ~ 10 deg.
Some companies integrates finer Sun-sensors inside the ADCS unit, but this is not the case for
1ADCS100. Since the ADCS unit has not been selected yet, both the 1 X 3U and 2 X 3U + 1 X
1U strategies will be studied. In figure 3.9, the power budget in the case of 1 X 3U strategy is

presented, [6]:

Sun pointing

Nadir pointing

ISS (400 km)

SSO (600 km)

ISS (400 km)

SSO (600 km)

12 W

45 W

1.4 W

15W

Figure 3.9 1 X 3U power budget.

These data have been compared with the power consumption levels, figure 3.10 on the next

page.
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SUN POINTING | ACQUISITION | COMMUNICATION
N0, N0 907,
Sub-Systems Nominal 2H /C. Nominal 2l /CA Nominal A /(l
v Margin Margin Margin
ADCS
iADCS100 (Hyperion) | W 1400 1680 1400 1680 1400 1680
GNSS (Hyperion) mW 157 188 157 188 157 188
COM
COM Rx (UHF) mW 240 288 240 288 240 288
COM Tx (VHF) mW 0 0 0 0 1740 2088
S-Band Tx mW 0 0 0 0 2500 3000
BNC (Beacon) mW 250 300 250 300 250 300
EPS
Al mW | 200 240 200 240 200 240
(Clydespace)
OBC
i0OBC (ISIS) mW 400 480 400 480 400 480
PAY
Cooling system (cryo) | mW 0 0 9750 11700 0 0
MWIR detector mW 1 1.2 100 120 1 152
VIS detector - ) il TTE
(E2V Dector) mW 1 1.2 244 292.8 1 1.2
TOTAL POWER mW | 2649 3179 12741 15289 6889 8267

Figure 3.10 Power consumption levels.

4 scenarios are reported in figure 3.11: case 1 is not an interesting one since nothing happens
in contrary to case 2. For this one, the margin is almost 15 %. Moreover, a 20 % margin was
already considered for the consumption. It means that one image per orbit is clearly feasible. One
orbit can be fully dedicated to download data but it can also be done on the same orbit (case 3).

ISS (400 km) SSO (600 km)
Case | Production | Consumption Margin Production | Consumption Margin
1. 42 W 3.1W 1.1 W | 26.2% 45 W 3.1W 1.4 W | 31.1%
2. 42W 3.6 W 0.6 W | 14.3 % 45W 3.6 W 09W | 20%
3. 42W 40W 0.2 W 45 W 40W 05W | 111 %
1. 42 W 41W 01W 45 W 10W 05 W | 111 %

Figure 3.11  Power budget (cryocooler) on two orbits (mean power and 20 % margin on the consumption).
Two orbits considered: SSO at 600 km with 74nx = 13 : 30 and the ISS orbit. Scenarios: 1: Sun pointing
during full illumination and idle in eclipse. Scenario 2: Sun pointing + acquisition (4 min) during full
illumination and idle in eclipse. Scenario 3: Sun pointing + acquisition (4 min) + communication (8
min) during full illumination and idle in eclipse. Scenario 4: Sun pointing + acquisition (4 min) during
full illumination and idle + communication (8 min) in eclipse, [6].

3.3 Telemetry & Telecommunication subsystem

From the TMTC equipment point of view, there is a S-band antenna body mounted on one
of the lateral surfaces not covered by solar panels. Being the platform symmetric, it has been

15
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decided to place the antenna on the -Z face. It has been demonstrated that the visibility time
during a passage above Liege is on the average (among the 3 orbits studied) about 6 min, meaning
that with a simple nadir pointing with the -Z face we can download more than 1 image per
passage, being the time requested to download an image, [6]:

8 bits | 10 bits | 12 bits | 14 bits
S band (1 Mpbs) | 2.6s | 3.3s 3.9s 4.6 s

Figure 3.12 Time to download 1 image in S-band, depending on the bit depth.

In order to receive the signal, a passive antenna has been considered to be sufficient [6].

3.4 Configuration

The CubeSat is made by 3 standard units, each of them is typically 10 cm x 10 cm x 10 cm.
Nevertheless a 3U CubeSat is usually a little bit bigger; for simplicity the overall volume will be
kept 10 cm x 10 cm x 30 cm.

Table 3.2 ADCS subsystem inputs

Mass (kg) 2-4
Platform dimension (CubeSat Units) 3
Payload volume (CubeSat Units) 1.5

A CAD drawing is presented in figure 3.13 .

UHF/VHF antennas

li&)lar planels

Platform (COM, PWR, OBC)——

—— ADCS module
Star Tracker —

— Payload
Radiator

Figure 3.13 OUFTI-NEXT CAD model. The reference frame indicated is different from the one used
in this Thesis.

The center of mass is estimated to be +1.6 cm from the geometric center of the CubeSat. A
preliminary mass budget is presented in figure 3.14 on the facing page.
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Sub-Systems Stjmdnr(.l
; configuration
ADCS
iADCS100
(Hyperion) g 20
GNSS . 15
on) ° -
GNSS antenna 5 25
COM
UHF/VHF transceiver | g 85
UH/VHF antennas g 85
S band transmitter - b
(Nanoavionics) L e
S band antenna 3 50
EPS
3U EPS . 6
(Clydespace) =
Batteries g 250
OBC
iOBC (ISIS) g 94
PWR
Solar arrays g 350
STR
ISIS 3U g 303
PAY
Crycooler
+ MWIR detector g 400
(Sofradir)
VIS detector g 100
Optical system g 150
Interface g 200
payload/platform
Radiator g 125
TOTAL g 2780.5

Figure 3.14 Preliminary mass budget

3.5 Payload

The payload is an Infrared camera, seen as a "black box" of 1.5U with an output oriented
in the -X face and located on the bottom of the platform. The remaining part of the satellite
is dedicated to the other subsystems. ADCS unit will be located almost in the middle of the
platform.

From the point of view of the pointing budget, in [6], a preliminary estimation has been
carried out, table 3.3, based on the work of other two master thesis, [15] and [3].

Table 3.3 Preliminary pointing budget

Accuracy 0.1 deg (6 arcmin)
Stability ~ 0.01 deg (0.5 arcmin)
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Chapter i

Ephemeris Generation

The simulations of OUFTI-Next are provided with a model considering the orbit and attitude
dynamics decoupled. In further developments of this Thesis for the ZodiArt mission, a fully
coupled model will be implemented, exploiting a unified states model.

In order to obtain the ephemeris of OUFTI, an orbital propagator has been implemented in
Matlab™. It is based on the restricted 2-body problem perturbed equation:
d?r
== —r%r +p (4.1)
where r is the position vector, p the Earth planetary constant and p the perturbation vector.
This last vector has been obtained considering the perturbations induced by:

e Earth oblateness.

e FEarth zonal harmonics.

Sun and Moon third body perturbations.

o Geomagnetic field.

Solar radiation pressure.

Atmospheric drag.

considering the spacecraft as a point mass with the maximum cross-area and the actual mass of
OUFTI-Next.

All the previous perturbations have been implemented following the equations reported in [5].
The Matlab class is able to compute both the ephemerides and the osculating orbital elements
through Gauss planetary equations, once the initial conditions and p are provided, working in
parallel on 4 physical CPU cores:

dh __
E_Tps

e — %sin@pr + 25 [(B? + pr)cosd + per]ps

e i[%cos@pr —(r+ %)sin@ps}
(4.2)

dQ r -
‘dt — hsin iSl'fl(OJ + e)pw

i = T cos(w + 0)pu

dt

dw 1

2 2 . ;. 0
&= —E[%cosﬁp,« —(r+ %)sm@ps] — ren(wth)

htan 1 Dw
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where:
- h?
e r= 1(14+ecosh)
e h: Angular momentum.

e ¢: Kccentricity.

Q: Right ascension of the ascending node.

i: Orbit inclination.

w: Anomaly of the perigee.

0: True anomaly.

In order to exploit this set of equations, vector p must be decomposed along the non-inertial
LVLH frame.

Here the 1SS and SSO orbits are represented respectively after 1 day, 10 days and 1 month,
without station-keeping.

1 day

1 month -

uuuuu
nnnnn

aaaaa

nnnnn

Figure 4.1 1SS orbit perturbed, initial epoch: 01/01/2019 at 12:00:00 GMT /UTC+-0.
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1 month
10000
5000
0
-5000
-5000
0 10000
5000 5000
10000 0
X [Km] -5000 Y [km]

Figure 4.2
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1 day

10000

5000 /

-5000
S
5000 N
LEEEN 10000

5000 > 5000

0000 S 0
10 days X K] " e
10000 |
5000 . /
0
5000
-5000 B
\ _
0 /\/‘ 10000
5000 N\ 5000
P
10000 N < 0
X [Krn] 5000 Y [km]

SSO orbit perturbed, initial epoch: 01/01,/2019 at 12:00:00 GMT/UTC+O0.
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Chapter 5

Simulator

5.1 Choice of the software

One of the most used softwares for system control design is Simulink™ and for this reason, a
preliminar and simplified analysis on the feasibility of some maneuvers, eventually implemented
for this Thesis, has been performed with it. Nevertheless, Simulink™ is not the best option when
more complex systems have to be coded and optimizations algorithms have to be run in parallel.
As a result, it has been decided to use Matlab™. The only exception is the de-tumbling phase, for
which it has been used a Simulink™ model, as it will be explained in the next sections.

In order to make easer to follow the development of the simulator, a Simulink™ model will be
used to graphically help the reader. This model is a simplified version of the one implemented in
Matlab™ and has been developed at the beginning of this work.

The ADCS loop shown in figure 5.1 is coded in the Simulink™ model represented in figure 5.2
on the next page.

Free rigid body equations of motion +
disturbance torques

Attitude Control

Attitude determination

Figure 5.1 ADC subsystem feedback loop.
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k¢
mass [kg] E’

length [m]
0.1

h inertias

height [m]

width [m]

Inertias calculator

Model Integration

Orbit Model

w_bl_r

w_bn_r

Control

A_lvih

Determ.Error

Sensors and Determination

TG

B r_abs

Figure 5.2

Cd
Disturbances

ADC subsystem coded in Simulink™.

This chapter will be subdivided in sections, describing each element of the loop and the logic

behind their implementations.

5.2 ADCS main input data

The preliminary design of the ADC subsystem has been based on the iADCS100 unit charac-
teristics and then, only after having performed all the simulations with these data, a trade-off will
be done with respect to the KUL unit. Here are reported the fundamental data obtained from
iADCS100 datasheet [10], and contacts with Hyperion, the company supplying this device:

e Maximum/minimum dipole moment of magnetic torquers: +0.4 Am?.

e Maximum/minimum reaction wheels torque: +0.1 mNm.

e Maximum/minimum reaction wheels momentum storable: £6 mNms.

e Gyros drift ramp: =~ 18.5 deg/h.

e Number of observable stars by the star tracker: 6.

e Star tracker accuracy: 30 arcsec.

e Star tracker update frequency: 5 Hz.
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Then the remaining parameters were obtained from literature:

® p,, the surface absorption coefficient, assumed ~ 0.9203, [13].

e pg, the surface diffusive coefficient, assumed = 0.03, [13].

e pg, the surface scattering coefficient, assumed = 0.0727, [13].

e m = [5e™% 5e~4, 5e~%] Am?, the residual dipole moment, from [19].

It is important to remark that the following relation must be respected when selecting the
proper optical coefficients for the CubeSats surfaces:

Pa+ ps +pa =1 (5.1)

In the case of OUFTI-Next, it has been assumed to have the coefficient referred to the solar panels
also referred to all the faces, since the longest mission phases are the Sun-pointing ones and the
values are easier to be found, since the optical properties of the surfaces without solar panels are
not known yet.

5.3 Kinematics

Disturbances d

Disturbances d

Euler Equation Integration Quaternions Integration

Disturbances d G @

B Euler_eq 21 @
Control u w_bn
o

Level-2 MATLAB w_bn

S-Function

Figure 5.3  Kinematics blocks in Simulink™.

The dynamics has been modeled using Euler equations:
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s Ia—I3 u1+ds

w1 = T waws + T1

s Is—1 uz+d

o = L3zl g + U2fdz (5:2)
. I —1 d

w3 = 7113 2wowi + 7“3;; 3

where I; are the inertias of the spacecraft, u; the components of torque control vector and d;
the components of the disturbances torques. From the angular velocities, the 4 components of
the quaternion representing the attitude of the spacecraft are obtained integrating:

0 w3 —Ww2 Wi
. 1 —Wws3 0 w1 w2
Q=510 0, 0 w9 (5.3)

—W1p —W2 —Ws 0
The initial velocities depend on the mission phase:
e De-tumbling will be initiated with random initial conditions distribution centered in 0.5 rad/s

e If a simulation starts with a phase different from de-tumbling (like during nominal phases
of the mission after having de-tumbled the spacecraft), it will be initialized with random
initial condition distribution centered in le=3 rad/s.

e All the other phases will start after a previous one and, as a result, their initial conditions
will be the final state of the previous phase.

Once the Euler equations have been integrated, the angular velocities in body frame, wp /n,
are obtained and used to integrate the quaternion with the following initial condition: go =
[1/v/3, 1/4/3, 1/4/3, 0] (unit quaternion). The quaternion obtained is then transformed in the
body-fixed frame representing the actual attitude, Ay /y,.

