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Notation

Vectors and matrices

A, v matrices and vedors are written in bdd type,
°v, °v, 'v  vedor v resolved in Control CS, Orbit CSor Inertial CS respectively,
vy, VY, vl X, Y, and z comporents of vedor v,

o]

List of symbols

(OF angular velocity of Control CSw.r.t. World CS,

Qe angular velocity of Control CSw.r.t. Orbit CS,

Qow angular velocity of Orbit CSw.r.t. World CS,

oq attitude quaternion representing rotation d Control CSw.r.t. Orbit CS,

q,q, vedor part and scadar part of ;q,

A(gq) transformation matrix from Orbital CS to Control CS (dired cosine
matrix),

R unit vedor along x-, y-, z-axis of Orbit CS,

Wo orbital rate,

T period d orhit,

ho angular momentum due to satellit e revolution abou the Earth,

I inertiatensor of the satellit e,

Ix, ly, 12 moments of inertia bout X-, y-, z-principal axis,

Nerl control torque,

Ngg gravity gradient torque,

Naist perturbations torque,

Exin kinetic energy,

Egg energy dueto gravity gradient,

Egyro energy due to satellit e revolution abou the Earth,

Etot total energy,

Evyap Lyapurov energy candidate function,

J cost function,

m magnetic moment generated by set of cail s,

B magnetic field of Earth (geomagnetic field),

B geomagnetic filed predicted by the IGRF model,

B matrix representation d product B x,

S sliding variable,

S dliding manifold,

P pasitive membership function for fuzzy logic control,

N negative membership functionfor fuzzy logic control,

Z zero membership functionfor fuzzy logic control,

Swz parameter used for controlli ng the spin angular velocity,

o
—~
~

discretisation function,
matrix representation d quaternion product,

By,
o]
~
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c
4x1 Q co

h, g,U
Q

Q
p.8,¢

extension d the three dimensional vedor “Q_, to a four dimension

vedor [° QL O]T ,

paositive @nstants,

derivative of vedor Q w.r.t. time,
predicted value for Q,

Roll, Pitch an Yaw angles respedively,

angle between the expeded geomagnetic field and the z axis of the
Orhit CS,

angle between the measured geomagnetic field and the z axis of the
Control CS,

angle between the satellit € sboam and the locd verticd,
pasitive definite gain matrix,

Energy gap,
time step,
correlation oduct for rulei.
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1 Introdu ction

1.1 General

Small satellit es are nowadays an easy and cheg way to gain accessto space
and to all the alvantages a satellite can provide (telecommunications, environment
monitoring, military information, etc). This classof LEO satellit es (Low Earth Orbit)
may be ontrolled by strict interadion with the geomagnetic field. A magnetic
moment produced by coils placed onthe satellite will produce aresultant torque by
interadion with the geomagnetic field, which may be used for attitude control
purposes. Nevertheless this smple, low power consumption approach poses svera
interesting control difficulties as the geomagnetic field viewed by a satellit e, changes
along its orbit. Besides this time dependency, this problem’s mathematica description
is highly non-linea, and new control strategies are nealed to solve the dtitude and
control demands of such a satellite.

Several control strategies were implemented and simulated in a realistic
environment (see gpendix A) in arder to choose the most adequate to each misson
phase. Both ideal and restricted actuators were mnsidered viewing a possble
applicaion d such algorithmsto PoSAT-1" and ather such satellit es.

This work has been carried ou at Intelligent Control Lab. o ISR/IST, as a
final year projed for the degree of Aerospace Engineering. This work was also
integrated in the ConSat? projed.

1.2 Related work

Severa researchers have already begun to explore and solve the ntrol
problems impased by a LEO small satellite. [Ong] propcses us ome intuitive control
laws to tadle this problem, bu the aduation is very restricted and daes not take
advantage of the time-varying nature of this problem. [Steyn] approacdhes the control
problem by using a Fuzzy Logic Controller that achieves better results than a Linear
Quadratic Regulator (LQR) despite mnsidering the constraint of actuating on a single
coil a ead aduation time. This approach suggests that nonlinear control
methoddogies shoud be further explored so that a better problem understanding and
possble solutions may be found. [Wisniewski] compares two nonlinea solutions:
diding mode cntrol and energy based control, achieving better results than LQRs
based on linea periodic theory. Some of these ideas and agorithms were
implemented or inspired some new controllers propaosed in this work. Concepts and
theorems of matrix algebra, nan-linea theory and spacecraft attitude dynamics and
kinematics are used throughou the text withou demonstration. Some references are
suggested at the end d the work and referred were relevant to complement the
exposition.

! PoSAT-1 isthe first Portuguese Satellit e in orbit, developed in atechnology transfer program between
University of Surrey and a Portuguese industrial and educaional consortium lead by INETI.
2 Stahili sation and Control of Small Satellites, a PRAXIS XX | programme lead by ISR (IST) and UBI.
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1.3 Original contributions of this work

Some new solutions for the atitude stabili sation problem are presented in this
work. A summarised description foll ows:
« A new attitude stabilisation algorithm is presented for both idea and
restricted actuators at sedions 3.4.1and 3.4.2.
» A stability study for this new algorithm is presented at section 3.4.3.
» The same dgorithm is proved to solve the dtitude stabili sation and spin
control problem as described at sedion 4.1.1.

1.4 Structure of the work

This final year projed report begins with a summarised mathematicd
description d the satellit €'s attitude dynamics and kinematics. The foll owing chapters
are devoted to each o the simulated control algorithms. These ae grouped according
to two dfferent control objedives:. attitude stabili sation and attitude stabili sation with
spin control. In the first group, the actual PoSAT-1 controller, a siding mode
controller, an energy based controller and a predictive regulator are studied. In the
send group the existing spin controller for POSAT-1, an energy based controller, a
fuzzy logic controller and finally a predictive controller are studied.

In the sedions concerning each of the ntrollers gudied, the dgorithm is first
described for ided aduators and an extension is presented for POSAT like restricted
aduators.

Finally some anclusions are presented as well as topics for further research
onthisfield.

The thapters are organised as foll ows:

* Chapter 2, Satellite attitude dynamics and kinematics

This chapter provides definitions of coordinate systems used throughou the
report. A summarised description d the satellit e motion, kased onquaternions,
isgiven.

» Chapter 3, Attitude stabili sation and contr ol

In this chapter severa attitude stabilisation and control agorithms are
presented. The foll owing diff erent approadies were studied:

PoSAT-1 Sabilisation — In this sdion the actual regulator for PoSAT is
described, and simulation results are presented for comparison with the other
studied control algorithms.

Siding mode control — A dliding mode antrol approad is gudied for both
ided and restricted (POSAT like) actuators. It is shown that this type of control
isnot suitable for the restricted aduators.

Energy based control — An energy based control is gudied. Modificaions are
introduced for restricted actuators. A controller for remvery of an inverted
boam situationis presented for both ided and restricted aduators.
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Predictive stahili sation —In this dion a predictive regulator is gudied. The
essnce of the predictive stabili sation is the minimisation o a kinetic energy
like ast function.

Overall comparison d results — The &ove mentioned algorithms are
compared using different performance measures.

» Chapter 4, Attitude stabili sation and spin control

In this chapter severa attitude stabili sation and spin control agorithms are
presented. The foll owing diff erent approaches were studied:

POSAT-1 Corntrol — In this sdion the adua controller for PoSAT is
described, and simulation results are presented for comparison with the other
studied control agorithms.

Energy based control — An energy based control is propaosed for stabili sation
of the satellite aad smultaneously adiieving spin control. Results for both
ided and restricted actuators are presented.

Fuzz logic control — Spin control and attitude stabili sation are adieved
through fuzzy logic control. Rules and membership functions based on
physicd insight of the problem are presented.

Predictive ontrol — Modificaions on the dapter 3 predictive regulator
algorithm are propased for attitude stabili sation and spin control of a satellit e.

Overall comparison d results — The &ove mentioned agorithms are
compared using different performance measures.

* Chapter 5, Conclusions

This chapter contains the cncluding remarks and recommendations for future
work and drections.

* Appendix A, Attitude simulator and or bit model
A brief description d the used simulator and orbit model is presented.
* Appendix B, Simulation initial conditions
Theinitial condtions used for the simulations are presented and explained.
* Appendix C, Controllers performance criteria
Several criteriaused for comparison d the dgorithms are defined.
* Appendix D, POSAT like actuatorsrestrictions
The main POSAT aduation limitations and restrictions are presented.
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2 Satellite attitude dynamics and kinematics

2.1 Coordinate systems description

Before presenting the any mathematica description, the @ordinate systems
(CS) used throughou out this work are defined:

Control CS:  ThisCSisaright orthogona CS coincident with the moment of
inertia diredions, and with the origin placed at the eentre of mass The x axis is the
axis of the maximum moment of inertia and Z the minimum.

Body CS: This CSisaright orthogonal CS with its origin at the centre of
gravity. The z axis is parallel to the boan diredion and pant toward the boam tip.
The x axis is perpendicular to the shortest edge of the bottom satellite body, and
points away from the boam canister. They axisis perpendicular to the longest edge of
the battom satellite body. It is the reference CS for attitude measurements and the
magnetorquers.

Orbital CS:  This CSis aright orthogona CS fixed at the centre of mass of
the satellite. The z axis paints at zenith (is aligned with the Earth centre and pants
away from Earth), the x axis paints in the orbit plane normal diredion and its snse
coincides with the sense of the orbital angular velocity vector. The Orbit CS is the
reference for the dtitude control system.

Inertial CS:  This CSisan inertia right orthogonal CS with its origin at the
Earth's centre of mass The z axis is parallel to the Earth rotation axis and pants
toward the North Pole. The x axis is paralel to the line mnreding the centre of the
Earth with Vernal Equinox and pants towards Vernal Equinox (Verna Equinox isthe
point where ecliptic aosses the Earth equator going from South to North onthe first

day of spring).
In this work the satellite is considered to be homogeneous and axisymmetric
so the Body CS and the Control CS are assumed to be the same, but that does nat

neel to be the cae. Note that these CSs definitions are the same used by
[Wisniewski] with the exception that the World CSisnow cdled Inertial CS.

Body CS /

Control CS

X

/

X
Geometrical

Earth reference

Figure 2.1 —a) Definition of the Control CSin the Orbit CS.

b) Definition of the Body CS. The Body CSrefersto geometry of the satellite main
body, its axes are perpendicular to the satellite’s facds.
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2.2 Dynamics

The dynamics of a rigid satellite may be described as [Wertz], [Chobaov],
[Thomson], [Wiesd]:

1°Q =-°Q, x1°Q +°N

ctrl

+CNgg+CNdist ' (22])
The control torque is obtained as:

°N_, =°mx°B (2.2.2

ctrl

and the magnetic moment as [Alonso and Finn]:
M = Nggi it Aro (2.2.3

hence, given alocad geomagnetic field vedor the @ntrol torque can be changed by
regulating the value of i

coil *
The gravity gradient may be expressed as [Wertz]:
°N,, =3wZ(k, x1°K,) . (229

The disturbancetorque is due to aerodynamic drag, solar presaure, eccentricity
of the orbit, and severa other effeds.

