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Abstract

This work presents a prdiminary dudy of the Brazilian Equatorid Atmosphere
Ressarch Sadlite (EQUARS) attitude control subsysem (ACS). The sadlite ACS
requirements are dictated by the scientific experiments and the power supply needs The
scientific  experiments  require a three-axis dtitude control subsysem in order to
accomplish their pointing gods. In this paper the attitude control studies are conducted on
the bads of the Liner Quadraic Gaussan regulator approach (LQG) to evduae the
control perfformance and the control effort during the satellite normd operationd mode.
The reallts indicate that the necessry actuators (resction wheels) are avalable
commercidly on the shdf. The MATLABC/Smulink has been used as a software tool to

implement dl the computer smulaions and visud graphics generation.
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I ntroduction

The EQUARS is a 750 Km low
Eath Orbit (LEO) spacecraft. The orbit
indingtion is20°+2°. The ACS indudes
4 reaction whedls, one of them being h a
skew symmetric  configuration.  This
fourth whed is redundant to prevent
falure of any of the others. One of the
three norma operationa wheds (pitch)
IS a momentum whed. A momentum
whed is a reaction whed with the
nomind angular  momentum  different
from zerd'. The pitch whed is
consdered dso as a source of torque to
$in up the spacecraflt up to the orbitd
rae dnce the Eath pointing is required
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Fig. 1- EQUARS structure and hardware

foo the EQUARS misson. These
actuators shdl provide the necessary
torque level for the spacecraft attitude
control dabilization.  Additiond
actugtors ae magnetic  torquers, to
provide the spacecraft with the necessary
torque to de-saurate the wheds when
required. The torque coils will be usd
dso for lage maneuves when time
requirements are not drict. A st of
snsors (Sun, Star, Magnetometers, and
Eath sensors) will complement the ACS
hardware. The 120 Kg 60 x 60 x 80 cm
gace  vehide in-orbit  configuration
(solar pand deployed) is shown in figure
1. The sola pand chdl provide the
sadlite batery with enough energy
during the misson lifetime.

The EQUARS sientific
experiments involve integrated ectivities
between Brazilian and researchers from
other countries. Some of the experiments
and the  internationd asociated
inditutions are shown in table 1

In order to stidy the experiment
requirements the sadlite shal be Earth

oriented while pointing toward the Eath
limb. These pointing  reguirements
impose a threeaxis dtitude control
schemefor the satellite.

The sadlite telecommunication system
includes downlink data transmisson. At
leet two ground dations ae beng
considered to guarantee the
communication with the gpacecraft. The
data flow and the downlink scheme is
shown in figure 2

Table 1- Internationd collaboration with

the EQUARS scientific experiments
Experiments Indtitutions/Country
GPSOCCULT | RASC/Universty  of
Kyoto, Japan
GWIM UWO/Caneda
MLTM USU/USA
CERTO NRL/USA
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The EQUARSACS

The purpose of the ACS is to provide
the satdlite with proper orientation and
dability while pointing the sadlite
ingruments and the solar pand. No orbit
control is being conddered for the
EQUARS misson. However, the ACS
subsysem  peforms onboad  orbit
determination from GPS podtion data,
when avalable from the GPS scientific
expaiment. The ACS  subsysem
includes the on-board control software
tha dhdl work as an gpplicaion in the
onboard computer (OBC). The pointing
requirements are:

- The sadlite must be oriented such
that some of scientific sensors point
towads the limb of the Earth while a
ponting device fdlows the locd
verticd.

The pitch axis mugt be digned with

the orbit normd.

The roll axis shdl be digned with

the orbital velocity vector

The third axis composss the

EQUARSSC

Support Station
(INPE)

»

MISSION
CONTROL
CENTER

(INFE)

dextrogyro orthogond system.