5.4 Orbital model

At this stage of the Thesis development, the orbital motion is fully decoupled from the attitude
dynamics. This means that the model will exploit a spline interpolation of the OUFTI ephemeris
and Sun-satellite vector computed before the simulation. Spline interpolation has been preferred
to the linear one, since it avoids discontinuities in interpolated vectors, which would affect strongly
the numerical integration. In this block the following quantities are evaluated:

e Position vector, through interpolation.
e Velocity vector, through interpolation.
e Sun-satellite vector, through interpolation.
then the angular momentum vector is obtained through:
h=rxv (5.4)

After having obtained this quantities, the reference body-fixed frames are evaluated depending
on the mission phase. These matrices represent the desired attitude and will be discussed in
the sections dedicated to each phase. Each raw of these matrices is a desired direction of the
body-fixed frame and since they are referred to the LVLH frame, they are indicated as Apvrm-.
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5.5 Disturbances model

TORQUE + MA

§® 0

oo 4l Tiagret o Longiuds Latiodet
GEOMETRY

s

'SOLAR RADIATION PRESSURE TORQUE

C3 )
TSRP.

SR Torque.

= s 4
T

SRP T Ldsp
|

ToWorkspace2

4
SUNG aatn

Figure 5.4  Disturbances blocks in Simulink™.

The disturbances are torque vectors, d, that will be inserted in the 3D rigid body dynamics of
the spacecraft. The following sections will analyze in detail the 4 main sources of disturbances:
atmospheric drag, solar radiation pressure, geomagnetic field interaction and gravity gradient.

5.5.1 Atmospheric drag

The atmospheric drag is:

1
Fdrag = __p(h)CdAcrossvgelﬂ (55)
2 l[vret|

where:

e p(h) is the density model dependent on the altitude h.

Urel 1s the relative velocity between the CubeSat and the Earth (in body frame).

Cy is the drag coefficient (here assumed to be 2.22).

e A...ss are the cross sectional areas perpendicular to vye;.
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S

Figure 5.5  Spacecraft surface with respect to relative velocity.

The model used for atmospheric density is a simple exponential model:

h — ho
H

p = poerp [—

where:

e p is reference density.

e hg is the reference altitude.
e H is the scale height

H varies from 7.25km at the Earth’s surface to 268 km at 1000 km altitude. H is the altitude
over which the density changes by the value of e = 2.72. The reference density varies from
1.225 kg/m3 at the surface to 3.019 x le—15 kg/m? at 1000 km altitude [20]. The source for
the previous parameters, depending on the height, is Wertz, 1978, 820, which uses the U.S.
Standard Atmosphere(1976) for 0 km, CIRA-72 for 25 — 500 km and CIRA-72 with T, = 1000 K
for 500 — 1000 km. The scale heights have been adjusted to maintain a piecewise-continuous
formulation of the density.

In order to obtain the overall torque vector acting on the CubeSat, the force vector is multiplied
by the arm between the point where the force is applied and the assumed center of mass, . Since
its position is uncertain or dependent on time, a 10% error has been considered. Obviously, if the
product between the surface’s normal and the relative velocity is less than 0, the resulting torque
is null. In index form:

n
1
—3P(W)Cav} ey LrixiprEpA o (igrag) > 0

0 (nipgza) <0

Tdrag =

5.5.2 Solar radiation pressure

The solar radiation pressure can be modeled in a similar way to the drag torque, starting
from the force expression, [2]:

2
Fspp = PAcross [pa(S : N) + 2ps(s ’ N)2 N + gpd(s : N)] (58)

where:
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e P is the average pressure due to radiation, P = 4.563 x 1076 N/m?.

S is the unit vector pointing from the Sun to the surface as shown in figure 5.6.

N is the surface normal vector.

pa is the surface absorption coefficient, assumed =~ 0.9203, [13].

pa is the surface diffusive coefficient, assumed ~ 0.03, [13].

ps is the surface scattering coefficient, assumed ~ 0.0727, [13].

A s

Incoming
Photons

7

Specularly
Reflected
Photons

Figure 5.6 Incoming photons impacting on a flat surface.

As for the drag, in order to obtain the overall torque, a multiplication times the arm is required
and, as before, a 10% error has been considered in the position of the centers of pressure on
OUFTI-Next surfaces:

" Tep. i X Tarag; (S x N) >0
Td'r‘ag = z; P drag ( b ) (59)
0 (So x N) <0

As we can notice from the formula above, if the Sun-Earth vector projection on the surface
normal is negative, there is no SRP torque.

In order to simulate more precisely this effect, an eclipse model has been implemented. The
algorithm was proposed by Vallado in [20]:
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Figure 5.7 Vallado’s light-shadow model

All the vectors are normalized with respect to the Earth radius and a and b represent
respectively the Sun vector|20](assumed mission day-one: January the 1% 2019 at 12:00 A.M.)
and the CubeSat position vector. ¢, instead, can be obtained as function of 7,,;, as follows:

|C(7'mm)|2 =(1- 7',,”;n)|a|2 + (@ b)Tmin (5.10)
and
a-(a—Db)
min — . 1| A1
T, a—b) (5.11)

In this way, once found Ty, “if Tmin < 0 O Timin > 0, there is line-of-sight between the two
vectors. From fig.5.7, this is reasonable because both vectors are in the same quadrant with
respect to the attracting body. If 7,,;, falls between 0 and 1, substitute its value into eq.5.10 to
determine the square of the magnitude at the minimum location. If this squared magnitude is
larger than (or equal) to 1, line-of-sight exists. In all remaining cases, it does not."[20]

5.5.3 Geomagnetic field

The Earth magnetic field has been modeled with the Matlab™ build-in function wrldmagm.m,
[23], which evaluates the Earth magnetic field components in the years between 2015 and 2020,
requiring as inputs:

e Height in meters.

e A scalar geodetic latitude, in degrees, where north latitude is positive, and south latitude is
negative.

e A scalar geodetic longitude, in degrees, where east longitude is positive, and west longitude
is negative.

e A scalar decimal year. Decimal year is the desired year in a decimal format to include any
fraction of the year that has already passed.
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The function output, once obtained in inertial reference frame, is then transformed in body-frame
coordinates through:

By = Ap/nBn (5.12)

Finally the magnetic torque can be computed, considering as CubeSat internal induction, m:

Tmagnetic =mX Bb (513)

It is important to underline the limitations of this model, as reported in [23]: “The WMM
specification produces data that is reliable five years after the epoch of the model, which begins
January 1 of the model year selected. The WMM specification describes only the long-wavelength
spatial magnetic fluctuations due to the Earth’s core. Intermediate and short-wavelength fluc-
tuations, contributed from the crustal field (the mantle and crust), are not included. Also, the
substantial fluctuations of the geomagnetic field, which occur constantly during magnetic storms
and almost constantly in the disturbance field (auroral zones), are not included.”

In order to reduce the computational time of de-tumbling phase, an approximated Earth
magnetic field model, based on the “Schmidt normalized associated Legendre Polynomial" has
been implemented and it will be described in the section dedicated to de-tumbling phase.

5.5.4 Gravity gradient

The gravitational disturbance is modeled as follows:

3
Tyravie = 7’; / (ro - 1) (1 X 7)dm (5.14)
B

where 7 is the CubeSat position vector and 7y is the vector connecting its center of mass
to the infinitesimal cube of mass dm. In order to get an easier expression, the torque can be
rearranged in this way:

(y2 - 22)0203 34 (-73 - 12)0203
Tgravit = / (2’2 — $2)0103 dm = ﬁ (Il — 13)0103 (515)
% L@ —y?)eren (I2 — I1)cica

where, being # the normalized position vector:

C1 Tx
c2 | = nadir direction = — |7y, (5.16)
C3 TAZ

31



5. SIMULATOR

5.6 Sensors and determination

Free rigid body equations of motion +
disturbance torques

Figure 5.8 ADCS feedback loop with sensors € determination block highlighted.

The aim of the sensors & determination block is to introduce noises and measurement errors
inside the integrated states, in order to simulate the sensors accuracy effect on the system and
then reconstruct the state, thanks to the determination algorithm. In order to do that, first the
models of sensors have been analyzed and then two different determination strategies have been
adopted.

It is important to remark, since the beginning of this section, that in the final simulation no
white noises nor sensors update frequencies have been simulated, since they would slow down
the simulations too much. Indeed, they affects quite heavily the computational time, since the
mission profiles to be simulated are characterized by long time intervals to be integrated. During
the work, the presence of noises and update rates, has been implemented on simplified and shorter
simulations, providing positive results in terms of accuracy of the determination even in presence
of this kind of effects. In chapter 9 the simulation of the final and complete models for short
time intervals, considering also this sources of measurements errors to show the effects on the
determination, will be provided.

In this section the models of the main sensors (star tracker and gyros) are described, as well as
the determination algorithms used.
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5.6.1 Gyros

armature Angular Momentum of the device

O = Z (output)

S=Y (spin) h=|1 o

J.9

I1=X (mput) z
Figure 5.9  Gyros scheme.

In order to model the gyros, the angular velocities in body fixed frame, wy;n, should be
perturbed by the accuracy matrix presented in eq.11.12, where the argument of trigonometric
functions are the accuracy on each axis and by a dynamic Gaussian noise expressed as follows:

cos(V)cos(0)  cos(y)sin( )sm(¢1)b+ sin(v)cos(p)  —cos(y)sin(0)cos(P) + sin(v)sin(@)

A = | —sin(Y)cos(0) —sin(y)sin(0)sin(y) + cos(v)cos(0)  sin(y)sin(0)cos(v) + cos(w)sin(6)
sin(0) —cos(0)sin(¢) cos(0)cos(9)
(5.17)
Wh/n,real = AcAp/nWy/pn + Noise (5.18)

where:

notse = n; + Ny,
Ne = 0¢e Mesurement noise (5.19)
Ny = N (t — 0t) + 0Vt Drift rate ramp — Float torque derivative noise

e (; is a normally distributed random variable with 0 mean value and standard deviation 1.

e 0 is the standard deviation (according to Hyperion, o, ~ 10~%, while the drift rate ramp is
equal to ~ 9¢° rad/s).

= 0.0025 s).

e 4t is the sampling time (usually around m

The rate ramp of the gyros causes a continue decrease in accuracy with time, but this noise

source is set to zero 5 times per second, when the star tracker provides an estimation of the state
(as it will be reported later, the update frequency of the star tracker is 5 Hz).
According to Hyperion, the accuracy of the gyros is higher to the one characterizing the star
tracker, which is the highest among sensors for ADCS, and for this reason no multiplication times
A, is requested. The model above for the noise, will be used in following dedicated simulations
to test Gaussian noise effects on the complete model.
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5.6.2 Star tracker

Figure 5.10  ST-200 star tracker by iADCS100.

The star tracker used in iADCS100 is the ST-200, figure 5.10, whose characteristics are the
following:

e Number of observable stars: 6.
e Accuracy: 30 arcsec.
e Update frequency: 5 Hz.

Usually a star tracker is not equally accurate along each axis: it is less accurate around the
optical axis (when the star field rotates) and it is more accurate along the two axes perpendicular
to it (when the star field translates). Nevertheless, according to Hyperion flyer [10], the accuracy
declared is equal along the 3 axes.

The star tracker is a sensor capable to obtain directly the attitude of the satellite, the matrix
Ay /n, through an algebric law, that will be presented afterwards. In order to model its output,
Ap/n, should be perturbed by the accuracy matrix presented in eq.11.12, where the argument of
trigonometric functions are the accuracies on each axis (30 arcsec) and then, once transformed in
quaternion, a random Gaussian noise will be added.

Ab/n,real = AeAb/n (520)

Ab/n,real —4q (521)
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Qreal = q + noise (5.22)

5.6.3 Kalman filter

Theory The Kalman filter is an algorithm capable of obtaining an estimation of the state, with
the additional knowledge of the covariance matrix of the state error, P, representing the deviation
with respect to the actual state, starting from noisy measurements. It is the best way to estimate
the state starting from measurements subjected to Gaussian noise with 0 mean value, like the ones
provided by spacecrafts’ sensors and at the same time have an estimation of the determination
error, through P. In this paragraph a short theoretical description is provided, based on [21].

The filter assumes that the state variables are random and with a Gaussian distribution,
figure 5.11.

N unbiely v
1 !
) .
“ mean Y
) | -
c &Y . ‘
“ . \3;:&9;.:& variante in velocity, o, -
be the ceal ore

R velocity i volml‘y ”

Figure 5.11 Kalman filter and the random state with Gaussian distribution, [21].

Then looking at the current state, zj_1, it predicts the next state, Zj, according to the
dynamical model, Fj. In a similar fashion it is possible to obtain also the predicted covariance
matrix, Pj_1, figure 5.12

X = Fy Xg—1

P, = Fy P, (FT P

P.s-ﬁor\
~ N\

K~1

W

Fy represents the dynamical model -
Note that: V0|°Cdt‘7
Cov(x) =2

Cov(Ax) = ATAT

Figure 5.12  State and covariance matrix prediction, [21].

In order to be robust against some unmodelled dynamics or external disturbances, an additional
uncertainty, @, is applied to the predicted covariance matrix, figure 5.13 on the following page.

35



5. SIMULATOR
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Figure 5.13  Additional uncertainty addition to predicted covariance, [21].

The predicted value has to be refined with measurements from sensors. As for the state, it is
possible to obtain the expected measurements and their covariance matrix from the current state
and through the measurement model, Hy, figure 5.14.

Hexpected = Hy Xy,

seasor A reading-

Pnb'\
4

— T
2:ex'pected - HkPka He —

\
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v

v

leav Seaser L ru‘m’

Figure 5.14 Measurements and their covariance matrix prediction, [21].

Sensors instead produce given measurements z; with an associate uncertainty, Ry. Multiplying
the estimated state obtained through the measurement model and the obtained measurements

together with their Gaussian distributions, it is possible to obtain the Kalman update factor,
Zk — Hkik, ﬁgure 5.15.
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Figure 5.15 Update factor evaluation, [21].
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Finally, the complete formulation is here reported:
Prediction

Tp = Fplp—1
P = Fy Py F' + Qx

Update
Ty = &k + K'(2x — Hid)

P, =P, — K'H,P,

K' = PoH} (Hy P H! + Ry)™*

Kalman filters main kinds There are three main kinds of Kalman filters:

e Linear Kalman filter, as the one presented in the previous paragraph.