2.3 Kinematics

The kinematics is expressd in Euler symmetric parameters also knovn as
quaternions, through the integration d the angular velocities:

C. 1 C [
Oq :ER(4leco)oq (23])

where the R matrix represents the quaternion product [Wertz], [Chobaov]. The
kinematics can aso be expressed by two dfferent equations, ore for the vedor part of
the quaternion and another for the scalar part:

1 1
==°Q -0 x
q 2 coq4 2 co q
. 1
=-2°Q
q4 2 co m
The use of quaternions in the kinematics description is justified becaise this
redundant representation (4-dimensional vector in a 3-dimensional space) alows for a
singularity freemodel. NeverthelessEuler angles will be used when simulation results
are analysed, orce they provide a better physicd understanding of the satellite
attitude. The transformation matrix A (dired cosine) can be parameterised by
quaternions or by a 123 series of rotations using Euler angles [Chobdov]. From this
relationsit is possble to oktain the relations between queternions and Euler angles:

ey, sing=a, 2 =-igh (233

33 1

(2.3.2

which can be solved as;
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2(q1Q4 - qzqs) E
g =arct
%rqlz ~0; +0; +0;
6 = arcsir(2(, 0, +,0,)) (2.3.9

2(— +
5= arct%qz( %0, *+ 4:d.) E
p —0; —Q; +Q,

different expressons can be obtained by considering other relations between
quaternions and Euler angles.

2.4 Kinetic energy

The kinetic energy considered here is only a part of the total kinetic energy.
The total kinetic energy has a ontribution from the satellite revolution abou the
Earth, and a contribution from the movement of the Control CS w.r.t. (with resped to)

the Orbit CS. Thefirst contribution is constant since w, is approximately constant (the
orbit's eccentricity isvery small, e=0.001for PoSAT-1 arbit). The second contribution
isthe only one mnsidered here andis given by:

Ekin :%CQIol Cgzco (24])

2.5 Potential energy

The patential energy has a @ntribution from the gravity gradient and another
from the revolution abou the Earth, so:

Epo = Egg + Egyro (2.5.9
The gravity gradient potential energy is given by:
3 C C
E,, =§w§( KTk, -1,,) (2.5.2

and the potential energy associated with the revolution abou the Earth is given as:

E,. :%oog(l MER 253

1C
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3 Attitude stabilisation and control

The stabili sation algorithms described in this ®dion am damp o even
eliminate the libration movement (align the Orbital CS z axis with the Control CS z
axis) and to eliminate any existing spin velocity. Attitude control algorithms align the
Control CSwith adesired reference CSin this case the Orbital CS.

For the simulation and comparison d the different algorithms it is assumed
that the dtitude can be determined withou any error and that it doesn't exist any
perturbation influencing the motion o the satellite (ex. solar presaure, aerodynamic
drag, etc.).

3.1 POSAT-1 Stabilisation

3.1.1Description

The PoSAT attitude stabili sation controll er, as described in [Ong], is a simple
control law based onthe angle (a) between the expeded geomagnetic field (based on
the IGRF model) and the z axis of the Orbital CS,

it
rg - B (3.1.0)
0 "B’ 0

] ]

and the angle (B) between the measured geomagnetic field and the z axis of the
Control CS:

[ X 2 [ 2
B:arctarB\/( B ) +( By) H (3.1.2
i f
The dgorithm only uses the z coil through the foll owing law:

¢z — 1 B _ da
m _kg;—t dt@ (3.1.3

and the magnetorquers are fired when the satellit e latitude is 23.4° @ —23.4°which
corresponds to four firings per orbit. Further detail s on the dgorithm are available in
[Ong]'s work.

Although this is the dgorithm described in the literature, better results were
attained with the foll owing modified algorithm:

‘m* = sigrEJ[E —d—aH]naxfmz) (3.1.9
Odt  dt g

a = arcta

where max(m?) represents the maximum producible magnetic moment with the z

coil. Note that this is the same @ntrol law as (3.1.3), bu the magnetic moment
amplitude is now constant and d maximum amplitude produwcing a faster decay onthe
satellit e total energy.

11
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3.1.2Simulation results

The following simulation results were obtained with control law 3.1.4in the

simulation test described in appendix B.

ysettlingtime yfor 3orbits yfor 5orbits yfor 15 arbits Energy

(orbits) © © © @)

Test 1 >15 abits 140 45 53 184476
Test 2 >15 abits 60 54 38 184476
Test 3 >15 abits 78 54 49 184476
Test 4 >15 abits 50 46 32 184476
Test5 >15 abits 154 158 167 184476
Test 6 >15 abits 54 50 32 184476
Test 7 >15 abits 80 70 50 184476
Test 8 >15 abits 50 42 32 184476
Test 9 >15 abits 50 51 35 184476
Test 10 >15 abits 54 54 37 184476
Mean >15 abits 59 53 38 184476
Std. Dev. >15 ahits 13 8 7 0

Best case >15 abits 50 42 32 184476

Table 3.1.1 — Simulation results for the modified PoSAT controll er.

180

160

Gamma (° )
Boe e
B f=23 o] [=] n B
(=] o o =] o o

N
o

o

Note that in order to produce the average results test 1 and 5were not taken
into acourt because the satellit e moved to an inverted boan configuration.

0

2 4 6

Tima (nrhite)

10

12

14

16

Figure 3.1.1 — Gamma evolution for test 5.
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Flgure 3.1.2 — Lontrol magnetic moment T1or

test 5.

12



Attitude Control Strategies for Small Satellit es

1.6

1.4

1.2

0.8

IT\me (prbits] }

0.6

0.4

w” (radfz)
o
]
[

0.2

2 4 8 g 10 12 14 16 0 2 4 6 8 10 12 14 16
Time {orbits)

Figure 3.1.3- ° Q_, evolution for the best case. Figure 3.1.4 — Satellite energy evolution
for the best case.

3.1.3Discusgon of results

The results obtained with the modified POSAT controller show that this
controller has avery poa performance. After 15 abits the y angle reduced orly to 32°
in the best case. In test 1 and 5the dgorithm was nat cgpable of maintaining the
satellite in a boam up configuration as can be seen in fig. 3.1.1.The angular velocity
disgpationis very slow (fig. 3.1.2 and the dgorithm is not capable of disgpating the
z axis angular velocity as explained in [Ong]. The total energy of the satellite dso
deays very slowly (fig. 3.1.3 and the performance of this algorithm can orly be
evauated in days instead o orbits [Ong]. The only advantages are the low
computational neals and the low power consumption (184476J) as the magnetorquers
areonly fired 4times per orbit.

3.2 Sliding mode control

3.2.1Description

The dliding mode antrol algorithm implemented is very similar to the one
propacsed by [Wisniewski] so there will not be presented any deductions or stability
considerations as they can be mnsulted in the supra-cited reference.

Consider the following sliding variable:

‘s=°Q ., +N\ .0 (3.2.)
where A, is a positive definite gain matrix. The sliding manifold is defined as the
subspaceof the state space where the sliding variable is zero:

s={q.°Q,,: °s=0} (3.2.2

[Wisniewski] showed that when on the dliding manifold the solution abit will
converge to the reference °Q_ =[00 0[], ¢q=[0 0 0], therefore it is now

13
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necessry to find a control law that will make the solution abit converge to the
sliding manifold. The desired torque is defined as:

C —C C
Neg —As™S

des™

"N, =°Q, x1°Q,, -3 (*k, x1°k, )+ w1 (*i,x°Q., ) (3.2.3

where the equivalent torque @mpensates the system dynamics and the term
— A “swill make the solution converge to the dliding surface in an exporential way.
[Wisniewski] also showed that only the cmporent of °N, that is paralel to the

diding variable vedor is resporsible for decreasing the distance to the dliding
manifold, so the foll owing control law in proposed:

o SNELCB
m = d—2 (3.2.9
CB|
where
C r CN eSlE'SC
Nj, =—d—¢s (3.2.9

Equetion (3.2.4 computes the magnetic moment from the parallel comporent
of the desired torque, which is obtained by projeding the desired torque on the sliding

variable vector (equation 3.2.5. As can be seen in the work of [Wisniewski] this
control law is proved to be locally asymptoticaly stable.

The ntrol law presented at equation (3.23), (3.2.49 and (3.2.5 was
implemented considering only one restriction: the magnetic moment produwcible has a
lower and upper limit equal to the POSAT limits.

3.2.2P0oSAT Restricted actuators

Due to the nature of POSAT aduators restrictions (single-coil -actuation) it is
not possbleto use sliding mode cntrol with POSAT aduators as will be shown next.

The oontrol torque generated by the satellit e @il sis obtained by equation 2.3.2
and can also be expressed in matrix form as:

0o -°m, °‘m [FB,0U

C~c Dc c |:|
=m°B=p°m, 0 -‘m,B,n (3.2.9

f'm, ‘'m0 HB.H

By inspedion o the® m matrix we ca seethat if “mhas only one component

‘N

ctrl

different from zero the matrix “m will have aline of zeros. This means that the
control torque will be zero in ore dimension; there will always be adimension were it
will nat be possble to compensate the system dynamics, na make the solution abit
converge to the sliding manifold. This restriction becomes even more severe if we
recognise that the dynamicd model of the satellite (2.2.1) is a wuded system,

14
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therefore the perturbation impaosed by the actuation constrains will propagate to the
other dimensions and the system will become uncontroll able.

From the @ove agumentsit isvisible that thiskind d control is not suited for
systems with the referred actuation constraints.

3.2.3Simulation results

As was shown at section 3.2.3PoSAT can nd be wntrolled by this kind o
control, therefore we will only present simulation results for ided aduators. The
simulation results presented here do nd correspondto the simulation test described in
appendix B because initial condtions are outside stability margins of the Sliding
mode cntroller. Therefore the initial spin velocity had to be decreased from 0.0625

rad (57" to 0.03 rad [, bu even with this reduction there were caes were the
algorithm diverged as can be seenintable 3.2.1.

The simulations used the following values for the gains:

002 0 0 O
A,=H5 0 0002 0 5 A,=00001 3.2.9)

50 0 00105

that were foundempiricdly.

y settling time yfor 3orbits yfor 5orbits Pointing Energy

(or bits) ©) ©) acauracy (0 (J)
Test 1 2.03 2.1 0.44 023 32471
Test 2 2.94 5.4 0.81 043 55493
Test 3 2.66 3.8 0.52 043 46571
Test 4 Diverge Diverge Diverge Diverge Diverge
Test5 3.26 6.1 0.54 043 46571
Test 6 3.43 9.4 0.92 043 99894
Test 7 2.43 3.5 0.65 043 48923
Test 8 Diverge Diverge Diverge Diverge Diverge
Test 9 Diverge Diverge Diverge Diverge Diverge
Test 10 Diverge Diverge Diverge Diverge Diverge
Worst case  3.43 9.4 0.92 043 99894

Table 3.2.1 — Simulation results for Sliding mode control with initial spin of 0.03 rad ™
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The dgorithm diverged amost in half of the smulations © average results are
not shown as their confidence degree would be very low.
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3.2.4Discusson of results

Although this algorithm has a strong drawback, its locd stabili ty properties, it
also has an important property: its pointing accuracy. Pointing accuracies of 0.1e-3°
(table 3.2.7) shown in dmost every simulation and 3axis gabili sation (fig 3.2.1) are
characteristics that may be necessary for misson phases where high panting accuracy
is an essentia factor. However in red condtions the pointing accuracy will be
degraded due to the errors in the dtitude and angular velocities produced by the
attitude determination system and die to the errors induced by the magnetorquers
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which are not able to produce the magnetic moments with the desired predsion.
Anather problematic charaderistic of this algorithm is that satellite energy (fig. 3.2.9
increases drasticdly in the first orbit. This increase in energy is required to force the
solution abit to the dliding surface, once on the sliding surface the energy decreases,
and the solution converges snoathly to the reference & can be seeninfig. 3.2.2.