The man dtitude
summarized in table 2.
The sola pand rotaion will be Sun
gynchronized to guarantee the pointing
requirements necessary for the sadlite
energy supply. A sep motor will be used
to accomplish these atitude and power

requirements ae

upply requirements

Table 2: Attitude requirements
Description Spedification
Pointing Nedir
Nadir Pointing| 0.5° (3 s)
accuracy
Sability 0.015 Deg./sec
Eccentricity 0
Attitude 0.0’ (3 s)
knowledge
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Fig. 2—-Donwlink Commnunication Schemme
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ACS Operational M odes

Three modes ae being consdered for

the EQUARS dtitude control. They are
Sofe Mode This operaiond mode
ghdl deploy and point the solar pand
towards the Sun and keep the vehide
in a dable safety condition. This
mode shdl dso configure the
sadlite  hadware to  receive
tdecommands, by tuning on the
transmitters. The safe mode shdl
keep the indrument boresghts and
the battery face away from the Sun.
The enegy consumption shdl be
minimd  when  paforming these
tasks. Condgently  with  this
requirement the gpacecraft shdl not
provide dectricd power to the

TC or failure

TC or failure

Fig. 3— Modes Transition Diagram

Payload Module, except for thermd
control, when required.

Attitude Acquidtion Mode This is
an intemediale mode, from safe
mode to the nomind opediond
mode. At the end of this phase, the
spacecraft shdl be pointing to Nadir

and the Payload equipment shdl be
off.

Nomind Opeaiond Mode In this
mode dl the gpacecraft equipment,
induding the Payload, ae in thar
find operdtiond configuration. The
misson sience daa dhdl be
collected and trammitted to the
Eath. The <spacecrait dchdl be
pointed to the Nadir, and full
pointing  peformance shdl  be
maintained.

The trangtion between the modes is
illusrated in figure 3. According to that
diagram

The trangtion from the Safe mode to
other operationd modes shdl be done
viatdecommand only.

The trangtion to the Safe Mode from
the Nomind or Acguigtion Modes dhdl
occur in cae of anomdies detected by
ather the ACS or the On Boad Daa
Handling subsystem, OBDH.

All the on-board operations during the

Sun and Eath atitude acquistion
performed

phases shdl be
automaticaly.

Some of the ACS operating scenarios are
discussed below.

The Sun Acquigtion (Sefe Mode)
Upon separdion, the solar pand is
deployed, the trangmitter is turned on to
support the tracking by ground dations,
and the sadlite acquires a dable Sun
poining dtitude, rdying on a minimum
st of equipment (magnetometer, Sun
sensors, and magnetic torque coils). As
the rotation raes fal bdow a given
threshold, to dlow the operaion of the
dar tracker, the sadlite is ready to
recelve commands to move to the next
mode. A fird check of dl savice
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platform equipment is peformed before
proceeding to Earth acquistion.

Earth Acquidtion

In this phase (Acquigtion Mode), the
onboard cdock synchronization data and
the orbitd dements ae uploaded from
the ground to dlow the on-board orbit
propagetion and Eath pointing operdtion
by usng a dar tracker. Once the Eath
pointing is acquired, the stence
ingruments are checked, and the dart of
the Nomind Operaiond Mode will be
commeanded from the ground.

Nomind Operation

In the nomind operaion the EQUARS
satdlite undergoes a 7 day cycle, when it
executes autonomoudy a Working Plan,
composd by time-tagged commards,
which control the operation of the on-
board eguipment and the Stience
ingruments for that period. The Working
Man spans through 9 days, to account for
the ground ssgment outages. At the end
of the 9 day peiod, without ground
contect, the satelite enters in a dSable,
Sun pointing Safe Mode.

Within  one orbit, the sadlite dhdl
collect science data and dore them on-
boad for Eath downlink. Due to the
obit indingtion and Ground Sation
locations, not dl orbits provide contect
opportunity. Seven among 15 successve
orbits will be visble from the Ground
Sations During thee vighilites the
sadlite recaves commands, memory
loading such as daa files, software
updates, ephemeredess, and  timing
corrections. The sadlite trangmits dso
red time and dored housekesping
telemetry (for hedth monitoring
purposes) adong with the science data
Memory dumps for diagnogics and
monitoring purposes are dso possble

The EQUARS Attitude Control
Problem For mulation

A threeaxis atitude control
scheme has been odected for the
EQUARS. A sdlite three-axis attitude
control can be reached by usng the
Sabilite concept®. This concept requires
jus one momentum whed and magnetic
torquers to provide three-axis attitude
control. Ancther option is to use either
reection whedls combined with torque
coils or reaction wheds combined with
jet gas. We have chosen a system of
reection wheds combined with torque
coilsfor the EQUARS ACS.