(5.23)

(5.24)

(5.25)
(5.26)

(5.27)

o FExtended Kalman filter, used for non linear models and based on their linearization.

o Unscented Kalman filter, used for non linear models.

The extended kalman filter has a similar formulation with respect to the linear one:

Prediction

& = f(Tr-1)
P = Fy Py FF + Qp

Update
LlA’J;C =T + K/(Zk — h(i‘k))

Pl =P, — K'H,P;

K' = P.HL (H P HI + R;) ™!

where f and h are the non linear models of the dynamics and measurements.

In this case Fj and Hj, are the Jacobians of the models:

_of
Fk—%
oh
Hk—%

(5.28)

(5.29)

(5.30)
(5.31)

(5.32)

(5.33)

(5.34)

The limitation of this kind of filter is that they do not guarantee good accuracy if the system
non linearities are severe, because it relies on linearization for mean and covariance update.
For this reason the filter selected for OUFTI-Next ADC subsystem is the unscented Kalman

filter, which is not based on linearization.

Unscented Kalman filter The unscented kalman filter is based on unscented transformations:

1. Sample points (sigma points) are used to approximate the state distribution.

2. They are popagated through the non linear dynamical model.

3. Their propagation can be used to reconstruct the posterior state mean and covariance.
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In this kind of filter no Jacobian nor linearization are requested. In figure 5.16 it is possible
to understand graphically the differences among the three kinds of Kalman filters.

Actual (sampling) Linearized (EKF) uT
sigma points ~__
covariance )
(c]
(0]
mean °
| |
‘ y = (%) Y =£(x)
_ T
y = f(x) P, = ATPA weighted sample mean
l l and covariance
f (X) ___— transformed
true mean ‘ e* sigma points
true covariance b
; - UT mean —
ATP, A 9 ©

UT covariance
Figure 5.16 Three main kinds of Kalman filters compared, [8].

The procedure to implement it in the simulator is here schematically reported and it is based
on, [24]:

1. The input of the filter are:
e L, the number of states to estimate, in the case of OUFTI they are 7 (3 angular velocities
and 4 quaternion components).

e m, the number of measurements available, in the case of OUFTI they are 7 (3 angular
velocities and 4 quaternion components).

e f the dynamical model.

e h, the measurement model (it has been decided to be just the output of the integration
for simplicity).

e , standard deviation of the process.

e 1, standard deviation of the measurements.

e P, the initial state error covariance matrix, commonly initialized as P = I.

In the case of OUFTI, the standard deviation of the measurements is 1.5e~* for the star
tracker, according to its accuracy, and le~* for the gyros according to the typical measure-
ments noise level. Then @ and R will be the covariance matrices respectively of process
and measurements (diagonal matrices filled by the square of the standard deviations of the
process and measurements). In order to find the proper value for the standard deviation
of the process, some simulations have been performed and after having compared the
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determination errors, the value selected has been 1. Moreover the covariance matrix of the
process, representing the uncertainties on the model (equations), has been defined as equal
to the identity I , also because in this way we are accounting for dynamics not modeled,
“smearing” artificially the next-step normal distribution, increasing the uncertainty of the
prediction and raising, as a consequence, the probabilities of finding a good estimation of
the state vector.

2. The state and measurements are perturbed with a white noise with 0 mean value and
standard deviation defined above, but, as explained before, no noises have been implemented
for the moment and, as a consequence, they are perturbed by a fixed value corresponding
to the standard deviations (worst case).

3. Some parameters are defined, according to [11]:

e k=0

oa:\/g

e =2

e \=0a*(L+k)—-L
ec=L+)\

4. Then the weights vectors (of length 2L + 1) are evaluated:
o« W= [2,[25,05 ]

c’lc c

o W.=W,,
o W.(1)=W.(1)+ (1 —-a?+p)

5. At this point the state sigma points are generated around the state, x:
A = \/c chol(P)T (5.35)
where “chol” means: Cholesky decomposition.
X=[xA+Y Y —A] (5.36)

where Y is an L x L matrix full of ones and X dimension is L x 2L + 1, containing the
2L+1 sigma points of the state.

6. The state sigma point, k, is then propagated through the dynamical model by an unscented
transformation:

Y (k) = (X (s, k) (5.37)
as well as the mean value vector, y:
y=Wpn (k)Y (k) (5.38)

providing finally the transformed deviation from the mean value, Y7, subtracting to each
column i of Y the vector y:

Yi=Y(:,i) -y (5.39)
and the transformed covariance of the state error, Py:
Wea 0 0 0 0
0  Wee 0 0 0
_ 0 0 Wegs 0 0 T
P=Y 0 0 0 W 0 Y." +R (5.40)
0

0 0 0 0 0 Wear+1
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7. Same procedure must be followed for the measurements unscented transformation.

8. Then the transformation of the cross-covariance, P;a:

W.i 0 0 0 0
0 Wep O 0 0
B 0 0 Wes O 0 T
P12 = Pl,s 0 0 0 WCA 0 Pl,m (541)
0

0 0 0 0 0 Weart

where P, is the covariance of the state transformed and P, is the one of the measure-
ments.

9. The Kalman matrix K is evaluated:

K =Py, ! (5.42)

10. The state is updated:
z=y+ K(z—v) (5.43)

where v is the measurements mean value as y is the mean value of the state.

11. Finally the covariance of state error is updated:

P=Y, - K(P;") (5.44)

It is important to remark that, since the unscented Kalman filter is based on a weighted
sum, it is not guaranteed that the estimated quaternion is unit. As a consequence the
quaternion must be normalized after each estimation.

Numerical instability issue Unfortunately, the addition of such a non linear determination
algorithm makes the simulation to slow dramatically down when a steady state condition is
reached and maintained for long time, as commonly happens in each mission profile that will be
presented. Each solver of Matlab™ tries to reduce the time step in order to drive the system
eigenvalues inside the regions of numerical stability, without success, resulting in a numerical
instability. A future development of this work could be the evaluation of the system eigenvalues
linearizing the model around different reference points and verifying the numerical stability for
each solver. In any case, even trying different solvers, the issue could not be solved and it has been
decided to maintain the unscented Kalman filter only for the most delicate phase, the picture
acquisition, also because it is the shortest in time.

For all the other phases, an algebric algorithm has been implemented, based on the star tracker
characteristics.

5.6.4 Algebric algorithm

The star tracker provides multiple vectors of observations in the body-fized frame, 04, O,
03, e Oi, and has in its memory a star catalogue with stars position vectors in inertial frame,
S1, S2, S3, ..., S;. From this informations it is possible to retrieve the body-fixed frame matrix,
Ap/n, using the following expression:

O; = Ap/nSi (5.45)
If we consider the 6 stars observable by the star tracker ST-200, the equations will be:
|:01 02 03 04 05 06:| = Ab/n [g]_ Sz S’g ‘§4 5’5 Sﬁ] (546)
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Apjn = 01 02 O3 04 O3 06] [5'1 Sy S5 54 S5 Se (5.47)
where “ * 7 indicates the Moore-Penrose pseudo-inverse operation (a generalization of the inverse
operator for rectangular matrices), since the matrices are not square.

An example of star catalogue, in particular the one used in these simulations, is the following,
[22]:

BRIGHT STARS, J2017.5

Designation BSI\?E R A;R,lcil:‘im Declination| Notes vV |U-B|B-V Spectral Type
hm s P
17 SS Lep 2148 | 0605460 | —162912 |sb 492 +020| +0.21| Ap (shell)
2180 (0609420 | —222554 5.49| -0.01 | +0.01| AOV
5 4 Mon| 2227 |0615426| —061653 |d 399( +132| +127| K1 Ba 05
7 Mon | 2273 | 0620334 | —074953 |db 527( -018| —0.18| B25V
2 A CMa| 2294 | 0623283 | —175757 |svdb 198 —024| —024| B1II-II
2305 | 0624593 | —113226 521 +123| +1.18| K31
&' CMa| 2387 (0632351 | -232555 |vdb 434( -025| -024| B1II
2392 (0633361 | —111049 |dsb 630 +1.10 | +095| G9.5TI:Ba 3
5 &% CMa| 2414 [0635474 | —225847 454 —004| —001| AOII
7 v? CMa| 2429 (0637269 | -191619 395( +104| +1.02| K15II-IVFel
8 »® CMa| 2443 [0638396| —181513 |dm 442 +1.14| +1.12| K051
9 o CMa| 2491 |0645348 | —164430 |odbnl8| —1.44| +0.01| —0.02| AOm Al Va
v592 Mon | 2534 | 0651329 | —080345 |sv 6.31| +0.01 | +0.03| A2pSrCrEu
16 o' CMa| 2580 |0634516| —241226 |s 389 +1.74| +1.58 | K2Iab
14 # CMa| 2574 | 0655002 | —120342 408 +142| +1.49| K41
20 ¢ CMa| 2596 |[0656551| —170441 436( -006| +0.01| B3I
24 o CMa| 2653 | 0703453 | —235136 |vash 3.02( -0.08| —0.03| B3Ia
23 4 CMa| 2657 (0704330 —-153937 411( -0.11| —-0.05| B8 II
25 & CMa| 2693 | 0709062 | —262519 |dasb 1.83| +067| +0.67| F81Ia
27 EW CMa| 2745 | 0714580 | —262301 |dbm 442( —017| —0.12 | B3 IIlep
28 w CMa| 2749 | 0715313 | 264814 401 -015| —0.08 | B2IV-Ve
30 7 CMa| 2782 | 0719261 | —245914 |vdbm 437 -013| -0.10| 09 1T

Figure 5.17 Example of star catalogue used in this Thesis, [22].

Then as explained in the star tracker model description, a bias matrix, A, is multiplied to
the obtained body-fixed frame matrix, Ay, in order to take into consideration also the star
tracker accuracy.

Ab/n,real = AeAb/n (548)

Graphically this algorithm can shown as in figure 5.18.
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‘ Al
X
Q]? % (—)}7 _> éﬂ
Figure 5.18  Algebric determination algorithm scheme.

In this way it has been possible to simulate without any numerical instability the longer
phases of the mission, figure 5.19 on the next page.
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Sun-Pointing & Downloading Picture acquisition

Free rigid body equations of motion +
disturbance torques

Free rigid body equations of motion +
disturbance torques

Attitude Control Attitude Control

Attitude determination Attitude determination

Algebric Algorithm UKF

Figure 5.19 Determination strategy depending on the mission phase.

5.7 Control

Free rigid body equations of motion +
disturbance torques

Attitude Control

Attitude determination

Figure 5.20 ADCS feedback loop with control block highlighted.

According to the stability theory of non linear systems, the control law of a PD controller
shall be based on a Lyapunov function, H(q), dependent on the state, such that for asymptotic

stability:
o H(x) >0,V x# 2
o H(z) =0, for z = x4
o H(z)<0

and for Lyapunov stability:
o H(z) >0,V x # 2

o H(z) =0, for z = x4
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° H(m)§0

For the simulator implemented, the method to represent the reference frame are the quaternions
and, as a consequence, it has been selected a Lyapunov function based on the scalar number of
the error quaternion, g 4:

H(gea)=1-q24 (5.49)

This particular law has been selected since it is immune to unwinding, which is a typical issue,
when quaternions are exploited. It is due to the not uncertainty about the scalar number sign
while transforming the quaternion to direct cosine matrices and viceversa. The square in the law
has the role to make the Lyapunov function independent from the sign of g 4

Once the control law is selected, the control torque will be:

OH
u=K,>—q(1,2,3) + Kg(wqg — w) (5.50)
8(16,4
U= _ZKerAqe(la 2, 3) + Kd(wd - w) (5'51)

where:

e K, and K are respectively the proportional and derivative constant, both positive.
e wy are the desired angular velocities.

® . is the error quaternion between the actual attitude matrix, Ay /y,, and the desired one,
Arvig, transformed in quaternions.

In order to find g, the following steps are requested:
1. Transform the Apyv g matrix in control quaternion: qe.

2. Compute the error between the actual quaternion g and the control one g, exploiting the
quaternion multiplication:

de = (qc)il ®q (552)

Meaning, in matrix form:

G4c q3c —q2¢ —(ic
—q3c G4c q1c —(q2c
= 5.53
de q2c —q1c G4c —43c q ( )

qic q2c q3c G4c

Where, if g. = [0 0 0 1], it means that g, = q.

5.8 Actuators

itADCS100 is equipped by the common actuators available for CubeSats: magnetic torquers
and reaction wheels. In this section their main characteristics will be described, as well as their
implementation in the simulator.
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5.8.1 Magnetic torquers

Reaction Wheels

Star Tracker

Magnet Torquers

Figure 5.21 2 of the 3 magnetic torquers of iADCS100.

Magnetic torquers are devices producing a dipole moment capable to interact with the Earth
magnetic sphere and turn the spacecraft. In order to command them it is possible to change
the input current flowing in the armatures to change the dipole moment. They will be used
during de-tumbling phase with a control strategy that will be presented afterwards in the section
dedicated to de-tumbling phase. In order to model them, the ideal magnetic dipole requested
is compared with the maximum available from the magnetic torquers and the output will be
eventually saturated. The common configuration is based on 3 of them directed as the spacecraft
axes of symmetry.

5.8.2 Reaction wheels

YAW

Figure 5.22 3 reaction wheels common configuration.
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Reaction wheels are rotating devices with a fixed position inside the CubeSat, commonly, as
in the case of 1tADCS100, they are three and they are directed as the yaw, pitch and roll axis,
figure 5.22 on page 44. They are able to produce a variable torque on the satellite thanks to their
angular acceleration. Their torque equation is:

w= Ah, x w— Ah, (5.54)
where:
e A is the constant reaction wheels configuration matrix, in this case, the unit matrix 1.
e h is the reaction wheels momenta vector.