3.3 Energy based control

3.3.1Description

As the description d the previous control algorithm, the energy approac to
magnetic dtitude control covered in this dionis based on[Wisniewski], so we will
only present a summarised description d the basic dgorithm, and propcse adlightly
diff erent energy approach to use with the POSAT-1 restricted actuators.

A magnetic generated mechanicd torque is always perpendicular to the
geomagnetic field vedor. The mnsequenceis that the satellite is only controllable in
two dredions at any single paint in time. With the geomagnetic field varying along
an orbit this implies, e.g. that in the Earth's poar regions the yaw angle is uncon
trollable, whereas it can be antrolled again when the satellite is in the eguatorial
regions. Since the @ntrol torque is aways perpendicular to the geomagnetic field
vedor, it is desirable that the magnetic moment is also perpendicular to the
geomagnetic field vedor, as only this componrent produces a non-zero control torque.

It is concluded that magnetic control moment must include information about
the angular velocity of the satellite [Wisniewski], and also abou time propagation d
the geomagnetic field. A candidate for generation d the magnetic moment is an
angular velocity feedbadk

°m(t) =h°Q_, (1)x°B(t) (3.3.1)

where h is a positive @nstant (the velocity feedback can orly use scdar gain in order
to prove asymptotic stabili ty [Wisniewski]).

There ae two main reasons to suggest this feedbad:

[. - It contributesto the disgpation d kinetic energy of the satellit e.

2. - It provides four stable equili brium points. The equili brium points are such
that the z axis of the Control CS (the ais of the minimal moment of
inertia) points towards the diredion d the z axis of the Orbit CS, and the
unit vedor of the x axis of the Control CS (the ais of the largest moment
of inertia) is parale to the x axis of the Orbit CS. One of these
equili brium pointsis the desired reference.

Using the total energy as a Lyapunov candidate function it can be proven that
control law (3.3.]) is asymptoticdly stable around four equilibrium points (see
[Wisniewski] for the mmplete demonstration). One other important result in the
demonstrationis the energy derivative, that will be needed in the next chapter:

Eu="Q" °N_, (3.3.2
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A control law that makes all equili brium points but the reference unstable will
be presented next. The reference onsidered is:

Q. k.. i,):0 °k,, °i,)) (3.3.3

The three is attitude stabili sation can be acomplished when some dtitude
information is added into the velocity control |aw.

"m(t) =h°Q,, (x°B(t) - £q ()< B(Y) (339

where h and ¢ are positive mnstants.
It isproven in [Wisniewski] that the control law (3.3.4), with the proper values
for hand O, isasymptoticaly stable ébou the reference (3.3.3).

If the total energy, the sum of Egq Egyro and Egin is above the energy level
E’qg + E°gro (the maximum potential energy required for the boam axis to crossthe
horizontal plane), then the kinetic energy has norzero hias, and the satellite will
tumble, i.e., the boan axis will evolve between ugright and upside-down attitude.
Whereas if the total energy is below E’yq (the minimum potential energy necessary to
crossthe horizontal plane), and the initial attitude is sich that the boom axis is above
the locd horizon, then it moves above the horizon forever. The time propagation d
the solution trgjedory for the energy level between E'yq + E%gyro and EYqq, where the

energy gap At IS

X x 3
Atot = Egg + Egyro - Egg = 2(’L)OZ(I x I z) _E("OOZ(I y =1 z) (335
remains undetermined.

A control law taking this uncertainty into accourt is:
Procedure 1

1. If B> EXgg + EZgyro (see 3.37) activate the anguar velocity controller
(3.31)

2. Else wait until °k_,changes the sign from negative to pcsitive, then
activate the rate/attitude mntroller (3.34) for °k; >0.

The first stage diminishes the total energy using the angular velocity feedbadk
to the level Egq + E%gyro, then waits until the boam axis crosses the horizon dane from
upside-down to upight to adivate the rate/attitude controller. The controller needs
only to disspate asmall amourt of energy Ay in order to keep the boaom axis above
the horizon forever. Hence, the solution converges asymptoticaly to the reference

The ontrol law in procedure 1 is locdly stable in the sense that if the boom
axis is upside-down and the total energy is below E”yq + E*gyro (More predsely below
E’yy there ae no means to turn the boam axis upright. To get over this problem, an
aternate procedure for achieving a globally stable controller is devised. The concept
isto apply a destabili sing control when the gravity gradient boam is upside-down and
a stabili sing control when it is above the horizon.
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Procedure 2

1. If the boam axisis upside-down (below the horizon) generate the magretic
moment accordingto (3.36) until °k;>0
‘m =g°i x°B (3.3.9
where g isa pasitiveor negative onstant, a design paameter.

2. Useprocedurel.

There ae two reasonsto propase this algorithm:

A minimum effort controller is a controller which generates a control torque
perpendicular to the locd geomagnetic field. The unit vedor ‘i is approximately
perpendicular to “B(t) for all t, since it is perpendicular to the orbit plane. The
resultant control generated acwrding to (3.3.6 is pardle to “i_ and therefore

perpendicular to the locd geomagnetic field.

e The minimum potential energy necessary to turn the boam axis upright is the
rotation abou the pitch axis, which is at most

gyro

2 1
E, =E) +E} =§w§(|y—|z)+§w§(|x—|y) (3.3.9

The potential energy necessary to turn the satellite dou theroll axisis at most

EP = EQ)J(Q +E5yro :2(1)3(')( _lz) (338
where
1
EY, :Ewé(lx -1,)=0 (3.3.9

Procedure 2 is improved by utili zation d the aagular momentum due to the
satellit e revolution abou the Earth, hg. The design parameter g is grictly paositive,
thus the angular momentum hg ads in the same diredion as the @ntrol torque, and the
necessary effort to turn the satellit e upright is decreased.

There is a more degant form of a globally stable controller in [Wisniewski],
but the one presented is of simpler implementation and therefore was the one used.

3.3.2P0SAT Restricted actuators

Due to the restrictions associated with the PoOSAT aduators, the badk-off
time, the passhility of using only one @il of the magnetorquer at atime and the only
three different currents available to produce the magnetic moment, it is proposed a
dightly altered energy control algorithm. The propaosed alterations are only in order to
maintain the dfectiveness and stability of the dgorithm in this restricted aduators
situation.

Since the satellite can orly actuate in ore diredion, °x, % or °z, is chasen the
diredion that produces a moment more similar to the one that is propcsed by the ided
aduator algorithm. Thisis dore by comparing the magnetic torque dtained with each
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of the restricted aduator coils (already quantified to producible moments), with the
magnetic torque that would be obtained with the proposed magnetic moment (ideal
aduator). The direction that produces a doser result isthe chasen one. The resizing or
quantification d the moment is dore by using the Euclidean dstance definition,
where the propcsed moment comporents (ided moment) is compared with the
restricted moment and is chosen the restricted moment magnitude that is closer to the
propcsed ore.

The stabili ty of the dgorithm is guaranteed because the actuators are adivated
only when the total energy derivative (3.3.9 is negative. This leads to think that the
best aduation is the one that produces the lowest (negative) energy derivative. An
energy like control completely thowght for the POSAT’s actuators and wing the
previous concept is presented in the next chapter.

The destabili sing control agorithm in procedure 2 that turns the satellit e from
an upside-down to an upright position, daesn’t work when the POSAT aduators are
used, again because of the restriction o aduating in just one il at atime and d the
minimum time between aduations. When used with the dterations proposed before
this control law makes the satellite spin instead of inducing enough roll or pitch
angular velocity to turn the satellite upright. By noting that the only moment that
always indwces roll or pitch torques is the moment produced by the z coails, is
propacsed a antrol law for turning the satellit e upright from an inverted pasition that
is:

‘m? = MAX _Mz* sgr{E(°NﬁAAx_M )]

‘m*=*m’ =0

(3.3.10

Where MAX Mz is the maximum magnetic moment producible in the z diredion. The
control law makes the satellite aduate only with the z coils and with the maximum
power. The sign of the energy derivative gives the arrect sign to the actuation, i.e., if
the sign is pasiti ve the moment produced will i ncrease the satellit € s energy, and this
is what is wanted. If the sign is negative, it means that a positive moment would
deaease the satellit € s energy and therefore anegative moment will i ncreaseit.

3.3.3Simulation results

The following results were obtained using the described agorithm, see
Appendix B for further detail sontheinitial condtionsfor the smulation.

The results shown here were atained with avelocity gain h=7*10’, an attitude
gain e=1*10°, and a destabilising gain g=1*10". These vaues for the gains were
derived through simulation as they seemed to produce better results. Note that the
values for the pointing accuracy are dtained for 15 abits, which means that greaer
acairacy could be obtained if alonger time was used for the simulation.
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ysettlingtime yfor 3orbits yfor 5orbits Pointing Energy (J)

(orbits) © ©) accuracy (°)
Test 1 3.3 3.4 0.7 0.E-03 29430.3
Test 2 3.4 4.0 0.7 0.E-03 30811.2
Test 3 3.9 9.1 1.1 0.E-03 106461.9
Test 4 2.8 3.0 0.5 0.E-03 25889.0
Test5 1.8 1.4 0.2 0.E-03 27909.5
Test 6 3.4 3.7 0.7 0.E-03 25104.2
Test 7 3.3 4.0 0.5 0.E-03 34334.8
Test 8 3.0 5.1 0.6 0.E-03 23362.7
Test9 2.5 3.2 0.6 0.E-03 27422.6
Test 10 2.6 3.3 0.4 0.E-03 27393.6
Mean 3.0 4.0 0.6 0.E-03 35812.0
Std.Dev. 0.6 1.9 0.2 0 23730.0
Worst case 3.9 9.1 1.1 0.E-03 106461.9

Table 3.3.1 — Simulation results for the Energy control with ided aduators

Figure 3.3.1 - y evolution for the worst
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ysettlingtime yfor 3orbits  yfor 5orbits  Pointing Energy (J)

(orbits) © ©) accuracy (°)
Test 1 >15 28.55 25.26 7.16 197022.6
Test 2 >15 29.47 21.05 7.45 194826.1
Test 3 13.12 37.76 27.32 3.67 207756.7
Test4 >15 31.05 24.56 7.65 186837.0
Test5 >15 35.38 30.64 8.11 195807.8
Test 6 >15 44.30 36.97 6.34 194280.8
Test 7 >15 44.01 34.27 7.58 197054.0
Test 8 14.71 36.58 27.32 5.00 193235.1
Test9 14.16 35.26 28.45 4.19 198044.7
Test 10 >15 32.24 28.66 6.81 372479.2
Mean N.A. 35.46 28.45 6.40 213734.4
Std.Dev. N.A. 5.2 4.4 1.48 53141.7
Worst case 14.71 44.30 36.97 8.11 372479.2

Table 3.3.2 — Simulation results for the Energy control with the PoOSAT aduators
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Timefor Etot>Ethres

Timefor °k?>0 Yysettlingtime  Energy (J)