Reaction wheds ae esstidly
torque motors with high-inertia rotors'.
Momentum whedls are reaction wheds
with a nomind spin rate aove zero to
provide the vehide with a nealy
condant  anguar  momentum.  The
momentum whed pin-up generates the
sadlite pitch rae untl its rotationd
motion is synchronized with the orbitd
rale. The assocaed angular momentum
provides directiond gability dong the
pitch axis while the ral and yaw axes
ae free to rotate once per orbit to
guarantee the nedir pointing.

The externd torque, when not
cyclic, can saurae the reaction wheds
gnce they absorb externd disturbances.
This fact judtifies the need for the torque
cols to de-saurate the wheds The
torque coils can dso be used for lage
ange manewers in the  dtitude
acquistion phase.

The EQUARS reection wheds
architecture is shown in figure 4. The
fourth whed is redundant and will be
ud in an emergency Studion, for
example, if one of the whedsfalls.

The Euler approact®™® can be
used to obtan the equations of the
dynamics.  Following this  gpproach,
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condder the totd sysgem angular
momentum;

(Hh={H )+, "
or

él 0 Ouw u | h+ h,u
H}=% 1, o%iw,y+ih, - H, +h.y
éo 0 I le b % h + h43b (2)

where {H,} accounts for the angular
momentum of the four wheds. h; (i=1to
3) refers to the rall, pitch, and yaw
reection wheds angular momentum. Ho
refers to the nomind angular momentum
of the pitch momentum whed. The
index 4i (=1 to 3) indicates the
components of the fourth whed’s
angular  momentum about the 1, 2, 3
axes. {w} is the sadlite angular veocity
vector. The subscript w means whed.
The extend torque, {M} is given by the
rae of change in time of the totd
anguar  momentum. The  non-linear
system of equationsis

m}={r}+[an} ={r +{ro b+ Bl @

where {H,} is the reation wheds

1 (Roll)

Fig. 4 - Four-reaction wheels
configuration

internal  torque vector. This torque is
used to change the sadlite attitude when
necessary but cannot be used to change
the sadlite totd angular momentum.
The momentum changes result from
externd torques. The externd torque,
when not cydic, can saurae the
reection wheds snce the wheds absorb
this torque. This fact judifies the need
for torque cols to de-saurae the
whesls.

Let us condder the linear sydem
equaions given by EQ(3) about the
nomind atitude Accounting for only
andl misdignments the angular velocity
vector can be written a5’

{}:quy @

where w, isthe orbitd rate.

Lee us indude the gravity-
gradient torque in this mahemdicd
modd for it is the mog dgnificat
externd peturbation a the sadlite
dtitude of 750 Km. For sndl angles the
components of the  gravity-gradient

toque dong the sadlite principd axes
are’.

{Tg}z:':a"’%(ly |2)Q§/ ©

Control Law Formulation

The Control lav by usng the Linear
Quadratic Gaussa’ (LQG) date-space
regulator is a modern control technique
adopted for the EQUARS dtitude
control. This technique does not indude
the torque coil actuators i.e, the optimd
control lav deived here indudes only
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the four-reaction wheds architecture
shown in figure 4. The objective is to
regulate the output y about zero. The
plant is driven by the proces
measurement noise {w} and the controls
{u}. The regulator redies on the noise
measurements  {w} ={y} + {v} to
generate the controls This procedure
endbles the desgner to trade off
regulation peformance and  control
effort, and to teke into account process
and messurement noise. The LQG deds
with a regulaion problem a shown in
figure 5.

{wh
—
Plant { yL
{y}
{u} {yv} v
Regulator &——

Figure 5 — The regulator problem

The LQG regulator condsts of an
optimad dae-feedback gan and a
Kdman dae edimaor. The optimd
control problem can be Sated as

Find the state-feedback control law

{ur=-[Ffd 6)
tha minimizes the cost function

¥
\

o= Q MRl +{u" [Rfufar (7)

[Q] ad [R ae weghting matrices
specified by the desgner and define the
trade-of f between regulaion
performance (how fast {x} goes to zero)
and control effort. The optimd date
feedback gan marix [F] is obtaned by
solving the dgerac Riccati  equation

given  b[A"[Fl+[PIAl +[q]- [PIBIR] 8] [F] = 0
®

where [F is the Riccati matrix, A is the
plant matrix.