In order to model their dynamics, from the control required, ug, the momentum required is
integrated, using the following equation:

hra=A""(Ahp 4 x w — uq) (5.55)

bl

and then h, g and flr,d are compared with the maximum and minimum ones provided by the
wheels and eventually are saturated, if they are higher or lower.
At this point the effective torque is evaluated:

u= Ah, X w — Ah, (5.56)

Reaction wheels are characterized by a peculiar issue: during long controlled phases, the wheels
are continuously increasing their momentum in order to counteract the external disturbances.
Once the maximum value of momentum is reached, the wheels can not accelerate and the control
is lost. Once the maximum momentum storable is reached, a de-saturation phase is needed. In
the case of OUFTI-Next a de-saturation phase has been simulated and it will be described in a
following section.

5.9 Mission phases and control strategies

The following three representative missions have been implemented both for 1SS orbit and
$s0, with Nadir and target following picture acquisition strategies. All of them has as initial
epoch: 01/01,/2019 at 12:00:00.

Mission 1
1. De-Tumbling.
2. Sun-Pointing for 24 hours.
3. Sun-Pointing till 30° from target.
4. De-Saturation phase.
5. Picture acquisition phase.
6. Sun-Pointing phase till 10° from Liége.
7. De-saturation phase.

8. Downloading phase (Nadir).
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Mission 2

1. NO DE-TUMBLING PHASE.
Sun-Pointing for 24 hours.
Sun-Pointing till 30° from target.
De-Saturation phase.
Picture acquisition phase.
Sun-Pointing phase till 10° from Liége.

De-saturation phase.

® N o oA W

Downloading phase (Nadir).

Mission 3
1. De-Tumbling.
2. Sun-Pointing till saturation of the reaction wheels.
3. De-Saturation phase for 1 day.

Mission 1 was proposed in order to simulate a typical first operative mission after de-tumbling,
while, instead, mission 2 was aimed to replicate a nominal mission scenario some time after
the de-tumbling phase. Finally, mission 3 was intended to be exploited in order to obtain the
maximum time in Sun-pointing before saturating the wheels and then to simulate what would
happen during longer de-saturation phase, in terms of angular velocities: the behavior of the
CubeSat can be useful to understand more in detail how much energy can be acquired by the
solar panels even during de-saturation. Nevertheless, this point will be investigated in future
design steps of OUFTI project.

5.9.1 De-tumbling

Right after being released by the launcher, the CubeSat is tumbling, meaning that it is spinning
very fast around its axes. The first phase of a spacecraft operational life is the de-tumbling phase.
During this phase the only actuators exploited are the magnetic torquers commanded by a control
law, function of the Earth magnetic field.

The most common and Lyapunov stable law is called B-dot law, since it is based on the derivative
of the magnetic field felt by the CubeSat in body-frame, By:

m = —kBy (5.57)

u=m X By (5.58)

where k is a positive constant and m the dipole moment requested, which will be compared
to the available one and eventually saturated if it will exceed it.

Nevertheless, this law is based on the derivative of the magnetic field in body frame, Bb,
which is a quite expensive quantity to be evaluated computationally speaking. In order to obtain
it, the previous step Ay /y is requested, in order to find an approximate value of By, using finite
differences:

By = Ap/nBn, (5.59)
. By(t)— Byt —
By = b(t) = bt = 7) (5.60)

This procedure is really difficult to be implemented in Matlab™ without increasing dramatically
the computational time. For this reason it has been decided to implement the de-tumbling phase
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in Simulink™, where it is possible to exploit delay blocks in order to retrieve previous values for
By. The model scheme is represented in figure 5.23.

s Y ¥ v v

i= = - 2

i2s calcuiator ‘ Model Integration Orbit Model

width [m]

MTs De-TUMBLING

Saturation

e

MTorques gy

u N
- Real Control
To Workspace

Figure 5.23  De-tumbling Simulink™ model with control block highlighted.

The constant k& can be changed in order to modify the de-tumbling behavior and it can be
also optimized in order to minimize the de-tumbling time. Nevertheless, the computational
time requested to perform an optimization procedure is too long and a possible development of
this analysis could be the simplification of the algorithm, allowing the constant to be optimized
in reasonable time. All the simulations presented in this Thesis have been performed with k = 10°.

For what concerns the de-tumbled condition, fundamental to stop this phase and start the
following one, initially it was thought to use an angular velocity threshold: if the OUFTI maximum
angular rate was below this value for a certain amount of time, the CubeSat was supposed to
be de-tumbled. Then, looking at different de-tumbling simulations, it appeared clear that the
spacecraft could in any case de-tumble in less than 5000 s and then maintains an almost periodic
behavior. For this reason, all the de-tumbling simulations will end at T';nq = 5000 s, around
1h40min.

During this phase no determination algorithm nor sensors models have been implemented,
relaying only on the integrated state, since the spacecraft will rotate too fast for the star tracker
to be used and the magnetometers/gyros models would slow down the simulation too much. The
results are quite robust with respect to the unknown initial tumbling velocity, since the simulation
has been initiated with random initial condition distribution centered in 0.5 rad/s, but it is also
deeply dependent on:

e Residual dipole moment.

e Atmosphere condition at launch epoch.
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e Solar activity at launch epoch.
e Season at launch epoch.

For this reason all the results presented about this phase are to be intended qualitatively more
than quantitatively.

Magnetic field approximated model In order to reduce the computational time of this simula-
tion, an approximated model for the Earth magnetic field has been implemented, based on the
“Schmidt normalized associated Legendre Polynomial:

B=-VV (5.61)
with:
k R n+l n
V(r,0,6) = Re } (:) > (gicos(me) + hiy'sin(mae)) Py (0) (5.62)
n=1 m=0
n+2 n m
B, = ; (r) (n+1) é(g?cos(m@ +hgsin(ma) 2 9(9) (5.63)
k n+2 n
By=-)_ (i) >~ (gicos(me) + hisin(mg)) P (6) (5.64)
n=1 m=0
k n+2 n
Bo= ) 2 (R) (n+1) Y (~gsin(mo) + hlcos(mé) () (5.65)
n=1 m=0

where:

e R, is the Earth mean radius.

e 1 is the CubeSat position vector.

e 0 is the latitude measured in degrees positive from the equator (input from orbit model).

e ¢ is the Earth fixed longitude measured in degrees positive from the equator (input from
orbit model).

g and b are the tabulated Gaussian coefficients in [7].

P’ is the Schmidt quasi-normalized associated Legendre Polynomial.
e The model is expanded till order 9 (n, m =1,...9).

Once obtained B,, Bg and By, B, in inertial frame can be evaluated:

Bp1 = (Brcos(0) + Bysin(0))cos(o) — Bgsin(o) (5.66)
Bpa = (Brcos(8) + Bgsin(0))sin(a) + Bycos(a) (5.67)
B3 = (Bsin(f) — Bycos(0)) (5.68)

where « is the longitude measured in degrees positive from the equator. Finally the Earth
magnetic field vector must be transported in body frame:

By = Ap/nBn, (5.69)
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5.9.2 Pointing phases

Every pointing phase is characterized by the evaluation of a desired reference frame matrix,
ArvimH, that the CubeSat requires to follow, which is different in each phase.
Since no precise target has been identified yet, it has been decided to simulate picture acquisition
of the Brasilia National Park, because it is near to the possible zone of interest and is characterized
by similar environmental characteristics.

Sun-pointing During Sun-pointing phase the CubeSat has been decided to be taken at 45°
inclination with respect to the Sun with the two surfaces covered by solar panels (Z and Y,
according to the ADCS reference frame, figure 2.1 on page 5) and not also tilted in order to have
also the top surface in light, because it was preferred to maintain the desired attitude simple.
The actuators used during this phase are only the 3 reaction wheels, with the following desired
attitude matrix:

ﬁjp 'gp X 'ﬁSun
Arvia = |Up| = | Rfsun (5.70)
Zp Ep X Jp

where rsun is the OUFTI-Sun direction and R is a rotational matrix:
0

7)) 0 (5.71)
1

In this way the Sun direction is rotated of 45° around the X-axis, allowing both the surfaces
covered by solar cells to be in light.

The desired angular velocity, wgq, is null, since the CubeSat-Sun direction is almost fixed for
the time intervals considered in these simulations.

As it will be shown later, the pointing accuracy reached during this phase is less than 0.1°.
Nevertheless, the Sun direction unit vector is assumed to be known from ephemeris, previously
evaluated; in a real scenario, this datum would be obtained from the Sun sensors. According to
Hyperion, their unit (iADCS100) is not equipped with any of them, but it has interfaces for up
to six of these devices. As a result, in the case it will be decided to use their unit, there will be
two options: Sun sensors should be bought separately from the ADCS unit, or the ADCS will have
to relay on the coarser Sun sensors integrated on the solar panels. In this last case, the accuracy
is approximately +10°, meaning that the final pointing error will be less than 1°, which is an
acceptable value, according to the mission requirements.

Nadir pointing picture acquisition The easiest way to shoot pictures to the target is to pass
over it pointing the Nadir. This is not the best option, since it is mandatory to have the orbital
plane normal almost orthogonal to the target location in ECI frame, meaning that the spacecraft
is actually orbiting right above the spot to be observed. This limits the number of pictures it
is possible to shoot over the same place per unit time, especially for the ISS orbit, which, as
explained before, as a long revisit time.

The actuators used during this phase are only the 3 reaction wheels, with the following desired
attitude matrix:

&y 7
Arvia = |Up| = | h x Zp (5.72)
Zp Zp X Up

where: # is the position unit vector and h the angular momentum unit vector. In this way the
spacecraft is pointing with the —X-axis to the ground, while the Y-axis is pointed in the same
direction of the velocity vector.
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The desired angular velocity is wg = [0 0 woyppiz] since the CubeSat rotates around its Z-axis
with the angular rate it has on its orbit.

Target following picture acquisition The most particular phase is the target following picture
acquisition, based on a slew maneuver performed in order to follow the target during the passage,
to increase the exposition time and allow the orbital momentum vector to be slightly less or more
90° with respect to the target position in ECI reference frame. This decreases the revisit time,
even if for the ISS orbit, the effect is almost negligible, [6].

The actuators used during this phase are only the three reaction wheels, with the following desired
attitude matrix:

Tp Up X Zp
Arvia = |Up| = | Zp x h (5.73)
Zp 7

where: 7 is the position unit vector and h the angular momentum unit vector. In this way the
spacecraft is pointing with the -Z-axis to the ground, while the Y-axis is oriented along the
velocity vector.

The desired angular velocity is wg = [worpiz 0 0] since the CubeSat rotates around its X-axis
with the angular rate it has on its orbit.

Downloading This phase is very similar to the Nadir pointing picture acquisition one, since
it is based on a Nadir pointing as well. The only difference is that the surface Nadir pointing
is the one with normal —Z. The S-band antenna field of view has not been selected yet, but it
is supposed to be reasonably large enough to be compatible with a nadir pointing downloading
strategy.

The actuators used during this phase are only the three reaction wheels, with the following desired
attitude matrix:

i!p 'I”\'lC
ALVLH = ’gp = ﬁp X iip (574)
Zp Tp XV

where: ¥ is the velocity unit vector and #4;¢¢ the unit vector obtained from the difference between
the position unit vector and the target location unit vector in ECI reference frame:

T —TiL,ECI

¢l 5.75
|lr — r,eC1| (5:75)

Tdiff =

The desired angular velocity is obtained solving the expression of the desired reference frame
dynamics with respect to wg:
Arvia = S(wa)ALvie (5.76)

In order to differentiate ALy L, H, the finite difference technique has been exploited:

Apveua(t) — Apvia(t—1)
T

ArviHg = (5.77)

with 7 = 0.001 s.

5.9.3 De-saturation

De-saturation phase is required when the reaction wheels have reached their maximum
momentum storable. During this phase they are switched off and the magnetic torquers are
activated with a less precise and computationally demanding law with respect to the de-tumbling
one, whose Lyapunov stability is proven in [14]:

1

m = fWS(Bb)w (5.78)
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u=m X By (5.79)

where m is the dipole moment requested, function of the cross product between Bp and w
which will be compared to the available one and eventually saturated if it will exceed it.
In this way the computation of By is avoided and the law assumes a less complex expression.

5.10 Simulation and solvers

Once the model is implemented it is important to choose the right solver among the ones
available on Matlab/Simulink™. The solver available are:

e ODEJ5: based on an explicit Runge-Kutta (4,5) formula, it is a one-step solver. [7][1§]

e ODE23: an implementation of an explicit Runge-Kutta (2,3) pair of Bogacki and Shampine.
It may be more efficient than ode45 at crude tolerances and in the presence of moderate
stiffness. Ode23 is a single-step solver. [1][18]

e ODE 113: a variable-step, variable-order (VSVO) Adams-Bashforth-Moulton PECE solver
of orders 1 to 13. [16][18]

e ODEFE15s: a variable and multi-step, variable-order (VSVO) solver based on the numerical
differentiation formulas (NDFs) of orders 1 to 5, used for stiff problems. [17][18]

e ODE23s: based on a modified Rosenbrock formula of order 2. Because it is a single-step
solver, it may be more efficient than ode15s at solving problems that permit crude tolerances
or problems with solutions that change rapidly. It can solve some kind of stiff problems for
which odel5s is not effective. [18]

The simulations have been solved with each of these solvers, providing the same results with
different computational times. Since the simulations results are equal to each other it is possible
to state that the model is numerically stable, even if a more detailed and precise demonstration
of stability should be done. The proof of numerical stability, performed linearizing the model
around different reference conditions and comparing the eigenvalues location with the different
solvers region of stability, will be done in future developments of this Thesis, since this was out of
the scope of the work at ULg.