(orbits) (orbits) (orbits)
Test1 0.380 0.159 3.43 107722.58
Test 2 0.957 0.900 6.64 629163.48
Test 3 1.080 1.056 6.64 578843.87
Test 4 0.699 0.448 3.47 408701.71
Test5 0.538 0.462 5.38 578662.93
Test 6 0.863 0.747 5.68 529788.91
Test7 0.505 0.456 6.67 572941.06
Test 8 0.470 0.378 2.95 390460.73
Test 9 0.736 0.676 6.16 798304.33
Test 10 0.925 0.747 3.76 121674.95
Mean 0.715 0.603 5.08 471626.45
Std. Dev.  0.225 0.255 1.44 208224.82
Worst case 1.080 1.056 6.67 798304.33

Table 3.3.3 — Simulation results for the inverted boan test with ided aduators
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Timgfor Etot>Ethres Timefor kZ>0  ysettlingtime Energy (J)

(orbits) (orbits) (orbits)
Test 1 5.12 3.25 13.79 800818.85
Test 2 5.23 3.25 N.A. 800711.30
Test 3 5.20 3.24 N.A. 801104.26
Test 4 4.54 3.29 N.A. 800037.41
Test5 5.10 3.25 12.90 801153.56
Test 6 4.45 3.26 14.56 800452.78
Test 7 7.02 6.20 N.A. 860824.06
Test 8 4.59 3.29 N.A. 800023.96
Test9 4.81 3.27 N.A. 800282.48
Test 10 4.76 3.26 14.53 799992.59
Mean 5.08 3.56 13.94 806540.12
Std.Dev.  0.70 0.88 0.68 18099.30
Worst case 7.02 6.20 14.56 860824.06

Table 3.3.4 — Simulation results for the inverted boam test with restricted aduators
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3.3.4Discusson of results

The strong point of this algorithm is that it is globally stable. As can be seen
from figure 3.3.1the worst case occurred due to urfavourable condtions that induced
the satellit e into an inverted boan condtion, bu remvered from it and converged to
the referencevery fast. The dgorithm is also afast algorithm (with an average settling
time of 3 arbits) and presents avery high panting accuracy (that will be very reduced
after introduction d aeodynamic perturbations and d the atitude estimation
algorithm in the simulator dynamics).

For the POSAT’s actuators the results are poorer, as was expeded sinceit is
the same dgorithm, bu aduating at most 3% of the time of the ided case. If the other
restrictions on the aduators were taken into accourt the atained results would sted be
are within the expeded values. From longer simulations values of 2° where obtained
for the painting acaracy with the POSAT’ s aduators.

The strongest drawbadk to the dgorithm due to the restrictions are the
aduations in orly one il a a time, since the diredion d the magnetic moment
produced by the satellite is very important for the dficiency and stability of the
algorithm.

For the inverted boan situation it is ®en from table 3.3.3 that the dgorithm
has a very good performance. In the worst case the dgorithm goes from an inverted
boam attitude to a 5° attitude eror in lessthan 7 abits. W.r.t. the magnetic moments
presented in figure 3.3.7,the values shown are the values requested by the dgorithm,
depending highly on the destabilising gain g that is desirably high, while the real
aduating values are limited to the maximum values of POSAT-1. Note the difference
between the time required for the total energy to become higher than the threshold
energy in eg. 3.3.8,and the time for the satellite recover from an upside-down
paosition to a definite upright positi on (where %?,>0).

For the POSAT aduators, the results obtained are very good if we take into
acour the reasons already mentioned relative to the POSAT actuators. In 4 ou of 10
tests, 5° d pointing accuracy is achieved in lessthan 15 abits from a 180°inverted
boam situation. Note that the transition to an upright position is not very direct, since
due to the limited aduations, the satellite in some caes has an angular velocity and
energy that makes the satellit e just passthrough from a down to an ugpright position
and then againto an inverted pasition. This is the cae presented in figure 3.3.7 and
3.3.8.

3.4 Predictive stabilisation

3.4.1Motivation
As was fiown in sedion 3.3.1the derivative of the Lyapunovfunction besed
onthetotal satellite energy is given by eq. 3.3.2 repeated here for convenience
.EtOt:CQIoCthrI (333

The equation Etot = Orepresents al the control torques that lie on a plane that

is perpendicular to °Q__, therefore impasing .Etot < 0isthe same & impasing that the

co’

control torque shoud lie "behind" the plane perpendicular to °Q_, . Further more the
control torque is obtained from eq. 2.3.2also repeded here:
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°N_, =°mx°B (2.2.2

ctrl

which states that the cntrol torque must always be perpendicular to the geomagnetic

field. In view of this the solution d this control problem must satisfy this two

requirements:
Q! °N
EC BT c N

ctrl < O
3.4.

ctrl = O ( ])

From eg. (3.41) it can be seen that although the solution to these mnstraintsis
not a linea space, it is however an urimited subset of a plan embedded in a three
dimensional space in the general case, or it doesn’t exist if “Q_,is paralel to°N, .
The same is to say that the solutions to this control problem are infinite in the general
case, which points to a control algorithm that would choose the optimum magnetic
moment (or at least the best one given all the cnstrains) at each actuation moment to
take alvantage of the particular angular velocity and geomagnetic field. This
approach dffers from the others already considered which use the same @ntrol law
for al situations when, depending on the aurrent angular velocity and geomagnetic
field, an ogimum magnetic moment is avail able from the set of solutions.

3.4.2Description

The mntrol algorithm has to chocse the best magnetic moment according to
the angular velocity and geomagnetic field configuration at actuation time. Defining a
cost function besed onthe kinetic energy®:

J =%°QIOAQCQCO (3.4.2

where A, is a paositive definite gain matrix. More insight will be given relative to the

choiceof the st function when studdng the dgorithm stabili ty at sedion 3.4.3.

The dynamicd model of the satellite is well known and unarstood so it can
be used to see the influence of the magnetic moment on the agular velocity. The
angular velocity of the Control CSw.r.t. the Inertial CS can be written as:

CQci :CQCO+CQoi :CQCO +A(gq)OQOi :CQco + wocio (343

where is used the fact that small satellit es are usually launched into pdar orbits with
small eccantricities (PoOSAT orbit has an inclination d 98° and an eccentricity of
0.00) therefore, the angular velocity of the Orbital CS w.r.t. the Inertia CS is
approximately given by:

°Q, =[w, 00[ (3.4.4

The derivative of eq. 3.4.3 nav becomes:

“06="Qeot @, i, x°Q., (3.4.9

% The use of /\q instead of the inertia matrix was chosen due to the posshility of defining relative
weights for the angular velocities.
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substituting in the dynamics equation (eq. 2.3.2 and reglecting the disturbance torque
we get:

1°Qeo =1 °Qx*Q +°Q,, ¥, i, +°N i, +°N,, (3.4.9

To use eg. 3.4.6to predict the evolution d the angular velocity condtioned by some
control torque we discretise it considering asmall time step At:

"Q,,(t+At)—Q,,(t) ~| -1(| Q. t)x°Q, (t))+ | _l(CQco(t)xwocio(t))

At
17N (B)+ 17N, (t) (34.7)

which may be written as:

“Q,, [t +At)=°Q,, (t)+ At  (t)+Of(at)?)

FE) =17 °Qu % Q)+ 17 (fQu, X 0,1, )+ 1N +172°N
and the prediction equationif given by:

]

“Qoolt +At)=°Q_, (t)+ Atf(t) (3.4.9
where the * stands for prediction. It can be seen from eq. 3.4.9that it is possble to
predict the effect that a determined control torque will produce on the agular
velocity*. For this prediction there is only need to knaw the airrent angular velocities
(CQCO) and attitude (gq), readily available from the dtitude determination system.

Using the prediction equation (3.49) and (2.22) it is possble to choose from the
avail able magnetic moments the one that minimises the st function (3.4.2), orce the
geomagnetic field value is avail able from the magnetometers.

(3.4.9

ctrl

3.4.3Stability study

The patential energy of the satellite is composed of two terms (eq. 2.61),
where the term that refleds the satellit e revolution about the Earth (eq. 2.6.3 has a

minimum when ‘i = i[l 0 O]T, which means that the x axis of the wntrol CS is

paralel to the x axis of the orbit system. As we are only aiming at stabili se the
satellite (remove the angular velocity of the Control CS w.r.t. the Orbital CS) this
comporent of the potential energy brings no uwseful information, so it is nat
considered. The potential energy due to gravity gradient has a minimum when the z
axis of the Control CSiis paraléd to the z axis of the Orbital CS. Once again there is
no real to consider the information given by this expresson, as the gravity gradient
effect will be refleded onthe kinetic energy.

Consider that all kinetic energy was disgpated, bu the z axis of the Control
C.S.isnat paral e to the Orbital C.S.. A torque is being applied to the satellit e caised
by the gravity gradient effed (eq. 2.34), therefore this torque is being compensated
by a control torque, to maintain the kinetic energy at zero. The geomagnetic field is
changing in dredion and amplitude trough the orbit, but the entrol torque canna
perfectly match these changes @ a residual torque will appear and will impaose an
angular velocity (kinetic energy) different from zero that will be readily eliminated by
the controller. Although the kinetic energy will be zero at these unstable equili bria
points, it will not stay at zero for long. Asthis diows it is enough for our purposes to

4 Recdl that eq. (3.4.8) corresponds to the Euler method for solving rumericaly first order differential
equations.
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consider only akinetic energy like st function to minimise®, because the only stable
equili briais °k , =+[1 0 0]".

Having established that a kinetic energy like st function is enough for
stability it is gill necessary to show that this minimisation method kesed on a

predictive model will work. Consider a Lyapunov function E ., as defined in eq.
3.4.2,the kinetic energy based oneg. 3.4.8may be expressed as.

EL.(t+At)= ELyer (t +At)+ O((At)2)+ o((At)“) (3.4.10

Lyap
If we onsider that the minimisation algorithm is working correctly, we will have:
O
Evel(t +At) < E ., (t) (3.4.1)
substituting eg. 3.5.9in 3.4.10we get:
Eye(t+41)- E. () <O((at)? )+ of(at)’) (3.4.12
dividing by At and assuming At as gnall as wanted, we can write:

im Euelt+80)-Eug(t) . ofat)+ofat)’)
f-o At a0 At (3.4.13

= Euap<0

Therefore global uniform asymptotical stability is ensured towards the
reference °Q_, =[0 0 0], and as previously shown also towards °k, = +[1 0 0]" or
eguivalently to ;g,=;q9, =0.