The gan is cdled the LQ-optimd gan
and is obtaned here by the Linear
Quadrdtic technique, LOR

The control law given by Eq.(6) cannot
be implemented without full dae
measurements. However it is possble to
derive a dtate estimation{x} such that the
control

o =-[F ) ©

remains optima for the output-feedback
problem. The date estimate is generated
by the Kdman filter

&= [Ad+ (B} + (LA} - [cHsd - [PHul) (10)

where [L] is the Kdman gan. This is an
optima edimator when deding with
Gaussan white noise It minimizes the
asymptotic covariance

lim Efx- 3{x- %7)

I® ¥
of the estimation error {g ={x- %}.

The LQG block linked to the Kadman
filter is shown in figure 6.

The LQG technique requires a

state-space mode for the plant. So let us
define the state vector as
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{=i%y (12)

where the angles and the angle time
derivatives dand for the atitude and
attitude rates, repectively.
Then we can write the plant and the
measurement equiations as

{4 =[Alx + [Bffu} + [cfw}
{yu} = [CHx +[Du} +[H]w} +{d

where {w} and {} are modeled as white
noise. The plant marix is

(12)

(i:\O 0 0 1 0 O u
e u
éo 0 0 0O 1 O u
e
[A]=é 0 0 0 0 0 1 H (13)

a1 0 0 0 0 apq
0 a5, 0 0 0 0
e 0 0 g3 a4 0 0 g

The dements of this matrix are defined
asfolows

awg(15 - 13)+nHg

N wo(l2 - 11- I3)- woHg
46 = B
w3(lq- 1
a5, = - 0(|2 3)
N wg(12- 11)+woHg
63 = I
S wo(lg - 12+ 13)- woHg
64 = P

The [B] matrix is given by

éo0 0 0 0 0O 0 O 0 u
é a
§0 0 0 0 0O 0 O 0 u(14)
€0 0 0 0 0 00 o0 0
e 1 1 1 1 0
e— O 0 - 0O 0 — 0
€

[Bl=¢ 1 1143 R
é 1 1 a
a0 -— 0o - 0O 0 O 0 5
e 2 1 IZIE 1 1?J
g0 0 W S 0'73
& I3 1343 I3 15438

The control vector components can be
written as

U = Hl

Us = hz

Uz = h3

U= fu (15)
Us =Wohy

Us = Wohy

Uz = Wohg
Ug =Wghy

Figure 6- LQG regulator and the Kaman
Filter

The control torques represented by the
components u, (i=4,...,8) rexults from
the gyroscopic coupling between the
reaction whed rotations and the angular
velocity vector { w, },

The prdiminay inertia matrix
for the EQUARS is

@331 037 039§
1=8037 1422 -022 (16)
g039 -022 112§
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When implementing the LQG procedure
this matrix has been replaced by the
associate principa moments of inertia

The gan marix [F] has been obtaned
via the Linear Quadrdic Regulator,
LQR. For the input matrices [R] and [Q]

given by

o

a U
é a
& 10 0 a
é 10 G
é a
[R ]_é 10 a (17)
LQR e 10 l;l
é a
é 10 a
e 0 10 U
€ u
e 10g
and
el y
e u
e 1 0§
é 1 a
[Q LQR] =@ 1 u (18)
¢ u
e o 1
e u
é 1a
the gain matrix is
602236 0 00008 15015 0 0 0
e 0 o362 0 0 2914 0 g
600008 0 02236 0 0 180540
g0 0 0 0 0 0 g
“é00008 0O 0.2236 0 0  1.8054U
8 o 0 0 0 0 04
t%o.zzse 0 -00008 -15915 O 0 ﬂ
g 0 0 0 0 0 0 g (19)

The gan marix is useful for evauation
of some praectical aspects of the control
implementation. For example, if the gan
matrix is diagond or has the dements
off the diagond dose to zero, it would
be esser to implement the control gains
in dectricd sygems, for ingance
Otherwise it can be difficult to pass from
theory to practica system
implementation

Theinputs for the Kaman filter are;

N

és ol H

é S pieh 0 a

S ) 7
st o :