The solver chosen is ODF15s, since it is the fastest among the previous ones. Here is reported a
table comparing the times requested by each solvers to simulate a Sun-pointing phase of 200 s
with solver absolute and relative tolerances set to 1e=5.

Processor used: Intel® Core ™ i7-7700HQ CPU @2.80 GHz RAM 16GB

Solver CPU time (s)
ODE45 651.89
ODE23 340.37
ODE113 365.14
ODE15s 8.42
ODE23s 48.87
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Chapter 6

Optimizations

EMM“H
De@&@xAr/s 220
Optimization

m————
-

Figure 6.1 Optimization procedure in Matlab™ of a 3D function. In particular this figure represents
the gradient path towards the minimum of the function.

The decision to implement the simulator mostly in Matlab™ was based on the fact that
it is easier to optimize each phase (but the de-tumbling one, due to high computational time)
using a global optimizer with the build-in Parallel Computin Toolbox™, such as ga.m, the genetic
algorithm.

The optimized parameters are the 2 constants of the PD controller, K, and K4. The first step has
been to separate between picture acquisition phases and the other ones, since the cost functions
are based on different logics:

6.1 Picture acquisition phases

During this phases the pointing error shall be minimized, without taking care about the
momentum stored inside the wheels. For this reason a single objective global optimization, using
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ga.m has been performed, with the following cost function:

ty
J = (pointing error — 0.1)? dt. (6.1)
to

which is based on the pointing accuracy requested, 0.1° and squared to smooth the function. It
is important to remark that only the last 30% of the period between ¢y and t has been considered
inside J, in order not to consider the transient.

The optimization tolerance has been set to le™3, while the absolute and relative tolerances of
the model has been set to 1e~6 and the initial conditions are generated with a random distribution
around le~? rad/s, in order to increase the generality.

All the optimization algorithms are run in parallel on 4 physical cores of the CPU and
the optimization time is strictly related to the integration initial condition (random, with
Gaussian distribution). For this reason the values reported in the following tables, concerning the
computational time, can vary depending on them.

In table 6.1 the results obtained are summarized:

Table 6.1 Optimized control parameters for all picture acquisition phases.

Processor used: Intel® Core ™ i7-7700HQ CPU @2.80 GHz RAM 16GB

Solver K, K, CPU time (hours)
-18s- Nadir pointing 0.1330 0.7762 0.67

-1SS- Target following  0.0441 0.3878 9.8

-$SO- Nadir pointing ~ 0.1420  0.9065 0.5

-SSO- Target following 0.0458 0.4074 12

6.2 Sun-pointing and downloading phases

The remaining phases are characterized by the necessity of reducing the momentum stored by
the reaction wheel, maintaining the pointing error less than 1°. For this reason a multi-objective
optimization is requested. In order to perform it, the Matlab™ algorithm gamultiobj.m, based on
a Pareto front optimization has been exploited. The output of this function is the Pareto front, a
set of optimum solutions plotted on a graph with x-axis and y-axis characterized respectively by
the first and the second cost functions. For what concerns them, two sets of two cost functions
have been used and then the solutions obtained have been compared to establish which one is the
best:

The first set: . ,
— (Y (it
{Jl = [,/ (pointing error —0.1)? dt. 6.2)

J2 = fttof(momentum stored)? dt.

Providing only one solution.
And the second set:

t . .
J1 = [,/(pointing error — 0.1)2dt.
momentum storedys 1|+|momentum storedys o|+|momentum storedy s (63)
J2 — £, f. £,
- [[momentum storedyl||

based on the final value of the stored momentum instead of its integral, providing a classical
Pareto front.

Once the solutions are obtained, the one closest to the bisector of the Pareto front plot is
selected as the best one, minimizing almost equally both cost functions.
Finally this solution is compared to the one of the first set and the best one will be inserted inside
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the model.

All these optimizations have been limited to last 1 hour as maximum, while the picture acquisition
ones did not have such a limitation, since they are the most critical.

6.2.1 Sun-pointing phase

The results for the Sun-pointing phases are the following;:

e First set optimum solutions:

Table 6.2 Optimized control parameters for all Sun-pointing phases obtained with cost functions set 1.

Processor used: Intel® Core ™ i7-7700HQ CPU @2.80 GHz RAM 16GB

Solver K, Ky CPU time (h)
ISS 0.0319 0.3517 1
SSO 0.0345 0.3805 1

e Second set optimum solutions on Pareto front: the best solution is considered the one
nearest the bisector, once the axes have been normalized.

Optima
B pt

%o

00OV OOOOOOOTOO
P

e

Pointing J

25 | | ¢ |
0.33775 03378 0.33785 03379 0.33795 0.338
Momentum J

0.33805

Figure 6.2 Pareto front for Sun-pointing phase in ISS orbit. The point closest to the bisector has been
selected as the best and it is circled.
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3 Opt‘ima

Pointing J

Lo ! ! ! |
02794 0.2796 0.2798 028 0.2802 0.2804 0.2806
Momentum J

Figure 6.3 Pareto front for Sun-pointing phase in SSO orbit. The point closest to the bisector has been
selected as the best and it is circled.

e Comparison between best solution from set 2 and the one from set 1: the best behavior
on ISS orbit is obtained with the optimized parameters from set 1, since the momentum
stored during the transient phase is reduced and the pointing accuracy is the same. On
SSO, the trend is almost the same and, as a consequence, it would be a good choice to use
the parameters coming from set 1 as well, but since the pointing accuracy is slightly better
in the case of set 2 parameters, it has been decided to use them. In any case the difference
between the two sets evidenced in simulation results is almost negligible.

In table 6.3 the optima are reported:

Table 6.3 Optimized control parameters for all Sun-pointing phases.

Processor used: Intel® Core ™ i7-7700HQ CPU @2.80 GHz RAM 16GB
Solver K, Ky CPU time (min)

ISS 0.0319 0.3517 -

SSO 0.0701 0.5278 -

6.2.2 Download phase

The results for the downloading phases are the following:

e First set optimum solutions, equal for both of the orbits:
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Table 6.4 Optimized control parameters for all downloading phases obtained with cost functions set 1.

Processor used: Intel® Core ™ i7-7700HQ CPU @2.80 GHz RAM 16GB

Solver K, Kq CPU time (h)
ISS 0.0345 0.3805 1
SSO 0.0345 0.3805 1

e Second set optimum solutions on Pareto front: the best solution is considered the one
nearest the bisector, once the axes have been normalized.

52 Optima
9 R
i O)
R3
O R4
9 Rs
5 R6
9 R7
9 Rs
¢ Ro
R10
¢ Rt
48— ¢ R12 o O
R13
g R14
RIS
S s ¢
$ RI7
R18
8 ® _ideal Point ¢
5 ¢
o
£ 44
&
¢
42
Y- 4 4 ¢
¢ ¢
38
36 | | | | |

0 0.05 0.1 0.15 0.2 0.25 0.3 035 0.4
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Figure 6.4 Pareto front for Sun-pointing phase in ISS orbit. The point closest to the bisector has been
selected as the best and it is circled.
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Figure 6.5 Pareto front for Sun-pointing phase in SSO orbit. The point closest to the bisector has been
selected as the best and it is circled.

e Comparison between best solution from set 2 and the one from set 1: the best behavior on
ISS orbit is obtained with the optimized parameters from set 1, while on SSO, parameters
from set 2 are the ones providing the best results in terms of momentum stored and pointing
accuracy, even if the behavior are really similar.

In table 6.5 the optima are reported:

Table 6.5 Optimized control parameters for all downloading phases.

Processor used: Intel® Core ™ i7-7700HQ CPU @2.80 GHz RAM 16GB

Solver K, Kq CPU time (min)
ISS 0.0345 0.3805 -
SSO 0.0350 0.3461 -
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Results

In this chapter the main results, subdivided per orbit, mission and phases will be presented
and commented. Mission 2 results will be presented only in the appendix for both kind of orbit
(1ss and SSO), in target following pointing, since they are always very similar to the ones of
mission 1. Moreover, the results on 1SS orbit will be more commented than the ones on SSO, since
they are very similar, with the exception of the disturbances order of magnitude.

It has been decided to report the majority of the results, instead of selecting only some phases,
just to let the reader and who will carry on this project to have a collection of results representing
the nominal behavior for complete missions, both in ISS and SSO, which can be used as benchmark
or for comparison with future results.

However it is important to remark that during long Sun-pointing phases in mission 1 and 2, it
has been decided not to report all the desaturation phases requested every time the momentum
stored reaches its maximum value. As a result, the phases have been run as no saturation occurs
and then, just before the pointing and downloading phases, a de-saturation phase is shown.

7.1 1SS

7.1.1 Mission 1-Nadir pointing-

Computational time usually requested: around 3 minutes, depending on the initial conditions.

De-tumbling After the de-tumbling phase, the angular velocities reached are:

Wh/n,1(5000) = —5.868¢3 rad/s
Wh/n,2(5000) = 4.506e~? rad/s (7.1)
Wp,/n,3(5000) = 1.663¢ 2 rad/s
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Angutar velocities in body frame [rads]
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Time.

Figure 7.1  Angular velocities reduction during de-tumbling phase, in mission 1, on ISS orbit.

The disturbances felt by OUFTI-Next are instead represented in figure 7.2.

Drag Torque (Nm]
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Figure 7.2  Main disturbances during de-tumbling phase, in mission 1, on ISS orbit.

Comparing this values with figure 7.3 on the facing page, representing the common disturbances
torques for a satellite, it is possible to state that for a significantly smaller platform, like a 3U
CubeSat, the values obtained are absolutely reasonable.
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= Magnetic torque
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Figure 7.3 Common environmental disturbances for satellites orbiting around the Earth.

The solver relative tolerances have been set to 1le™3 just to speed up the simulation, since no
lack of accuracy in the solution was evidenced.

Sun-pointing 1 From figure 7.4 on the next page it possible to appreciate that the star tracker
based algebric determination algorithm works very well in estimating the attitude.

The length of this phase is 24 hours plus the time spent in orbit before arriving 30° from the
target: the National Park of Brasilia.

The phase lasts around 74 hours in total and the solver absolute and relative tolerances have
been set to 1e~% both. The steady state is reached after around 100 s.

There is a peculiar behavior of the quaternions, evidenced in figure 7.4 on the following page: the
quaternions estimated by the determination algorithm are the opposite of the actual ones. This
is due to the quaternion normalization procedure, during state estimation, providing in some
simulations the opposite of the integrated quaternion, but this is not altering the dynamics, since
quaternions are not unique and even if they are the opposite, they represent the same rotation in
space. Moreover, using the control law reported in the previous chapter, this does not affect at
all the control action. This behavior will be present also in following simulations.
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Most important results during Sun-pointing phase 1, in mission 1, on ISS orbit. The plots

From figure 7.4 it is also possible to notice that the control executed and the torque provided
by the reaction wheels is not the same and the behavior is almost the opposite. This is due to
the fact that the actual control is provided only partially by the derivative of the reaction wheel
momentum, iz, represented in figure 7.4. The complete formulation is here recalled:

u = Ah,

xw—Aizr

(7.2)

and, as a consequence of the minus sign, the two behaviors are the opposite.

In figure 7.5 on the next page is possible to observe that the results in terms of disturbances
are consistent with respect to the one obtained with Simulink™, figure 7.2 on page 60.
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Figure 7.5 Main disturbances torques during Sun-pointing phase 1, in mission 1, on ISS orbit.
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Figure 7.6  Body-fixed frame while orbiting around the earth during Sun-pointing phase 1, in mission 1,

on ISS orbit.

De-saturation 1 From figure 7.7 on the next page it is clear that the angular velocities during
de-saturation phase do not spread so much, making the spacecraft rotate very slowly.
The phase lasts 1 minute and the solver absolute and relative tolerances have been set to 1~

both.
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Most important results during de-saturation phase 1, in mission 1, on ISS orbit.
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Main disturbances torques during de-saturation phase 1, in mission 1, on ISS orbit.

Picture acquisition The picture acquisition phase is the one with most stringent pointing
requirements, but, as shown in figure 7.9 on the facing page, the control action is able to maintain
the pointing error below the 0.1° threshold, thanks to the optimization of control parameters.

The phase lasts around 15 minutes and the solver absolute and relative tolerances have been set

to 1e~% both. The steady state is reached in less than 100 s.
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orbit. The plots have been zoomed in order to catch the most interesting behaviors.

Most important results during Nadir pointing picture acquisition phase, in mission 1, on ISS

From figure 7.9 it is also possible to appreciate how well the unscented Kalman filter estimates
the state, comparing the integrated angular velocities and quaternion plots with the ones provided
by the gyros/star trackers and estimated by the filter.
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Body-fixed frame while orbiting around the earth during Nadir pointing picture acquisition

Sun-pointing 2 This phase is quite similar to the previous one in Sun-pointing. The phase lasts
less than 2 hours, the time needed to reach 10° from Liége, and the solver absolute and relative
tolerances have been set to 1e7 both. The steady state is reached after around 90 s.
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Figure 7.12 Most important results during Sun-pointing phase 2, in mission 1, on ISS orbit. The plots
have been zoomed in order to catch the most interesting behaviors.
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Figure 7.13  Main disturbances torques during Sun-pointing phase 2, in mission 1, on ISS orbit.
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Figure 7.14 Body-fixed frame while orbiting around the earth during Sun-pointing phase 2, in mission
1, on ISS orbit.

De-saturation 2 This results are quite similar to the ones of the previous de-saturation phase
and confirm that the spacecraft rotates very slowly and does not tumble. The phase lasts 1
minute and the solver absolute and relative tolerances have been set to 1e~% both.
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Figure 7.16

Main disturbances torques during de-saturation phase 2, in mission 1, on ISS orbit.