3.4.4Global stability

For the purpose of achieving gobal stability towards °k, =[1O O]Tan
algorithm similar to the one proposed by [Wisniewski] in the energy based control is
employed. As described at section 3.3.1the energy required to turn the satellite to a
boam up configuration is given by eq. (3.3.8, and the cntrol magnetic moment
shoud increese the potentia energy when the satellite is on an up side-down
configuration. To ensure that the actuation will effectively turn the satellit €'s boam up
only the z coil is employed, this way the @ntrol torque will induce alibration
movement. The dgorithm employed is divided in threesteps:

o If °k? <0 and E,, <E, . Chose the magnetic moment that maximises
the ast function.

o If kZ<0Oand E

« If °k? >0 chose the mntrol magnetic moment that minimises the st
function.

total

> E,qnoq Wait until the satellit e turns up.

total

® There is another issue related to minimising the gravity gradient potential energy, eq. 2.3.4 involves
attitude information. The prediction of the dtitude could be done using the same method as for the
angular velocity prediction, but when integrating the axgular velocity prediction, we would also
propagate its error, which brings convergence problems, and would be mmputationally more
demanding.
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3.4.51deal actuators (Genetic stabili sation)

For ided aduators the minimisation d the st functionis dore ona ontinucs
infinite subset of a plan. Optimum control theory is difficult to apply in this case due
to the nontlinea time-varying nature of the dynamics equation. An iterative method
for the @st function minimisation was an aternative, so a Genetic Algorithm (GA)
was implemented. The concept of GA's will not be explained here, as it can be found
on many references on that subjed, seefor example [Goldberg]. The implemented
GA uses the standard techniques and a special operator, €litism, this means that the
best solution is aways preserved and transmitted to the next generation. Cloning has

also been used, by which we insert into the popuation the solution ‘m=[0 0 0]',
because it has been found through simulation that sometimes the dgorithm would
converge to magnetic moments parall el to the geomagnetic field after the stabili sation
had been completed. The solution °m = [0 0 O]T performs same action (do ndhing),
but preserves power, asit doesn't use the magnetorquers for that purpose.

3.4.6PoSAT Restricted actuators (Brute force stabili sation)

When considering PoSAT restricted actuators there ae only 19 available
magnetic moments. Each coil may receive three different currents with two dfferent
polarities, which gives 6 moments per coil and 18 moments for the three wils. The
19" moment is the do nahing solution °m =[0 0 0]" . With such a restricted search
space it is not necessary to use an iterative minimisation algorithm, because dl
solutions may be evaluated and the best one (the one that minimises eq. 3.4.3 is
chosen.

3.4.7Simulation results

These results were obtained using the described algorithm, see Appendix B for
further detail sontheinitia condtionsfor the simulation.

For the genetic regulator a popdation d 10 solutions was used and evolved
during 10 generations. Better results could be adieved with a larger number of
generations and/or a larger popudation d solutions, bu those would rise the
computational effort. Mutation probability of 30% and crossover probability of 70%
was employed, as they seamed to produce better results. The gain matrix A, used

was the identity matrix.
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y settling time yfor 3orbits yfor 5orbits Pointing Energy

(or bits) ©) ©) acauracy (0 (J9)
Test 1 2.32 2.859 0.034 0e33 849597
Test 2 1.20 0.021 0.005 0.0016 330590
Test 3 1.60 0.639 0.005 0.423 629622
Test 4 1.87 1.960 0.042 0.853 509173
Test5 2.36 3.413 0.047 0.0024 808239
Test 6 0.88 0.589 0.005 0.843 460650
Test 7 1.92 1.820 0.027 0.813 635007
Test 8 1.92 1.970 0.045 0.0014 468347
Test 9 1.92 1.676 0.037 0.001 918380
Test 10 1.85 1.794 0.060 0e53 669706
Mean 1.78 1.542 0.030 0.001 627931
Std. Dev. 0.46 1.003 0.021 0.00064 189669
Worst case  2.36 3.413 0.047 0.0024 918380

Table 3.4.1 — Simulation results for Predictive stabilisation (Ided Actuators).
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For the brute force @ntroller the A, gain matrix used was also the identity

matrix.

y settling time yfor 3orbits yfor 5orbits Pointing Energy

(orbits) ©) © acauracy () (J)
Test 1 2.91 2.4 0.196 0.1 499523
Test 2 3.46 14.5 0.57 0.16 611999
Test 3 3.30 8.5 0.29 0.16 580336
Test 4 2.93 4.2 0.22 0.079 506509
Test 5 2.61 2.7 0.18 0.12 470235
Test 6 3.45 12.5 0.087 0.11 603063
Test 7 2.98 6.4 0.15 0.14 544702
Test 8 3.34 8.3 0.41 0.11 615744
Test9 2.61 2.6 0.17 0.13 470235
Test 10 3.32 6.1 0.23 0.05 532065
Mean 3.12 7.3 0.26 0.12 543441
Std. Dev. 0.29 4.1 0.15 0.04 56751
Worst case  3.46 14.5 0.57 0.16 611999

Table 3.4.2 — Simulation results for Predictive stabilisation (Restricted Actuators).
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For the inverted boan test the A, gain matrix used was once again the
identity matrix and the avallable set of magnetic moments was reduced to
{— ma><(°mz), max("mz)} when the satellite was on an inverted boam scenario. Also
the satellite energy threshold used was not eq. (3.3.8 but E,ygoe =302 (1.~ 1, ),
sincethis value improved the antroll er efficiency.

°k? > Osettling time Y settling time Pointing accuracy Energy (J)

(orbits) (or bits) ©)

Test 1 3.2 7.8 0.15 1367024
Test 2 3.4 7.4 0.06 1294509
Test 3 3.3 7.6 0.26 1333790
Test4 3.3 7.8 0.06 1317829
Test5 3.2 7.8 0.23 1361092
Test 6 3.3 7.6 0.12 1324934
Test 7 3.3 7.9 0.12 1386394
Test 8 3.2 8.1 0.06 1358970
Test 9 3.2 8.1 0.06 1262172
Test 10 3.4 7.6 0.03 1292503
Mean 3.3 7.8 0.12 1329922
Std. Dev. 0.08 0.2 0.08 39174

Worstcase 3.4 8.1 0.26 1367024

Table 3.4.3 — Simulation results for Predictive stabilisation (Restricted Actuators) on an
inverted baom scenario.
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3.4.8Discusson of results

Predictive stabilisation hes produced the best results s far. With ided
aduators it is posshle to control the satellite such that y <5°is attained in lessthen
2.5 abits and after only 5 arbits the &tained yvalueis already very small, 0.047%n
the worst case. The major drawbadk of this approadch is its computational time which
isvery expensive for the small computers avail able on-board of thiskind o satellit es.

For restricted actuators the results are dso very impressve: after 3.5 orbits the
satellit e is already stabili sed with a y value inferior to 5°,which are very good results
considering that the magnetorquers have abadk-off time of 100 sec. and a maximum
aduation time of 3 seconds. Ancther interesting property is the smaller computational
needs of this algorithm when compared with genetic stabili zation.

From fig. 3.4.4it is noticedle that this algorithm is not cgpable of totally

disgpate the z axis angular velocity (°w?,). Thisresidual small velocity is also evident
from fig. 3.4.3where g, slowly changes with time, instead of converging to some

value. This fad is not adired consequence of the controller but rather of the limited
set of avail able magnetic moments, which are not enough to produce aprecise antrol.
It is aso interesting to nde that most of the control effort is applied to the z coail, due
to the need to damp the li bration movement.

Energetically, the cntrol effort is smilar through the simulations, which
shows that the dgorithm efficiency is robust w.r.t. different initial condtions.
Nevertheless the required energy is considerably larger than, for example, energy
based control. This is, however, caused by the restricted set of avail able moments,
since they will rarely be perpendicular to the geomagnetic field. The lower energy
consumption d the brute force regulator relatively to the genetic regulator is again a
dired consequence of the small set of avail able magnetic moments.

For the inverted boan configuration the results are again very impressve,
only 8.1 abits are required to attain a y value inferior to 5°. The power consumption

is approximately the doulde of stability test, which shows that the same anourt of
energy is required to turn the satellit e up as to stabili se it, as can be seen in fig. 3.4.8.
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This agorithm has proven to be avalid ore to adiieve globa stability towards the
desired referencein view of the good performance results.

3.5 Overall comparison of results

Initially POSAT’s attitude controller was implemented as a reference for the
other algorithms, bu as different controll ers were being implemented and simulated,
it becane goparent the poorer performance of this sSmple antroller. Not being able to
attain a y value of 30°in 15 obits is a serious drawbadk relatively to the other
controllers' performance In view of the dready mentioned dfferences the results
attained with this controller can na be properly compared with the remaining
algorithms.

Sliding mode antrol isonly locally stable, restricting its adtuation envelope to
a small neighbaurhood d the reference Nevertheless the precision attained with
diding mode wntrol is very good, athough in red operating condtions, the accuracy
will degrade considerably due to all the arors involved. When considering restricted
aduators this kind d control is not appropriate, since the system bemmes
uncontroll able.

With energy based control it is posshble to achieve a globally stable cntroll er
that is able to recover from an inverted boan configuration. Settling time results for
this controller are dso very impressve, only 4 orbits are required to achieve ay value
of 5°. The painting acaracy is also very goodand similar to sliding mode wntrol. For
the inverted boan configuration, satellite lock in an ugight paosition is achieved in
only 1.1 ahits. The power required by this algorithm is extremely reduced, which is
an important fador for small satellites snce the energetic resources are scarce. The
results for the restricted actuators are poarer. The pointing accuracy is of only of 8°
for 15 abits, though longer smulations (of 25 abits) reved that this value may
deaease to 2°. The inverted boan controller guarantees an upright position in 6.2
orbits which may be considered fairly goodresults, despite the aduator limitations.

Predictive stabili sation has adchieved the best results © far. For ided actuators
predictive stabili sation achieves a y value of 5° 1.5 abits orer than the energy
controller. Pointing accuracy is dightly worse but on a red situation the diff erence
would be atenuated by attitude determination and actuation errors. When using brute
force stabili sation (restricted actuators), the settling time values gill overcome the
ones adhieved by energy control (for ideal aduators). Pointing accuracy is worsened
to afew tenths of degree, which till i s enough for most misson scenarios. The major
drawback is the amournt of consumed power required to attain the mentioned
performance  When recovering from an inverted boan configuration the
unstabili sation is not as effedive @ the energy control unstabili sation, which is
reflected onthe longer settling time (approximately 1.4 abitslonger).

Genetic stabili sation has obtained the overall best results, bu its computational
demands make it prohibitive for on oard implementation. Energy based control and
brute force stabili zation have asimilar performance Energy control requires ideal
aduators to achieve its best performance, whil e brute force stabili sation is not capable
of three xis control. Energy consumption is what makes the difference between the
two controllers. Brute force stabili sation is far more energy consuming that energy
based control and this fador may be aiticd for small satellit es. Sliding mode control
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coud be an opion for high pedsion three xis gabilisation, bu energy control
adieves the same results withou the drawback of locd stabili ty.
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4 Attitude stabilisation and spin control

The dtitude stabili sation and spin control algorithms described in this dion
aim to damp or eliminate de libration movement (align the Orbital CS z axis with the
Control CS z axis) and to attain or maintain a desired spin reference

For the simulation and comparison d the different algorithms it is assumed
that the dtitude can be determined withou any error and that it doesn't exist any
perturbation influencing the motion d the satellite (ex. solar presaure, aerodynamic
drag, etc.).

4.1 PoSAT Control

4.1.1Description
The PoSAT spin control is based onthe foll owing simple control |aw:

db”
dt

where k is a positive @nstant, °b*is the x axis measured magnetic field after
normalisation ands,, 0{-11}. The s,, parameter is used to cortrol the spin velocity
asuming the value of 1 to increase the spin velocity and the value of —1 to decrease

the spin velocity. This control law only uses the x cail, therefore according to eg.
(2.2.2 the goplied control torque will be:

‘m*=s,,k

(4.1.)