é S tateroll u

g 0 S raepicn ) ﬂ

@ sl ()

where:
Sroll =S pitch =S yaw = 0.05 degrees

S rateroll = S ratepitch = S rateyaw = 0.005. d%/%

¥ N
e 2 u
& Sud 0 1]
e sq u
Qc=¢é 2 a
é Sq g
¢ 0 sz U
e a0
e Sqd (21
where
s, =15
The covariance obtained was
@.2258 0 0 0 0 0 0
§ 0 02285 0 0 0 0§
p=t 0 0 02285 0 0 0 G
& 0 0 0 00228 0 o
€ o 0 0 0 00228 o0 U
§ 0 0 0 0 0 00224 (23

The reaults of the smuldions in terms of
the measurements edimation, attitude,
dtitude rates, and control efforts are
shown in figures 7 to 12. Fgures 7 and 8
compare the results for the attitude
measurements  and  atitude estimation.
These figures illustrae the good
peformance of the Kadman edimaor.
Fgue 9 dows the edimae and
measurements of the dtitude angles
(combined details of figure 7 and 8). The
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curves of large amplitude show ddalls of
figure 7 while embedded curves of
sndle amplitude show dealls of figure
8. Fgure 10 enhances the eror
edimation. Figures 11 and 12 illudrae
the torque necessry to drive the system
from atitude misdignments from about
5 degrees to zero. The torque shown in
figures 11 to 12 is of different nature.
Figure 11 deds with the torque imparted
on the reaction wheds, while figure 12
shows the gyroscopic torque generated
by the vector product of the orbitd
angular velocity vector and the wheds
angular momentum vectors. This festure
of the dynamics can be observed in Eq.
3).

a 3 1o 12 m = 0 p-- L3 4=

T {Sac

Hg 7 - Attitude angle messurements &
time

Cadrusinc Akads snghn Dag

Fg. 8 — Attitude angle estimates & time

L)

10

ne nr e ne ] -4 ®E2 23 EL s
Terve (Bl

FHg. 9 - Edimate and measurements of
the atitude angles (combined detals of
figures 7 and 8)

v o Kt = o

Fg.10 — Error edimation

(L5 ]
Ral Whanl
Piich

Sl alwd

Fg. 11 - Control effort - wheds
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Rol Coupled
Pl Crapaed
F, Vi Cimipiea
i B i

1]
a 3 1o 12 m = 0 p-- 40 =

T {Sac

Fig. 12- Coupling contral torques

The control effort shown in the above
result is compatible with on the shdf
reaction wheds (0.030 N.m). This is
important information for the EQUARS
budget management. Another
infoomation we obtaned from the
amulation is that the reection wheds
working on the bass of the LQG
technique procedure drives 5-degree
atitude angle errors to zero in about 30
seconds.

Conclusion
This work has  presented
information agout the EQUARS

wietific misson, about the hardware
(sensors and actuators) for the ACS, and
the operationd control modes. The LQG
regulator is the option chosen to
implement the attitude control during the
norma operdtiond mode. The EQUARS
atitude control problem formulaion has
been developed teking into account the
architecture of four reaction wheds one
of them working as a momentum whed
and ancther one placed in a skew
symmelric  configuration  to  prevent
falure of any one of the other three
wheds The mahematicd modd has
been  implemented in the
Matlab®/Smulink  environment.  The

results define the gppropriate torque
levd that must be saidied by the
acuagors to mantan the normd
operationd mode a a dadle
configuration.

References

1 Lasn, Wiley and Wetz, J R,
Sace Misson  Andyss  Desgn,
Space Technology Library, Kluwer
Academic Publishers p. 352

2. Pakd, H.; Sabilite — A three —axis

control  sydem  utilizing a sngle

reaction whed, AIAA

Communications  Sadlite  Sysems

Conference, Washington D. C. , May

2-4, 1966

Kagplan, M. H., Moden Spacecraft

Dynamics & Control, New York,

John Willey & Sons 1976

4. Wetz, J R, Spacecraft Attitude
Determination and  Control, D.

w

Readd Publishing Company,
England, 1978
5 Bryson, Arthur X, Contro of

Spacecraft and  Aircraft, Princeton
Univergty Press, 1994

6. Wie B.; Space Vehide Dynamics
and Control, AIAA Educdtion Series,
1998

7. Madgowski, JM.;  Multivariable
Feadback Desgn, Addison-Wedey
Company, Engand, pp. 222-264,
1939