Downloading Downloading phase above Liége lasts 5 minutes and the solver absolute and
relative tolerances have been set to 1e~6 both. The steady state is reached after around 150 s.
From figure 7.17 on the facing page it is evident the peculiar behavior of the estimated quaternions,
already mentioned in Sun-pointing phase 1.
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In the middle of downloading phase, the CubeSat enters in eclipse, as can be seen from solar

radiation plot in figure 7.18.
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Tracking plot
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Figure 7.19  Body-fixed frame while orbiting around the earth during downloading phase, in mission 1,
on ISS orbit.

7.1.2 Mission 3
Computational time usually requested: around 1 hour and 15 minutes, depending on the

initial conditions.

De-tumbling After the de-tumbling phase, the angular velocities reached are:

Wp/n,1(5000) = —8.140e~? rad/s
Wp/n,2(5000) = —9.977¢~* rad/s (7.3)
Wy /n,3(5000) = 3.509¢73 rad/s

=
|

in body frame [rad/s]

Angular velocities

50 1000 1500 00 0 00 00 a0 0 00
Time

Figure 7.20  Angular velocities reduction during de-tumbling phase, in mission 3, on ISS orbit.
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Main disturbances during de-tumbling phase, in mission 3, on ISS orbit.

will reach the maximum value available.
The simulation lasts around 17 hours, the maximum time before saturation, with solver absolute
and relative tolerances set to 1e =6 both. The steady state is reached after around 100 s.

OUFTT angular velocities

The Sun-pointing phase was set to last till the momentum stored by the wheels
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have been zoomed in order to catch the most interesting behaviors.
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Gravity gradient torque (Nm)

Main disturbances torques during Sun-pointing phase in mission 3, on ISS orbit.

De-saturation De-saturation phase lasts 1 day, just to show the behavior of the spacecraft
during a longer de-saturation phase.
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Figure 7.24 Most important results during de-saturation phase in mission 3, on ISS orbit.

From figure 7.24 it can be shown that the angular velocities of the platform increase very
slowly, meaning that it is still possible to store solar energy during shorter de-saturation phases.
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Figure 7.25 Main disturbances torques during de-saturation phase, in mission 3, on ISS orbit.

7.1.3 Mission 1 -Target following pointing-

For what concerns mission 1 performed with target following pointing, it has been thought
to be tedious to present the results of all the phases, since they are similar to the ones already
presented in mission 1 for Nadir pointing. As a result only the picture acquisition phase will be
presented. In any case in appendix it is reported the complete mission 2 with target following
pointing, if the reader wants to go into the details of the whole mission.

The computational time requested to simulate the whole mission is usually around 10 minutes,
depending on the initial conditions.

Picture acquisition From figure 7.26 on the following page it is possible to appreciate the
angular velocity around Z-axis increasing and decreasing while OUFTI is passing over the target,
rotating in order to follow the National Park of Brasilia. A similar behavior is shown in the
control torque and reaction wheels torque plots. The solver absolute and relative tolerances are
set to 1e~©
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Figure 7.26

Most important results during target following picture acquisition phase, in mission 1, on

ISS orbit. The plots have been zoomed in order to catch the most interesting behaviors.

Another peculiar trend is the one evidenced in figure 7.26, where the pointing error drops
smoothly in almost 1 minute, exactly when OUFTI is passing above the Brazilian National Park.
This behavior can be explained looking at figure 7.27, representing the disturbances level during
the acquisition phase: when the CubeSat is approaching the nadir position with respect to the
target, the disturbances torques are increasing in magnitude, reaching their maximum when
OUFTI is right above the Brazilian National Park and then start decreasing, following exactly the
behavior of the pointing error plot.

SRP disturbance

SRP torque (Nm)

. .
2.736 2.737
Time (s)

2.734 2.735

2.738

Geomagnetic field disturbance

2.741
x10”

L L
2.739 2.74

T o~
/ \\\

\
2733 2734 2735 2736 2737 2738 2730 274 274l
Time (s) x10°

Figure 7.27
on ISS orbit.

74

Drag torque (Nm)

Drag disturbance

Gravily gradient torque (Nim)

2733 2734 2735 2736 2737 2738 274 2741
Time (s) x10°
X107 Gravity gradient disturbance
T T : ——————
/N " T
/ nll
—0I

/N
0 / N
/ N

I /o

_

2.735 2.736 2.737
Time (s)

2.734 2

738 2.739

Main disturbances torques during target following picture acquisition phase, in mission 1,



7. RESULTS

From figure 7.28 instead, it is possible to see the red vector (the X-axis of the body-fized
reference frame) following the National Park of Brasilia.
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Figure 7.28  Body-fixed frame while orbiting around the earth during target following picture acquisition
phase, in mission 1, on ISS orbit.

7.2 SSO

7.2.1 Mission 1 -Nadir pointing-

Computational time usually requested: around 3 minutes, depending on the initial conditions.

De-tumbling After the de-tumbling phase, the angular velocities reached are:

Wp/n,1(5000) = 8.499¢* rad/s
Wh/n,2(5000) = 8.312¢° rad/s (7.4)
Wp/n,3(5000) = —7.310e~? rad/s

(0]
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Figure 7.29  Angular velocities reduction during de-tumbling phase, in mission 1, on SSO.

The disturbances felt by OUFTI-Next are instead represented in figure 7.30.

Drag Torque (Nm]
SRP Torque [Nm]

Magnetic Torque [Nm]

L L L L L L L L 1

Time. Time.

Figure 7.30 Main disturbances during de-tumbling phase, in mission 1, on SSO.

Comparing this values with figure 7.3 on page 61, representing the common disturbances
torques for a satellite, it is possible to state that for a significantly smaller platform, like a 3U
CubeSat, the values obtained are absolutely reasonable.

The solver relative tolerances have been set to le~2 just to speed up the simulation, since no lack
of accuracy in the solution was evidenced.

Sun-pointing 1 The length of this phase is 24 hours plus the time spent in orbit before arriving
30° from the target: the National Park of Brasilia.

The phase lasts around 26.5 hours in total and the solver absolute and relative tolerances have
been set to 1e~® both. The steady state is reached after around 100 s.
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Figure 7.31  Most important results during Sun-pointing phase 1, in mission 1, on SSO. The plots have
been zoomed in order to catch the most interesting behaviors.

From figure 7.31 it is possible to observe the change of sign of the quaternion obtained by the
determination algorithm, a behavior similar to the one already inspected for 1SS orbit.

;* ‘ M H H 1 ‘]S\“r‘mcw [ ‘ T H:%‘; X(w “\“ ‘\‘ *, ‘ ‘ ‘HT“‘ TT‘FT “\ “\ ‘H\ \‘““ “
EI | w T ‘ A - ‘H“ ‘\‘ MM:\M“C /‘\"H\“HW‘ ‘MHHH“““\“‘“\‘\J“\“‘w‘wH
I | [ | [ HHW \r (\|
s £ i
E AN \J\u /‘,\\ *“w ‘“ il /“w“w \ / I

4 M H

‘ i ‘ ‘ h‘\“M HMM“ “U i “‘Huf

Time (s) x10" TlmL (.s) xm‘
X107 Geomagnetic field duhlrban(e Gravity gradient disturbance
TN :
N T
Whh 1 f
, ‘\c‘w“‘r/w“/ ANNN AN

w u U 1!

\H,

\\\\‘\‘/‘\“‘ |

u’u/u‘\‘ ‘\f \“\ m\ | T

i I
A .‘ , ‘N‘ ‘J‘ u‘ “,‘ \J“ H ‘J ‘u RRAR!

°

Magnetic torque (Nim)

Gravily gradient torque (Nm)

(N N -
E A AAAAAAANAAAAAAAAAAAN N
3 / VAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAY,
4 5 6 T 8 9 10 1 2 3 4 5 8 9 10
Time (s) *10' Time (s) %10

Figure 7.32 Main disturbances torques during Sun-pointing phase 1, in mission 1, on SSO.

In figure 7.32 it is possible to observe that the results in terms of disturbances are consistent
with respect to the one obtained with Simulink™, figure 7.30 on page 76. The values of solar
radiation pressure torque remain the same, exactly as it should be according to figure 7.3 on
page 61. Magnetic and gravity gradient disturbances slightly change, in accordance with the
previously mentioned figure, where it is possible to see that their curves do not change so much
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going from 400 km to 655 km of altitude. Finally the drag torque is the one changing the most,

decreasing its value of two orders of magnitude.
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Body-fixed frame while orbiting around the earth during Sun-pointing phase 1, in mission

De-saturation 1 The phase lasts 1 minute and the solver absolute and relative tolerances have
been set to 1e~® both. It is interesting to compare these results with the ones of de-saturation
phase 2, when the CubeSat is in eclipse, figure 7.43 on page 83. Figure 7.34 proves that the
platform will rotate very slowly independently from solar radiation pressure effect.
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Main disturbances torques during de-saturation phase 1, in mission 1, on SSO.

Picture acquisition The picture acquisition phase in SSO requires the same pointing accuracy
than the one in 1SS orbit and, as shown in figure 7.36, the control action is able to maintain the
pointing error below the 0.1° threshold, thanks to the control parameters optimization.

The phase lasts around 15 minutes and the solver absolute and relative tolerances have been set

to 1e7% both. The steady state is reached less than 90 s.
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Figure 7.36

Most important results during Nadir pointing picture acquisition phase, in mission 1, on

SSO. The plots have been zoomed in order to catch the most interesting behaviors.

From figure 7.36 it is also possible to appreciate how well the unscented Kalman filter estimates
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the state, comparing the integrated angular velocities and quaternion plots with the ones provided
by the gyros/star trackers and estimated by the filter.
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SRP torque (Nm)
Drag torque (Nim)

0
P

. . . . . . . . . .
1028 1029 103 1031 1032 1033 1034 1035 1036 1028 1029 103 1031 1032 1033 1034 1035 1036
Time (s) x10° Time (s) x10°

Gravity gradient disturbance

nt. torque (Nm)

Magnetic torque (Nm)

. . . . . [T AP
1.028 1.029 1.03 1.031 1.032 1.033 1.034 1.035 1.036 1.028 1.029 1.03 1.031 1.032 1.033 1.034 1.035 1.036
Time (s) x10° Time (s) x10°

Figure 7.37 Main disturbances torques during Nadir pointing picture acquisition phase, in mission 1,
on SSO.
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Figure 7.38  Body-fixed frame while orbiting around the earth during Nadir pointing picture acquisition
phase, in mission 1, on SSO.

Sun-pointing 2 This phase is quite similar to the previous ones in Sun-pointing. The phase
lasts around 31.6 hours, the time needed to reach 10° from Liége, and the solver absolute and
relative tolerances have been set to 1le~% both. The steady state is reached after around 80 s.
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Figure 7.39

been zoomed in order to catch the most interesting behaviors.
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Body-fixed frame while orbiting around the earth during Sun-pointing phase 2, in mission

De-saturation 2 These results are quite similar to the ones of the previous de-saturation phase
and confirm that the spacecraft rotates very slowly.
The phase lasts 1 minute and the solver absolute and relative tolerances have been set to 1e ™6

both.
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Figure 7.42
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Most important results during de-saturation phase 2, in mission 1, on SSO.

The peculiarity with respect to de-saturation phase 1 is that it occurs in eclipses, as it can be
seen from the solar radiation pressure plot in figure 7.43 on the facing page.
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Main disturbances torques during de-saturation phase 2, in mission 1, on
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relative tolerances have been set to 1e~% both. The steady state is reached after around 90 s.
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Most important results during downloading phase, in mission 1, on SSO. The plots have

been zoomed in order to catch the most interesting behaviors.
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7.2.2 Mission 3
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Main disturbances torques during downloading phase, in mission 1, on SSO. The plots have
in order to catch the most interesting behaviors.

Kinematics

Sun

Body-fixed frame while orbiting around the earth during downloading phase, in mission 1,

Computational time usually requested: around 50 minutes, depending on the initial conditions.
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De-tumbling
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Figure 7.47  Angular velocities reduction during de-tumbling phase, in mission 3, on SSO orbit.

The disturbances felt by OUFTI-Next are instead represented in figure 7.48.
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Figure 7.48 Main disturbances during de-tumbling phase, in mission 3, on SSO orbit.

Sun-pointing The simulation lasts around 22 hours, the maximum time interval before satura-
tion in Sun-pointing, with solver absolute and relative tolerances set to 1e~® both. The steady
state is reached in less than 100 s.
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Figure 7.49 Most important results during Sun-pointing phase in mission 3, on SSO. The plots have
been zoomed in order to catch the most interesting behaviors.
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Figure 7.50 Main disturbances torques during Sun-pointing phase in mission 3, on SSO.

De-saturation De-saturation phase lasts one day, with solver absolute and relative tolerances
set to 1le~% each.
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Figure 7.51 Most important results during de-saturation phase in mission 3, on SSO.

In figure 7.51 it is clear that the angular velocity of the platform remains almost bounded
inside 0.03 rad/s and —0.015 rad/s, meaning that it is still possible to store solar energy during
shorter de-saturation phases.

SRP disturbance
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Drag torque (Nm)
o

o

Gravity gradient torque (Nm)

Figure 7.52 Main disturbances torques during de-saturation phase, in mission 3, on SSO.

7.2.3 Mission 1 -Target following pointing-

For what concerns mission 1 performed with target following pointing, here it is reported
just the picture acquisition phase. In appendix, all the results concerning mission 2 with target
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following pointing are collected, such that the reader can go into the details of the whole mission.
The computational time requested to simulate the whole mission is usually around 10 minutes.

Picture acquisition From figure 7.53 it is possible to appreciate the angular velocity around
Z-axis increasing and decreasing while OUFTI is passing over the target, rotating in order to follow
the National Park of Brasilia, as well as the smooth drop of pointing error, while passing above
the target. The solver absolute and relative tolerances are set to le .
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Figure 7.563 Most important results during picture acquisition phase, in mission 1, on SSO. The plots
have been zoomed in order to catch the most interesting behaviors.