Ny, =[o —meegt meem| @12
andto avoid the disturbance caised by the y axis control torque the magnetorquers are
only fired when °B* is close to zero or inferior to some threshald (|°B*| < By, ecnoi)-

Due to implementation fadors, the magnetorquers are fired orly when ancther
condtion is also met, °B*is aso close to zero, o inferior to the same threshold

( CBX < Bthreshold)'

A dlightly different control law was implemented on PoSAT and for
simulation [Ong] which is:

‘m‘=s,, sig% E]nax(me) (4.1.3

where max(m*) represents the maximum producible magnetic moment with the x
coil. Note that this smple @ntrol law only controls the spin velocity and must be
conjugated with attitude stabili sation control law (3.1.3 or (3.1.4 to control bath the
spin and the dtitude.

4.1.2Simulation results

As control law (4.1.3 only controls the satellite spin the simulation results
presented refer to spin test B only. The value used for By, .q,,q W8S 5 UT andthe value

of s,, waschosen according to:
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S — S_l D cwczo > 002+ wthreshold
o D 1 D cwczo < 002 - wthreshold

Weenog = 0-0005rad 57

“w?, settling time (sec)/(orbits)  w?, accuracy (rad/s) Energy (J)

Test1 165902.74 0.0197 14245
Test 2 1958%3.24 0.0197 14205
Test 3 Diverge Diverge Diverge
Test 4 122122.02 0.0196 14144
Test5 Diverge Diverge Diverge
Test 6 135942.25 0.0196 14225
Test 7 Diverge Diverge Diverge
Test 8 205073.39 0.0202 14161
Test9 Diverge Diverge Diverge
Test 10 Diverge Diverge Diverge
Bestcase  122122.02 0.0197 14205

Table 4.1.1 — Simulation results for the PoSAT Control (Restricted Actuators).
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Figure 4.1.1 — Control magnetic moment evo- Figure 4.1.2 — Spin velocity evolution for the best
[ution for the best case. case.

4.1.3Discusson of results

Simulation results show a fair performance for the POSAT controll er although
divergence has occurred in helf of the simulations. In the best case only after 2.02
orbits the spin has sttled to the desired reference, and the evolution from zero spin to
the reference seems a littl e eratic. This difficulty to attain the desired reference may
be dtributed to the fact that the wntroller only uses the maximum avail able magnetic
moment. Anather interesting effed of this control law is the low energy consumption,
as there only a few magnetorquer firings are required to achieve the desired spin.
Neverthelessit this controller must be conjugated with control law (3.1.3 or (3.1.4 to
damp libration and stabili se the dtitude.
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4.2 Energy based control

4.2.1Description

By observation d control law (3.3.9 it stands out that for spin control the
attitude feadback is unwanted, thus only a ontrol law with angular velocities
feedback, as (3.31), is considered. In arder to achieve spin and attitude ntrol
through an energy based control, we propacse the foll owing control law:

°m(t) =h°Q _ (1)x°B(t) (4.2.1)

where °Q =°Q +°Q_ is the agular velocity of the satellite in a reference

coordinate system with the locd verticd and the xy plane @incident with the locd
verticd and the xy plane of the Control CS, i.e., the reference CS has a spin relative to

the Control CS. The °Q,, = [0 0-w ]T isa mnstant vedor with the spin (z angular

velocity) reference
The motivation for proposing this control law is because it was considered that

(4.2.)) would make °Q  converge to O, similarly to ‘Q_ in. (3.3.1). When
°Q,, =0, the desired result is attained, whichis °Q,, =[0 0 w,,, [ . Notethat (4.2.1)

adhieves both spin and attitude control (in the sense that the boom conwverges to an
upright pasition).

Although simulation results suggest that this control law is dable, a formal
demonstrationis gill required and will be considered as future work.

With ided aduators the @ntrol algorithm implemented uses the procedure 1
in chapter 3.3.2 b with the cntrol law (3.3.7) replaced with (4.2.1).

spin

4.2 .2PoSAT Restricted actuators

The danges for the POSAT actuators presented in chapter 3.3.3 are the same
for this case and therefore won't be repeated here.
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4.2.3Simulation results

The following results were obtained for the Spin test A using the same gains
as presented in chapter 3.3.4.

ysettlingtime yfor 3orbits yfor 5orbits Pointing Energy (J)

(orbits) (9) © accuracy (°)
Test1 2.43 2.43 1.87 1.84 5762.2
Test 2 3.47 4.21 1.88 1.83 4335.4
Test 3 2.77 2.78 1.80 1.82 5102.2
Test 4 3.10 4.00 1.82 1.85 3909.7
Test5 1.92 2.05 1.85 1.83 5865.6
Test 6 3.39 4.95 1.90 1.82 3658.3
Test 7 251 2.42 1.84 1.83 5560.1
Test 8 3.39 6.14 2.28 1.82 3675.6
Test9 2.54 3.84 2.07 1.83 4586.5
Test 10 2.36 3.40 2.05 1.83 5277.9
Mean 2.79 3.62 1.93 1.83 4773.4
Std.Dev. 0.5 1.2 0.1 0.01 810.8
Worst case  3.47 6.14 2.28 1.85 5865.6

Table 4.2.1 — Simulation results for the Spin test A with ided aduators
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ysettlingtime yfor 3orbits yfor 5orbits  Pointing Energy (J)

(orbits) © ©) accuracy (°
Test 1 >15 28.80 26.08 7.08 307310.6
Test 2 13.46 40.35 28.55 3.56 310423.0
Test 3 >15 37.76 30.29 6.89 311155.1
Test 4 >15 36.14 23.27 7.63 304287.9
Test5 >15 31.58 32.28 6.57 306095.9
Test 6 >15 43.42 36.02 11.30 298483.1
Test 7 >15 39.77 27.84 6.43 309949.3
Test 8 13.27 37.11 29.37 3.54 309248.6
Test9 >15 34.74 31.58 5.94 305091.8
Test 10 14.41 32.76 27.22 4.61 306632.3
Mean N.A. 36.24 29.25 6.36 306867.8
Std.Dev.  N.A. 4.2 3.4 2.14 3565.7
Worst case  14.41 43.42 36.02 11.30 311155.1

Table 4.2.2 — Simulation results for the Spin test A with the PoOSAT aduators
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The results attained for the spin test B are the following:

settling time (sec)

accuracy (rad/s)  Energy (J)

Test 1 28.95 0.0200 4573.0
Test 2 26.06 0.0200 4641.3
Test 3 28.95 0.0200 4516.4
Test 4 26.06 0.0200 4607.1
Test5 28.95 0.0200 4570.0
Test 6 28.95 0.0200 4545.0
Test 7 28.95 0.0200 4519.8
Test 8 26.06 0.0200 4581.9
Test9 26.06 0.0200 4639.2
Test 10 26.06 0.0200 4661.5
Mean 27.51 0.0200 4585.5
Std. Dev. 1.45 4.2 E-06 48.3
Worst case  28.95 0.0200 4661.51

Table 4.2.3 — Simulation results for the Spin test B with ided aduators
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settlingtime (sec)  accuracy (rad/s)  Energy (J)

Test 1 2055.80 0.0200 322135.7
Test 2 1216.11 0.0200 323649.3
Test 3 4386.67 0.0200 322515.2
Test 4 1114.76 0.0198 325966.7
Test5 2041.28 0.0199 320992.6
Test 6 1838.65 0.0199 320631.0
Test 7 1288.49 0.0201 303634.5
Test 8 506.71 0.0200 327066.2
Test9 608.05 0.0201 325212.1
Test 10 506.71 0.0199 326650.9
Mean 1556.32 0.0200 321845.4
Std. Dev. 1098.19 0.0001 6452.1

Worst case  4386.67 0.0201 327066.2

Table 4.2.4 — Simulation results for the Spin test B with the POSAT aduators

Magnetic moments - Restricted actuators

Wz (rad/s)

-
L
0.02 1 <0
N
: | 1IN
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2 0

Time (orbits) Time (orbits)

Figure 4.2.11 — Gama and spin for the Figure 4.2.12 — Magnetic moments for the
worst casein spintest B worst casein spintest B

4.2 .4Discusson of results

The results attained (for the ideal aduators) prove that this algorithm has very
good spin control capabiliti es, spinning up a down, asit isa cntrol based onangular
velocities. The average values for the settling time are even better than for the case of
chapter 3.3. Although its paointing accuracy isn't as good as the referenced case,
values of 1.8%are more than enough for most misson pleses.

For the POSAT aduators, athough the mean values foll ow the reference spin,
the dgorithm presents variations on the spin values of as much as 25%. The libration
damping results are poarer than the ones in chapter 3.3 kecause the dgorithm makes a
bigger effort on controlling the spin than on libration damping, as can be seen on
figures 4.2.6 and 4.2.12. The average pointing accuracy obtained with longer
simulationsis around 5%hich is gill areasonable value for much misson plases.
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4.3 Fuzzy logic control

4.3.1Description

The implemented algorithm is inspired in the work of [Steyn], and it was
motivated by the simplicity that fuzzy logic control exhibits when implementing non
linea controll ers based ona set of intuitive rules. The wntroller is composed by three
MISO cortrollers, ore for each coail, and ead controller computes the best magnetic
moment given the aurrent angular velocity and the dtainable torque (computed using
the airrent geomagnetic field through eq. (2.22)) values. The highest of the three
valuesisthen chosen to be used by the satellit e.

The variables used by the three MISO controll ers are:

Input Variables Corresponding Value

X1 ‘wl

X2 ‘w)

X3 k(cwé(o - wspin)
X4 ‘ N ém

X5 ¢ N gtrl

Xe °N:

ctrl

Table 4.3.1 — Input variables for the ntroller.

The membership functions used are only of threedifferent kinds: P (Positive),
N (Negative) and Z (Zero) seefig. 4.3.1.

M(x;

-a-b ba - Caob bac
Figure 4.3.1 — Membership functions for x;, i=1..5 and Xs.

v

The rules used in the ontroller (table 4.3.2 are the ones proposed by [Steyn] and

represent intuitive control adions, for example rule 2 states that:
If “w}is positive and °N7, is negative (N7, negative will tend do émp

‘wy,) and °N_, iszero (°N(, zero means that there will be no dsturbance on the
spin velocity) then ad.
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Rule X; X X3 X4 Xs Xg U

R’ P - - P - Z -1
R° P - - N - Z +1
R’ N - - P - Z +1
R N - - N - Z -1
R’ - P - - P Z -1
R® - P - - N Z +
R’ - N - - P Z +1
R° - N - - N Z 41
R’ - - P - - P 41
R - - P - - N +1
R® - - N - - P +
R“ - - N - - N -1

Table 4.3.2 —Rules for the “m* and “m” controllers.

Rule X; X Xs4 Xs U

R P - P - -1
R’ P - N - +1
R’ N - P - +#
R N - N - -1
R’ - P - P -1
R° - P - N +1
R’ - N - P +1
R° - N - N -1

Table 4.3.3 — Rules for the “m? controller.

As dated in [Steyn] work, the rules evaluation is performed using correlation-
product, for example for rule 2:

R*: p*= me (Xl)DmN (XA)sz (XG) (4.3.0

where my are the membership functions, the truth value obtained is then used to scale
the outpuit:

R*: y*=p°[ (4.3.2

when the result of all the rules is known the final value is obtained by disunctively
(OR) combining the rules values:

N .

Z y"% (4.3.3

y=0y')= sgr@i y' Eiinin%.

Stability considerations will not be given here but the reader may consult
[Steyn] work for further detail s.
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This controll er was developed considering the mnstraint of ading on each coil
separately, so for this controller the ided aduator is the one that is able to produce
any magnetic moment for a single il in spedfied range. The range mnsidered was
the POSAT range, see sedion 3.1.1for further details on POSAT aduators restrictions.