88



# LIEGE

QU HESE

7. RESULTS

107 SRP disturbance ©10-9

— ; ‘ ‘ ‘ ol : :
_— \ — {
\ / o g ‘

e Ve
Z e 1 ]
g ™~ ]
z . e 4
z . | ~ —
N AN J %- ]
o - / ]
r / . o
y \ / | 61| 1
\ / \ A
5 | I LN/ L ' i ' - L i i \\\/ i i L il
1025 1026 1027 1028 1020 103 1031 1032 1033 1025 1026 1027 1028 1020 103 1031 1032 1033
Time (s) x10° Time (s) x10°
x10- Geomagnetic field disturbance x10° Gravity gradient disturbance
- - - — - - - - — — - - - - -
B N 10 —
. _ . /
Y — . —~ 8p
_ - R
= ‘yﬁ\\/ i R AN B
Z 05 s o — \
) e v \
g |/ . g
= | ST
3 ] f
2 o4 - T 1 g 07
2 — 20 S e
g & -2 R \ 1
L N \ \
= -0.5 B 570 il
I o N \\ \
I - o 1
| k T 3 . //
s - - 4 °r p 1
I~ ‘ ‘ ‘ ‘ ‘ i ‘ LN
L025 1026 1027 1028 1020 103 1031 1032  1.033 1025 1026 1027 1028 1020 103 1031 1032 1033
Time (s) x10° Time (s) x10°

Figure 7.54 Main disturbances torques during picture acquisition phase, in mission 1, on SSO.

From figure 7.55 instead, it is possible to see the red vector (the X-axis of the body-fixed
reference frame) following the National Park of Brasilia.
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Figure 7.55 Body-fixed frame while orbiting around the earth during picture acquisition phase, in
mission 1, on SSO.
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Chapter 8

Cryocooler internal disturbance

Figure 8.1 SRI401 by LE-TEHNIKA.

8.1 Model

OUFTI-Next will have a cryocooler on-board, used to cool down the detector before picture
acquisition phase. The device will be turned on during the last minutes of Sun-pointing or just at
the beginning of picture acquisition phase. In this Thesis it has been supposed to be switched on
when the picture acquisition starts, because it is the most important phase of the mission and it is
fundamental to analyse the stabilization of the platform in this case. The details about the actual
performances of this element are still not well defined, but the SRI/01 by LE-TEHNIKA has
been selected, as suitable device, figure 8.1. Thanks to recent structural tests on the cryocooler,
the supplier provided the dynamic forces RMS values of the first harmonics, figure 8.2 on the
following page. According to LE-TEHNIKA, the cryocooler usually runs with rotation frequency
between 1000 — 1500 rpm (typical application, ambient /room temperature) and for this reason it
has been considered the worst case scenario, highlighted in figure 8.2 on the next page.
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Basic harmonic | Fx[N] Fy [N] Fz [N]
[1/min]

900 0.012 0.007 0.003
1200 0.014 0.008 0.004
1500 0.022 0.015 0.006
1800 0.025 0.014 0.005
2100 0.026 0.013 0.007
2400 0.033 0.015 0.015
2700 0.041 0.024 0.021
3000 0.049 0.032 0.026
3300 0.059 0.044 0.032
3600 0.074 0.054 0.040

Figure 8.2 Dynamic forces RMS values of the first harmonics. The X, Y and Z axis are different from
the ones used in this Thesis.

In order to model the internal disturbances due to this device, it has supposed to place it
0.075 m beneath the geometric center of the CubeSat (in the top quarter of the space dedicated
to the payload, 1.5 U) and shifted in Z and Y direction of 0.0707 m, figure 8.3.

0,1m

= -
2, _
. _—
>

Figure 8.3 Position of the cryocooler inside of OUFTI-Next.

Once the position has been fixed, the disturbance torque in Nm acting on the spacecraft can
be evaluated with respect to the body-fized reference frame adopted in this Thesis and added to
the disturbances model already presented:

—0.0354cos( 7 )sin(2m25t) F, + 0.0354cos( % )sin(2m25t) F,
dint = 0.0354cos( % )sin(2m25t) F, 4 0.075sin(2725t) F), (8.1)
—0.075sin(2725t) F, — 0.0354cos( 7 )sin(2n25t) F,

The introduction of such an high frequency disturbance, with respect to the external ones,
affects the computational time, reducing it dramatically. It has been decided to simulate just the
two most important and interesting phases: the target following picture acquisition, both in 1SS
orbit and SSO.

8.2 Results

ISS orbit On 1SS orbit the pointing accuracy is obtained without changing the control parameters
used for the simulation in which no cryocooler disturbance was considered, figure 8.4. In figure 8.5
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on the following page it is possible to notice that, when OUFTI-Next passes above the target, the
pointing error will decrease almost smoothly of around 0.01 deg in 1 minute. This behavior is
similar to the one observed without the cryocooler disturbance and can be explained looking at
figure 8.8 on page 95, representing the disturbances level during the acquisition phase: when the
CubeSat is approaching the nadir position with respect to the target, the disturbances torques are
increasing, reaching their maximum when OUFTI is right above the Brazilian National Park and
then start decreasing, exactly as the behavior of the pointing error plot. The momentum stored
is not saturating the reaction wheels, as it is shown in figure 8.7 on page 95. The simulation
lasts 550 s and the computational time required is 6.3 hours, with a solver absolute and relative
tolerance of 1=,

Pointing error
I I I T
100 —\ Pointing Error
Picture acquisition phase threshold

27325 2733 27335 2734 27345 2735 27355 2736 27365 2737 27375
x10°

Figure 8.4 Pointing error considering also the cryocooler internal disturbance, during target following
picture acquisition phase on ISS orbit.
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Figure 8.5 Zoomed pointing error plot, considering also the cryocooler internal disturbance, during
target following picture acquisition phase on ISS orbit.
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Figure 8.6 Pointing error oscillations (zoomed plot), considering also the cryocooler internal disturbance,
during target following picture acquisition phase on ISS orbit.
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Figure 8.7 Momentum stored by the reaction wheels during target following picture acquisition phase
on ISS.
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Figure 8.8  Disturbances torques in ISS orbit during pointing acquisition with cryocooler on.

SSO On SsO the pointing accuracy is obtained without changing the control parameters, as
for 1SS orbit and the pointing error trend is almost identical, figure 8.10 on the next page. The
momentum stored is not saturating the reaction wheels, as it is shown in figure 8.11 on page 97.
The simulation lasts 550 s and the computational time required is 7.45 hours, with a solver
absolute and relative tolerance of 1e~6.
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Figure 8.9

Pointing error considering also the cryocooler internal disturbance, during target following
picture acquisition phase on SSO.
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Figure 8.10

Zoomed pointing error plot, considering also the cryocooler internal disturbance, during
target following picture acquisition phase on SSO.
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Figure 8.11 Momentum stored by the reaction wheels during target following picture acquisition phase

on SSO.

8.3 Conclusions

The performed simulations about the internal disturbance due to the cryocooler evidenced
that the presence of this source of vibrations inside the platform will not affect the pointing
accuracy, thanks to the control strategy adopted in this Thesis. Nevertheless, it is important
to remark that the position of the cryocooler was just reasonably guessed and,as a result, it is
advisable to perform again this kind of simulations, once the details about the cryocooler will be
acquired.

Moreover, from the analysis results, it is also possible to state that the stability requirement
of 0.01° can be achieved in time intervals during less than 1 minute.
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Chapter 9

Noises and update rates

To check the effect of noises and sensors update rates on the model, they have been added
to a nominal Sun-pointing phase lasting 150 s on 1SS orbit, the most challenging one in terms
of disturbances level. The simulation is very slow (almost 17 min), so, in order to speed it up,
the absolute and relative tolerances of the solvers have been relaxed till 1e=* and the output
reduced to only the estimated and integrated state. The results are here presented in figure 9.1
and demonstrate that the presence of noises and measurements update rates are not affecting the
determination provided by the unscented Kalman filter.

An interesting effect of adding the unscented Kalman filter algorithm and the measurements
noises to the model is the numerical instability of ODE15s. For this reason this simulation has
been performed with a different solver: ODE113.
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Figure 9.1 Unscented Kalman filter estimated state compared with the actual one.

Usually, on ADC units, the main determination algorithm is a Kalman filter, exactly as for the
KUL one, [12], but since in this Thesis the majority of the simulations have been performed with
an algebric algorithm based on the star tracker measurements, it could be useful to check, also
in this case, the effects of measurements uncertainties. The simulation is equal to the previous
one, but performed with the algebric algorithm previously presented and, as a consequence,
the computational time is reduced: less than 3 min. The results demonstrate that the algebric

99



o LESE
9. NOISES AND UPDATE RATES
algorithm is able to estimate the state maintaining the pointing requirements, figure 9.2.
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Figure 9.2  Algebric algorithm estimated state compared with the actual one.

Also in the case of the simulation with the algebric algorithm, the addition of noise makes the

ODE15s numerically instable and, for this reason, the solver used has been ODE113, as in the
previous case.
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Chapter 10

Trade-off between iADCS100 and
KUL ADCS unit

In this Thesis all the simulations have been carried out using the data of iADCS100 by
Hyperion. Nevertheless, it is interesting to compare (also through dedicated simulations) the
performances with the ones of KUL ADC unit, [12], in order to understand which one is the most
suitable for the OUFTI-Next project. In this chapter, different characteristics of the two units will
be reported, but no deeper comparisons between the determination algorithms, since Hyperion
does not declares which one is used in 1ADCS100 on his flyer, [10]. According to KUL instead,
their unit exploits an extended Kalman filter, which is quite similar to the unscented Kalman
filter implemented in this Thesis.

10.1 Equipments

/ IADCS100 by Hyperion \ / KUL ADC unit \

+ 3 Reaction wheels & ) * 3 Reaction wheels
* Magnetic torquers < > * Magnetic torquers
* 3 Gyroscopes < > * 3 Gyroscopes
* 3 Magnetometers < > * 3 Magnetometers
* 1 Star tracker < > * 1 Star tracker

* 6 Photodiods

\ AN J

Figure 10.1 Comparison between the main equipments of both 1ADCS100 and KUL unit.

As it is shown in figure 10.1, the KUL unit provides also 6 photodiods, while the iADCS100
does not explicitly mention them. This sensors are fundamental to retrieve the direction of
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the Sun (provided by the ephemeris in the simulator coded in this Thesis). According to [10],
the 1ADCS100 has the interface to be couple with up to 6 Sun-sensors. This means that these
devices would be bought independently from the ADC unit, increasing the cost of the entire
subsystem. Nevertheless, the solar panels usually used for CubeSats have already integrated
Sun-sensors, which could be exploited, even if their performances are worst with respect to the
ones of dedicated devices. In conclusion, from the equipment point of view, the two units are
almost identical.

10.2 Performances

From the performances point of view, here are reported the main differences between the two
units:

/ IADCS100 by Hyperion \ / | KUL ADC unit | \

1. Max/Min momentum: 6 mNms 4= 1. Max/Min momentum: + 6 mNms

2. Max/Min torque: £ 0.1 mNm 2. Max/Min torque: £ 0.5 mNm
3. Dipole moment: 0.4/0.4/0.4 Am? 3. Dipole moment: 0.24/0.24/0.13 Am?
4. Dimensions: 0.3 U/ 4. Dimensions: 0.5 U

\_ AN J

Figure 10.2 Comparison between the performances of both iADCS100 and KUL unit components.

As it is remarked in figure 10.2, both of the units provide the same amount of max-

imum/minimum momentum storable by the wheels, which is one of the most important parameter
for the ADC subsystem, since it drives the saturation time. The highest torque that reaction
wheels can produce is provided by the KUL unit and this is a quite good point with respect to
1ADCS100, because this parameter drives the control torque saturation, really important during
transient phases, driving the stabilization time of the platform. Changing the maximum torque
from 0.1 mNm to 0.5 mNm, the time to get a steady state response decreases from 100 s to 50 s.
The magnetic torquers of :ADCS100 produce an higher dipole moment per axis, but this is not a
fundamental performance, since it drives only slightly the de-tumbling time, decreasing/increasing
it of almost 15 min.
The most critical aspect for the OUFTI-Next project is the dimension of the ADCS, since half of the
volume available is occupied by the payload and the volume dedicated to the ADC subsystem is
reduced. As a result, the dimensions of iADCS100, 0.3 U, are much more suitable with respect to
the one of the KUL unit, 0.5 U, and this could be one of the most important drivers for choosing
the unit by Hyperion.
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10.3 Accuracy

After a meeting with the person in charge of the KUL ADCS unit, the data about their sensors
accuracy have been obtained and a set of simulations, similar to the ones of chapter 9 on ISS orbit
in Sun-pointing, have been performed to check for the pointing budget in presence of noises and

measurements uncertainties. Here the data used are reported:
e Gyroscope angular rate noise: 1.4e™4 %

faa. —6 d
e Gyroscope random rate noise: 5.24e \/—Z%.

e Star tracker cross boresight error: 40 arcsec (real sky tests show that it is much smaller,
down to around 2 arcsec, but KUL declares 40 arcsec as more conservative value).

o Star tracker boresight error: 300 arcsec (real values show almost 10 arcsec).
e Magnetometers error: 3° (1 o).

e Photodiods error: 5° (1 o).
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Figure 10.3  Simulation results concerning the pointing budget and estimation quality of KUL unit.

From figure 10.3, it s possible to appreciate that the pointing accuracy requirements are
satisfied. Nevertheless, KUL declares in his flyer [12], that the best accuracy possible during fine
pointing is 0.11°. This is due to the fact that their simulator is based on a much more accurate
typical noises generator, PEET by ESA, which decreases the resulting pointing accuracy of the
device. To build such a complex model is beyond the aim of this Thesis and, once the supplier
for the ADC subsystem will be chosen, it will provide deeper simulations considering its unit and
OUFTI-Next integrated.

10.4 Conclusions

The two ADCS units here presented are very similar from the equipment/performances point
of view and according to their flyers, they can reach pointing budgets in accordance with the
project requirements ones. For this reason the driving parameter is not related to the ADCS, but
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to the configuration subsystem, since the unit should be the one with the smallest volume. As a
result, iADCS100 by Hyperion seems to be the best choice at the moment.
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Chapter 11

Emergency modes

In this chapter some ADCS failures mitigation strategies will be investigated. For what concerns
the operational requirements, the mission is considered failed when OUFTI-Next experiences more
than one failure on-board. As a result, it could be interesting to understand how to maintain the
control of the spacecraft, when the star tracker or one reaction wheel stops working.

11.1 One reaction wheel failure

If one of the wheels fails, it is usually possible to switch the control logic to a mixed one:
one magnetic torquer and two reaction wheels. In order to do that, the quaternion control law
remains the same, but only two components of the requested control torque will be provided
by the wheels, while the remaining one will be provided by one magnetic torquer. Also the
integration of the two reaction wheels momentum is the same as before; what changes is the
magnetic torquers control strategy. The steps for the design are the following, based on the case
in which the broken reaction wheel is the one with its gyroscopic axis oriented as the Y-axis:

1. Evaluate the desired control torque, u, exactly as in nominal mode.

2. Integrate just the first and third components of reaction wheels momentum and then check
for saturation both the values obtained and the first and third components of the reaction
wheels torque. At the end of this point, two of the three components of the real control
torque are known: u, , and u, ..

3. The second component is obtained from magnetic torquers active control law:

0 -B. B,
Upy = | B, 0 —B,|m (11.1)
-B, B, 0

where B; are the components of the magnetic field in body-fized reference frame and m is
the requested dipole moment. Unfortunately, since matrix B is skew-symmetric, it is not
invertible and, as a consequence, no informations about the requested dipole moment can
be retrieved from this expression. In the case in which two reaction wheels stop working, it
is possible to obtain an invertible expression, but this is not the case. As a result, the only
way to solve the problem is to use a coarser pointing law, coming from:

u, =mx B (11.2)

B xu,=BxmxB (11.3)

recalling the following vectorial identity:

ax (bxe)=bla-c)—c(a-b) (11.4)
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and assuming that the moment is perpendicular to the magnetic field then:

B xu,=(B-B)m (11.5)
B x u,
m= 5 (11.6)

taking then only the second component.

This control strategy has been checked on target following picture acquisition phase on ISS
orbit, providing the following results:
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Figure 11.1 Emergency control strategy results with one magnetic torquer and two reaction wheels.

As it can be shown in figure 11.1, the control law satisfies the pointing accuracy requirement.
An important remark is about which reaction wheel breaks: if the one whose gyroscopic axis is
oriented along the pointing axis stops working, the pointing stabilization is reached in the same
time of the nominal scenario, while the spacecraft will rotate for some seconds more along the
pointing axis. In the two remaining cases, the spacecraft will need more time to stabilize, exactly
as for the case analyzed in this chapter, in which the stabilization time doubles.

11.2 Star tracker failure

If the star tracker fails, one of the less demanding determination techniques which can be
used is the Triad method. In order to use it, two vectorial measurements are needed and, in the
case of OUFTI-Next, they are provided by the magnetometers and photodiods. The CubeSat has
on-board the Sun ephemeris, S,,, and the Earth magnetic field vector from an on-board model,
B,,, in inertial reference frame; from its sensors it can obtain the Sun direction and the magnetic
field vector in body-fixed reference frame, Sp and Bp. Once all of them are known, it is possible
to achieve the attitude matrix following these steps:

By X S, By X S|
Vi = [Bb DexSe By x 7|B:§S§‘] (11.7)
B,, xS, B, XSn
V= Bn B3 Bax il (11.8)
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Vo = Ap/n Ve = Apjn = Vo V" (11.9)

with
By = Ac.gAp/nBn (11.10)
Sy = Ac,5sAp/nSn (11.11)

A, p and A, g are respectively the bias matrices of the magnetometers and Sun-sensors, based
on equation (11.12),where the argument of trigonometric functions are the accuracy on each axis
in radians:

cos(V)cos(0)  cos()sin(0)sin(¢) + sin(v)cos(p)  —cos(y)sin(0)cos(P) + sin(w)sin(g)
A = | —sin(y)cos(0) —sin(y)sin(0)sin(y) + cos()cos(0)  sin(y)sin(0)cos(y) + cos(y)sin(6)
sin(0) —cos(0)sin(¢) cos(0)cos(9)
(11.12)
According to KUL, the accuracy of the magnetometers and photodiods are respectively 3° and 5°.

This determination strategy has been checked during Sun-pointing phase on ISS orbit, providing
the following results:
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Figure 11.2 Emergency determination strategy results based on Triad method.

As expected from the low accuracy of the sensors, the pointing accuracy is not enough to
fulfill the requirements during picture acquisition, but the CubeSat can still point the Sun and
store energy on-board. Finally it can be interesting to remark the presence of some peaks in
control plots, affecting slightly the dynamics, figure 11.2. It can be supposed that the issue is
due to the lack in sensors accuracy, since no numerical instabilities or noises are evidenced (the
simulation has been run also with different solvers, providing the same results).
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Chapter 12

Conclusions

12.1 Results achieved

Thanks to this Thesis it has been possible to simulate the control and determination action of
the OUFTI-Next platform ADC subsystem, providing three mission profiles which represent the
operative behavior of the CubeSat during its life time, both in 1SS orbit and SSO.

In chapter 1 an introduction to the OUFTI-Next project has been provided and the structure
of the work explained, then in chapter 2 the fundamental nomenclature has been reported and in
chapter 3 the main results, previously obtained from the team about the other subsystems, are
presented.

In chapter 4 it has been described how the physics of the problem has been modeled, while
chapter 5 has been dedicated to explain the logic behind control parameters optimization, then
in chapter 6 the majority of the results has been listed and commented. Additional analysis have
been performed in chapters 7, 8, 9 and 10 respectively about the cryocooler disturbances effects,
the sensors noises and update rates, the trade-off between Hyperion and KUL ADCS units and the
emergency strategies in case of one reaction wheel or the star tracker failure.

This Thesis has also an appendix, where the reader can find the results of the second mission
profile, both in SSO and ISS orbits, with target following slew maneuvers, and the de-tumbling
model made in Simulink™.

No power budget has been reported, since the power requested by the ADCS unit is almost
constant during all the mission phases and a preliminary analysis on the peak power requested
(20% margined) was already performed in [6].

From the results obtained, the most important remarks are here reported:

e The de-tumbling phase will last approximately 1 hour and 30 minutes.

e The saturation of the reaction wheels can be managed with de-saturation phases tested in
this Thesis. The maximum time the spacecraft can remain in Sun-pointing before saturating
is around 17 hours on ISS orbit and around 22 hours on SSO.

e The pointing budget of 0.1° is perfectly achieved in all the picture acquisition phases, even
the ones with target following slew maneuvers. Also the pointing stability is guaranteed
under the value requested, 0.01°.

e The ADCS unit should be located the closest to the actual center of mass of the platform,
which should be as close as possible to the geometric center. Changes in its position will
not affect dramatically the results obtained in this Thesis, but more refined simulations
should be performed in order to guarantee the pointing accuracy and stability.

e The cryocooler disturbance seems not to increase the pointing error till exceeding the
admissible value, 0.1° and the pointing stability is maintained guaranteed as well.
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e The introduction of noises and sensors update rates, with the actual level of detail, is not
altering the determination error, maintaining the pointing error below the previously stated
threshold.

e From the trade-off analysis it is clear that both iADCS100 and KUL unit are able to satisfy
all the OUFTI-Next ADCS requirements with similar performances. The driving parameter
that will probably affect the choice between them is the size.

e If one reaction wheel fails, the pointing stability and accuracy can be in any case maintained,
doubling the stabilization time.

e If the star tracker fails the determination algorithm implemented, based on Triad method,
is able to guarantee a pointing error of around 9°, meaning that no picture acquisition is
possible, but Sun-pointing can be maintained, as well as power generation on-board.

The aim of this Thesis was to demonstrate that the pointing requirements needed by the
detector can be achieved using ADCS units of reduced size, such as the ones provided by Hyperion
and KUL. Once the ADCS unit supplier will be chosen, it will provide deeper analysis about the
specific unit performances using a professional simulator.

This report concludes the work done at ULg, then, the part of Thesis dedicated to the coupling
between orbital and attitude dynamics will start at Politecnico di Milano. The data about
ZodiArt platforms will be loaded in the simulator developed at ULg, in order to provide some
mission scenarios results, exactly as it has been done for OUFTI-Next. After that, the equation
representing the coupled dynamics (orbit and attitude) will be implemented and some important
results about the comparison between the two modelizations will be achieved.

12.2 Future developments

Here are reported future developments that can be accomplished in future design steps of
OUFTI-NextADC subsystem:

e To provide a deeper analysis on the de-tumbling phase, which is the most unpredictable
one, with magnetometers measurements and noises as well. Also a Montecarlo analysis or
just a sensitivity analysis varying the residual dipole moment would be advisable.

e To optimize the control constant k, used in de-tumbling phase.

e All the phases should be simulated with the exact inertia matrix and with the exact location
of all the subsystems and the payload, benchmarking the results with the ones of this Thesis.

e To implement a more complex Kalman filter, capable of estimating also the gyroscopes and
star tracker bias.

e To perform a deeper analysis with PEET by ESA to refine the analysis performed with noises.

Finally the code provided with this Thesis can be optimized and improved in order to simulate
more realistically the attitude on orbit, once all the other subsystems have been completely sized
and located inside the CubeSat.
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Appendix

13.1 Mission 2 on ISS orbit with target following picture acquis-
ition

Computational time usually requested: around 10 minutes, depending on the initial conditions.

13.1.1 Sun-pointing 1
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Figure 13.1 Most important results during Sun-pointing phase 1, in mission 2, on ISS orbit. The plots
have been zoomed in order to catch the most interesting behaviors.
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Figure 13.2 Main disturbances torques during Sun-pointing phase 1, in mission 2, on ISS orbit.
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Figure 13.3 Body-fixed frame while orbiting around the earth during Sun-pointing phase 1, in mission
2, on ISS orbit.
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13.1.2 De-saturation 1
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13.1.3 Picture acquisition

mission
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Figure 13.7

Most important results during target following pointing picture acquisition phase, in mission
2, on ISS orbit. The plots have been zoomed in order to catch the most interesting behaviors.
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Figure 13.12 Body-fixed frame while orbiting around the earth during Sun-pointing phase 2, in mission
2, on ISS orbit.
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Figure 13.13  Most important results during de-saturation phase 2, in mission 2, on ISS orbit.
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on ISS orbit.

Body-fixed frame while orbiting around the earth during downloading phase, in mission 2,

13.2 Mission 2 on SSO with target following picture acquisition

Computational time usually requested: around 10 minutes, depending on the initial conditions.
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been zoomed in order to catch the most interesting behaviors.
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Figure 13.20 Main disturbances torques during Sun-pointing phase 1, in mission 2, on SSO.

Figure 13.21 Body-fixed frame while orbiting around the earth during Sun-pointing phase 1, in mission
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Figure 13.23  Main disturbances torques during de-saturation phase 1, in mission 2, on SSO.
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Most important results during target following pointing picture acquisition phase, in

mission 2, on SSO. The plots have been zoomed in order to catch the most interesting behaviors.
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Figure 13.26 Main disturbances torques during Nadir pointing picture acquisition phase, in mission 2,
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Figure 13.27 Body-fixed frame while orbiting around the earth during Nadir pointing picture acquisition
phase, in mission 2, on SSO.
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Figure 13.30 Body-fixed frame while orbiting around the earth during Sun-pointing phase 2, in mission
2, on SSO.
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Figure 13.31 Most important results during de-saturation phase 2, in mission 2, on SSO.
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Figure 13.34 Most important results during downloading phase, in mission 2, on SSO. The plots have
been zoomed in order to catch the most interesting behaviors.
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Figure 13.36  Body-fixed frame while orbiting around the earth during downloading phase, in mission 2,
on SSO.

13.3 Simulink™ model for de-tumbling
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Figure 13.37  Simulink™ model: de-tumbling.
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Figure 13.38  Simulink™ model: dynamics block.

13.3.3 Orbital model

ORBITAL REFERENCE FRAME
D
' +—> '
r
Semi-major Axis [Km]| To Workspace
r_abs
Eccencirtity
‘ r_abs »
kep2car
Theta M Altitude Magnitude
g El
\ L )
e v_rel
L <4 oot v_rel
th Theta
Integrator
scu Theta 1, v in Perifocal frame V relative

Figure 13.39  Simulink™ model: simplified orbital dynamics block.
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13.3.4 Disturbances model
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Figure 13.40 Simulink™ model: disturbances block.

13.3.5 Control model
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Figure 13.41  Simulink™ model: control block.
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Architecture for Solar System Telecommunications
Component Off The Shelf

Earth Centered Inertial reference frame
European Cooperation for Space Standardization
Electrical Power Subsystem

European Space Agency

Guidance and Navigation SubSystem
International Space Station

Katholieke Universiteit Leuven

Local Mean Time

Local Vertical Local Horizon

Orbital Utility For Thermal Imaging

Orbital Utility For Thermal Imaging Next
Pointing Error Engineering Tool

Rough Order of Magnitude

Sun Synchronous Orbit

Telemetry & Telecommand

University of Liége

University of Liege
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