4.3.2PoSAT Restricted actuators

The gproach to implement the dready described fuzzy logic controller using
restricted actuators was to discretise the magnetic moment values. A discretising
function shodd map the ided magnetic moments to the avallable ones as the
controller aready acts on a single il at eadh actuation moment. The developed

discretisation d(°m) function takes the following form:

00 O 0<°m <g

E]A‘ 0 g<°m <g
0 &<m <¢gl

HC O e<'m

d(cm‘)z —d(—cm‘) i=xy,z (434)

d(Cm‘)E

where A',B'and C'are the POSAT avail able magnetic moments and ¢,,€, and &}
are the threshold values for the discretisation function. Numerical values for &;,¢)

and &} were found bu the dtained results were nat encouraging so no further study
was performed for restricted aduators.

4.3.3Simulation results

The numerical values for the membership functions, empiricdly found
through simulation, are:

a b C
Xx; 0.03 0.001  nbused
Xo 0.03 0.001 noused
X3 0.04 0.003  nbused
Xs 2563 073 nausd
Xs 253 0.723 naused

X 5€-3 le-3 1.2-3
Table 4.3.4 — Numericd values for the membership functions.
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For the spin test A the following results were obtained:

y settling time yfor 3orbits yfor 5orbits Pointing Energy

(orbits) ©) © accuracy (9 (J)
Test1 > 15 ahits 20 15 10.0 16076
Test 2 > 15 ahits 25 12 9.2 15915
Test 3 > 15 ahits 19 14 9.3 16461
Test 4 > 15 ahits 20 9 10.0 16157
Test5 > 15 abits 20 15 10.1 16097
Test 6 > 15 abits 25 20 11.0 16071
Test 7 > 15 abits 20 16 10.1 16514
Test 8 > 15 ahits 28 14 10.3 15919
Test 9 > 15 ahits 12 8 10.1 16229
Test 10 > 15 ahits 16 9 10.1 16070
Mean > 15 abits 20.5 13.2 10 16151
Std. Dev. -- 4.6 3.7 0.5 201
Worst case > 15 abits 28 14 10.3 15919

Table 4.3.5 — Simulation results for Fuzzy logic Control (Spin test A).

For the spin test B the results on table 4.3.6were foundthrough simulation.

‘w? settlingtime (sec)  °w?, acauracy (rad/s)  Energy (J)

Test1 230 0.0198 14245
Test 2 230 0.0198 14205
Test3 230 0.0198 14231
Test 4 230 0.0198 14144
Test5 230 0.0198 14250
Test 6 230 0.0198 14225
Test 7 230 0.0198 14240
Test 8 230 0.0198 14161
Test9 230 0.0198 14171
Test 10 230 0.0198 14109

Table 4.3.6 — Simulation results for Fuzzy logic Control (Spin test B).
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Figure 4.3.2 — Magnetic moment evolution
for worst case spin test A.

i 0 2 4 6 8 10 12 14 16
Time (orbits)

i 0 2 4 6 8 10 12 14 16
0.022 . Time (prblts) .
~ 0.021
<
E 0.02
0.019

2 4 6 8 10 12 14 16
Time (orbits)

Figure 4.3.4— °Q __ evolution for worst
case spintest A.
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Figure 4.3.5 - Pitch and Roll anges (123) evo-

lution for worst case spintest A.
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Figure 4.3.6 — Roll, Pitch (123) and spin for Figure 4.3.7 —y evolution for spin test A
spintest A using restricted using restricted aduators.
aduators.

4.3.4Discusson of results

Simulation results dhow that although this controller is very effective in
controlling the spin velocity, its performance relative to libration damping is rather
poa. The ontroller was nat capable of restricting y within 5° duing 15 abits
although that is nat very clea from fig. 4.3.3.Longer simulations reveded that y
oscill ates between 3.8°and 10°. This deficient cgpability to effedively damp the
libration movement does not guarantee enough robustness to external torques or
satellite malfunctions, which may (in extreme situations) turn the satellite to an
inverted boanm configuration. The reduced damping capability is a dired consequence
of the small control moments demanded by the @ntroller as can be seen in fig. 4.3.2,
which also cause low energy consumption. However, in the long turn the cmnsumed
energy will i ncrease cnsiderably as the controller is continuowsly actuating, trying to
attain the desired reference. The ladk of controller efficiency can na be fully
attributed to the cntroll er architedure once an important fador that contributes to the
controller performance is the definition d the membership functions. Asit is known,
there is no systematic procedure to define fuzzy logic controller parameters, so
empiricd knowledge and physicd insight of the problem must be used to overcome
this difficulty. This same ntroller architedure with dfferent membership functions
might produce better results. However these different membership functions could na
be foundafter several rehearsals and simulations.

From the &tained results using restricted aduators (figs. 4.3.6and 4.3.F it is
clea that the used approach was not the most effedive one. The y value stayed above
200 after 15 orbits and the spin oscill ates between 0.@Rrad 3™ and 0.019ad 3.
Instead of trying to map the ideal solutions to the avail able set a different approach
would be to include the knowledge of the available magnetic moments into the
controller architedure in arder to make the best use of the eisting aduators. This
approac seemsto be avalid orefor further reseach.
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4.4 Predictive control

4.4.1Description

This controller is smilar to the one described at sedion 3.4except for the aost
function wsed here, meant to achieve the desired spin. The st function used was:

‘] zlcg;ref/\(zcgref

2 (4.3.0

c —C _ T _|c, \x c, Y C, 2 _ T
Qref_ Qco [O O wspin] —[Ol) wco w, wspin]

co co

where w,,, is the desired reference for the spin velocity. As “Qrer :Cﬁco, global

uniform asymptoticd stabili ty is also guaranteed as $own at sedion 3.4.3.

Once this control agorithm is the same & the one described at sedion 3.4
except for the dready mentioned dfferences, only simulation results will be
presented.

4.4.2Simulation results

Simulation results are presented for brute force cntrol using for the gain
matrix A the identity matrix. Genetic ocontrol was not deeply studied because
interesting results could orly be adieved using popuation size and nunber of
generations grater than 20, and this would rise the computational cost so high that
genetic oontrol is no longer an opion. This is due to the spin impaosed by the
controller causes the geomagnetic field to change very fast, so more evolutions of the
algorithm are required to find a good solution.

y settling time yfor 3orbits yfor 5orbits Pointing Energy

(or bits) ©) ©) acauracy (0 (J)
Test 1 3.05 9 1.9 1.9 552700
Test 2 3.35 11.4 1.9 2.3 597455
Test 3 3.32 8.1 2.0 2.4 573935
Test 4 2.82 4.7 1.9 1.9 498495
Test5 2.94 4.7 1.9 1.9 479748
Test 6 3.44 8.9 1.8 1.9 599546
Test 7 3.27 6.3 1.9 1.9 528900
Test 8 3.36 7.4 1.9 2.0 560202
Test9 2.66 3.7 1.9 1.9 446512
Test 10 2.57 2.1 1.9 2.0 479677
Mean 3.08 6.6 1.9 2.0 531717
Std. Dev. 0.32 2.9 0.04 0.19 53476
Worst case  3.36 11.4 2.0 2.4 597455

Table 4.4.1 — Simulation results for Predictive stabilisation (Spin test A).
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‘w!, settling time  °w?, acauracy Energy (J)

(sec) (rad/s)

Test1 691 0.0196 173970
Test 2 460 0.0200 109521
Test 3 1152 0.0200 147438
Test 4 461 0.0200 97995

Test5 461 0.0201 166526
Test 6 1152 0.0201 121682
Test 7 461 0.0202 151182
Test 8 461 0.0199 94383

Test 9 461 0.0197 148781
Test 10 1152 0.0200 103432
Worst case 1152 0.0197 173970

ql

q2

Table 4.4.2 — Simulation results for Predictive stabilisation (Spin test B).
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in spin test B.

4 .4.3Discusson of results

Brute force @ntrol has once again attained excdlent results. After only five
orbits the libration was aready damped to ay value of 2° which were in most cases
the final value guaranteed by the controller. The spin control capabiliti es are dso very
interesting, in lessthen 19.2minutes or 12 actuations the spin had alrealy settled to a
vicinity of 0.001 rad [$™*of the desired reference for spin and an acairacy of 0.0197

rad 3™ is guaranteed. The ansumed energy is once again almost constant through
the different test situations, bu its value is extremely large when compared with
energy based control.

This kind d control, using a small set of posgble magnetic moments, is not
cgoable of guaranteang ay value of 0° as can be seen in figs. 4.4.1and 4.4.2.0nce
again more this is due to the ladk of avail able moments for producing a finer control.
The excdlent results attained using a small set of possble values for the magnetic
moments and the high computational costs asociated with a minimisation algorithm
(genetic or amore dassc one) suggests the use of time varying brute force @ntrol for
unrestricted actuators. A future diredion d reseach could be the development of a
brute force controller with a time varying set of avail able moments, so that for each
situation the gpropriated control could be found.More insight on this ideawill be
given at sedion 5.2.

4.5 Overall comparison of results

POoSAT's in controller results are very poa when compared with the other
controllers, the simple control law used is not able of achieving the desired reference
in lessthat 2 orbits and in half of the simulations the dgorithm has diverged. Once
more POSAT controller canna be used as a reference to guide the overall comparison
aswasfirst envisaged.

Energy based control results dhow that this controller is very efficient, y
adhieves 5°in lessthen 3.50rbits and the desired spin is achieved in lessthan 29sec
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When the aduation is restricted the results degrade considerably: stabili sation within
59 is not achieved in 15 abits for most of the simulations; the spin reference is
achieved ony after 4387sec despite of the goodaccuracy of the spin reference

Fuzzy logic controller results are not much better than energy control when
restricted actuators are anployed. Stabili sation within 5°is not achieved duing the
first 15 abits but the spin reference only takes 230 sec to be atieved. These results
are not so poa as they seem since this fuzzy logic controller only ads onasingle il
at eat aduation instant.

When using predictive control (brute force) the results are very similar to
energy based control (ided actuators). The y settling time is dightly inferior (3.36
orbits) but the spin reference settling time is smewhat longer. Also panting accuracy
isalittle smaller - only 2.4°can be guaranteed by this controller. These ae very good
results when considering the aduator limitations.

Energy based control and krute force @ntrol have dealy produced better
simulation results than the other controll ers. However these last two are very similar:
brute force mntrol has a smaller settling time for y, bu produces a lower pointing
acaracy and adieves the desired spin after longer time. Once again the fundamental
fador in this comparisonis the lower energy consumption evidenced by energy based
control. Clealy these two algorithms were developed considering diff erent actuators
but given the similar results baoth could be used with ided actuators. For POSAT like
restricted actuators there is no aher possble mmparison ketween brute force control
and any other studied control agorithm.
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5 Conclusions

5.1 Conclusions

Severa control agorithms were successully implemented and simulated.
Different approaches were employed to solve a difficult problem, which pases
interesting theoretica considerations sncethe satellite is not fully controllable due to
the nature of magnetic actuation. If PoSAT like aduators are mnsidered the chall enge
IS even greater, but some interesting solutions have been found. The propased solution
(predictive stabili sation) has proven to be superior to the other control algorithms
acording to some of the performance criteria. In fad brute force ontrol, which was
developed for POSAT like restricted aduators, has produced better results than most
of the other control algorithms developed for ided actuators. Stability has been
proven and an algorithm for global stability was developed. Simulation results sow
that this type of control is a valid aternative to the controllers proposed in the
literature and can be used to stabilise and control the spin of a small satellite using
only magnetic acuation.

5.2 Future work and directions

During the curse of this work several ideas have shown up, bu for ladk of
time they weren't properly developed and studied. Some of those idess are now
propased as future work and reseach directions.

Generally when using PoSAT like restricted adtuators one diff erent approac
is proposed to overcome the difficulty of having a small set of avail able moments.
Instead of using a magnetic moment perpendicular to the geomagnetic field, as
expeded, a magnetic moment which has a mporent perpendicular to the
geomagnetic field of smaller amplitude is used to produce asmaller torque and this
way achieving a precise antrol.

Predictive stabili sation, more spedfically brute force stabili sationis not able to
acarately control the satellit e when ona small neighbouhoad of the reference. This
isadired consequence of the small set of avail able moments. An interesting approach
isto use brute force stabili sation with ided aduators but using a nonstationary set of
avail able moments. If for example the avail able control moments were proportiona to
the angular velocity the controller would use large control moments to dsdpate large
angular velocities and small control moments when the satellite will li e near the
reference (small angular velocities). If thistime varying set of moments would always
be perpendicular to the geomagnetic field, the energetic requirements could be
reduced to the levels evidenced by energy based control.

Attitude feedback could aso be used with predictive stabilisation to try
ensuring three xis gabili sation.

Some of these ideas provide interesting directions for further research and may
contribute for better solutions for attitude stabili sation and control of small satellites
using only magnetic actuation.
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Appendix A — Attitude simulator and orbit model

Simulator

The results presented in this report were obtained with a smulator that
implements the dynamics and kinematics of a satellite. This smulator was the result
of the last year’s final course project of an AerospaceEngine&ing student [Sousa). In
addition to the existing simulator we improved some of its feaures, such as the
interface that was completely dtered to make the results attained immediately
aessble to the user, the geomagnetic field model that was upgraded from an 8"
order sphericd model to an 15" order model. And finally the orbit model where we
implemented the commonly used orbit propagator SGP4. A more mplete
description d thismodel is described in the next chapter.

Orbit model

Introduction

USSFACECOM, former NORAD, maintains general perturbation element sets
on al resident space objeds. These dement sets are periodicdly refined so as to
maintain areasonable prediction cgpability on al space objeds. In turn, these dement
sets are provided to users.

The most important paint to be noted is that not just any prediction model will
suffice The USSFACECOM element sets are "mean” values obtained by removing
periodic variations in a particular way. In order to oltain good pedictions, these
periodic variations must be reanstructed (by the prediction model) in exadly the
same way they were removed by USSFACECOM. Hence, inputing USSFACECOM
element sets into a different model (even though the model may be more accurate or
even anumericd integrator) would result in degraded predictions.

All spaceobjeds are dassfied by USSFACECOM as nea-Earth (period less
than 225 minutes) or deg-space (period geater than or equal 225 minutes).
Depending on the period, the USSFACECOM element sets are aitomaticdly
generated with the near-Earth or deep-space model. We can then calcul ate the satellit e
period and knav which prediction model to use.

The propagaion models

Five mathematical models for prediction d satellite position and velocity are
avail able. The first of these, SGP, was developed by Hilton & Kuhiman (1966 andis
used for near-Earth satellites. This model uses a smplification d the work of Kozai
(1959 for its gravitational model and it takes the drag effed on mean motion as linea
in time. This assumption dctates a quadratic variation d mean anomaly with time.
The drag effed on eccentricity is modeled in such a way that perigee height remains
constant.

The seacond model, SGP4, was developed by Ken Cranford in 1970(see Lane
and Hoats 1979 and is used for near-Earth satellites. This model was obtained by
smplificaion d the more extensive analyticd theory of Lane and Cranford (1969)
which uses the solution d Brouwer (1959 for its gravitational model and a power
density functionfor its atmospheric model (seelLane, et al. 19&2).
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The next model, SDP4, is an extension d SGP4 to be used for deep-space
satellit es. The degp-space equations were developed by Hujsak (1979 and model the
gravitationa effeds of the moonand sun as well as certain sedora and teseral Earth
harmonics which are of particular importancefor half day and ane-day period abits.
The SGP8 modd (seeHoots 1980 is used for near-Earth satellit es and is obtained by
simplificaion o an extensive analytical theory of Hoots which uses the same
gravitational and atmospheric models as Lane and Cranford did, bu integrates the
differential equationsin amuch dfferent manner.

Finally, the SDP8 modd is an extension d SGP8 to be used for degy-space
satellit es. The degp-space effeds are modelled in SDP8 with the same equations used
in SDP4.

The USSFACECOM two line dement sets are aurrently generated with either
SGP4 o SDP4 depending on whether the satellit e is nea-Earth or deep-space As the
satellite’'s smulator used in this work isintended for the study of micro-satellit es, and
these ae mainly nea-Earth satellites, we have only implemented the SGP4 rea
Earth-model. More information onthe different models and their implementation is
available on [Hoots and Roehrich].

At the present time considerationis being gven to replacing SGP4 and SDP4
by SGP8 and SDP8 as the USSFACECOM satellite models. In such a cae the new
USSFACECOM element sets would still give compatible predictions for SGP, SGP4,
and SDP4 users and, for SGP8 and SDP8 users, would give agreement with
USSFACECOM predictions.

56



Attitude Control Strategies for Small Satellit es

Appendix B — Simulation’s initial conditions

As the model implemented for the orbit propagation wses a date to set the
initial condtions for the orbit, randam values for initial orbit positions for 10 abits
were obtained from an interval of 24 haurs. Thisinterval was chasen because it is the
time nealed for the orbit plane to passin the initial Earth pasition. Also initial values
for the Roll attitude were randamly obtained from an interval of 0°to 360°,wheress
theinitial values for pitch are defined for ead smulation test.

Yea -1997
Month - 1

Orbits 1 2 3 4 S 6 7 8 9 10
Hous 1 8 19 0 3 4 4 14 6 4
Minutes 23 28 30 14 20 51 46 29 31 46
Semonds 21.8 7.8 576 120 0.2 589 96 277 57.0 17.6
Roll 301.7 7.0 245.3 136.6 299.5 181.0 255.4 154.4 109.7 68.3

Some dtatisticd operators are gplied to the results attained through
simulation. The resulting values are not intend to have any statisticd meaning, since
there are no randam variables invaved, insteal they are used to alow a faster and
simple analysis of the simulation results.

For simulation pupaoses two dfferent misson phases were considered:

* Nomina Operation —Where the satellite dready has its boam deployed in
an upright position but is experiencing alibration movement, and has sme
residual spin from the launch.

* Inverted-boan Operation — Where the satellite dready has its boan
deployed bu as a result of a strong disturbance torque or from the
tumbling movement his boam is upside-down.

For the Nominal Operation phase two dfferent kinds of control are required:
attitude stabili sation and spin control. Attitude stabili sation is required after boom
deployment to eliminate the libration movement and any spin that may exist due to
launching. In order to simulate the atitude stabilisation controllers the following
worst case scenario was considered: the launch spin velocity was not disgpated prior
to boan deployment, and the libration movement has the maximum allowed
amplitude for boan deployment. This can be summarised by the following
condtions:

Stability Test

Initial condtion

°Q..=[000.0629" rads™
y=60
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Desired reference

°Q.=[000] radz™

y=0°
where yis the angle between the z axis of the Control CS and the z axis of the Orbital
CS, y= I'° means that the boam will li e ona amne which makes IM° with the z axis of

the Orbital CS. The angular velocity was obtained from [Tedhnicd Report] and the y
value from [Hogdart].

Spin control is required for thermal reasons, the solar panels canna be
exposed to solar radiation for long time, so spin velocity must be kept around

0.018rad 3™ (as explained in PoSAT technicad documentation), in view of this a

spin value of 0.02rad 3™ was chosen for simulation. Two dfferent kinds of

simulations are required to determine the controll ers performance w.r.t. two dfferent
criteria's. the capacity to damp o eliminate libration and the capacity to attain the
desired spin reference For the first performance criterion test the following initial
condtions were used:

SpinTest A

Initial condtion
°Q,,=[000.02 rad ™
y=60°
Desired reference
°Q.,=[00002 rad ™
y=0°
To test the spin control capabiliti es the following initial condti ons were used:

Spin Test B

Initial condtion
°Q.=[000] rad 5™
y="5°

Desired reference
°Q.,=[00002 rad ™
y=0°

The value of y =5°,for the initial condtion, was used because in pradise the
controller will begin its aduation when the satellit e will have an attitude such that y <
59, orcey =0°isvery difficult or evenimpossbleto achievein red situations.
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For the Inverted-boaom phase the foll owing worst case condti ons were cnsidered:
I nverted-boom test

Initial condtion

‘Q.=[000] rad 5™
y=18C

Desired reference

Q. =[000] rad 5™
y=0°
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Appendix C — Controllers performance criteria

In order to evaluate the performance of the antrollers we first need to define
the foll owing concepts:

» Settling time, the time it takes the system transients to decay.

» Pointing acaracy, the minimum y guaranteed by the system in the worst

case, after all the transients have decayed.

* Spin acaracy, the worst case guaranteed spin by the controller.

» Energy consumption, the dectrica energy used to control the satellit e.

* Flops, Floating point operations.

The power disspated by a current i onaresistor r is given by P =ri* and the
magnetic moment is obtained from (2.2.3. Assuming that PoOSAT values are the same
as UoSat-5 values [Ong] we have:

x andy coil area: 0.5x0.3m°
z coil area 0.28x0.2m*
X,y and z coil sresistance 50Q

x andy coil turns: 100

z coil turns: 170

Integrating the disdpated pover during the aduation time, we have the
foll owing formulato cdculate the disspated electricd energy:

E, =Ei +Ej +E;

X _ 50 A\
B = (10000.5[0.3)? J (e

v _ 50 A\
B = (1000.500.3)* J (m @ a

. _ 50 EA\Y:
S s (170E(D.28E0).2)2-[ (o))

For the Stability Test and the Spin Test A the y settling time is measured urtil
yenters avicinity of 5° aroundthe reference of 0°.
For the Spin Test B the “w;, settling time is measured urtil “w? enters a

vicinity of 0.0005rad 3™ of the desired reference.
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Appendix D — POoSAT like actuator restrictions

POSAT-1 as other satellites of the UoSAT class has reduced control
cgpabiliti es due to the restricted nature of its aduators.
Satellit e design fadors have restricted the values of i, (2.2.3 to orly three

different values of positive/negative padarity. Conjugating this restriction with the
single-coil -aduation the available set of magnetic moments is reduced to orly 18
different values (6 for the x cails, 6 for the y coil sand 6for the z cail s).

Power consumption is another serious restriction, which reflects on POSAT
aduation cgpabiliti es. For each actuation ona il there must be & least a badk-off
time of 100 sec to recharge the power supfies. This means that the actuators have &
most aduty cycle of 3%, since the maximum aduationtimeisonly 3 secnds.

The PoSAT reduced control capabiliti es transform the dtitude stabili sation
and spin control problem spedally difficult since many of the solutions avail able in
literature are nat directly applicable.
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