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Abstract: In this work, we executed the study of a reconfigurable control architecture for the
MultiMission Platform (MMP). The problem chosen was implementing a control system which can deal
with a loss of quality in the reaction wheels during the Nominal Mode (NOM). We used a mixed adaptive
controller, based in Gain Scheduling and Model Following. The simulations were done with the
SystemBuild tool of MatrixX. A brief introduction of the systemwill be presented.
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1 Introduction

The capacity of detecting a fault and reconfigutim@ccomodate it without the necessity of humdp he
allows robustness to the satellite, and can be mora economical alternative than adding redundance
A difficulty associated with this is guaranteeimg tstability of the transition between the différerodes

of control. This is already used in many technadsgiand had succes includingly in space engineering
We choose the PMM as a base for this study becausea service module in development in INPE.
Except for the control system, the modeling of BdM and environment used here already exist, and
came from the work o Amaral (2008), which is naeesion of the works of Moreira (2006) and
Prudéncio (1997).

2 What isthe PMM

The MultiMission Platform, object of this work, @&modern concept in satellite architecture, ancists
in reuniting in a single, versatile platform thauggnents essential to a satellite’s opperationefrshdent
of its orbit or mission. In this architecture, thaés a physical separation between the platformthad
payload module, allowing both to be developed, tranted and tested sepparately, before the integrat
and final testing of the satellite.

Due to the diversity of conditions that a satelliddl face during its entire life, there is a seg@wn in
many Operational Modes, where each mode is detiyethe environment and conditions in which the
satellite will be. Those modes are divided in twajon groups, defined by the environment where the
satellite is:

Ground Modes:

«Off Mode (OFM). In this mode, all the equipmente ahut off (with disconnected batteries). This
mode is to storage and transport.



*Integration and Test Mode (ITM). This mode is udedng the assembly and integration tests, or in
the launch platform. During the assembly and irgggn, all the tests are done, while at the
launch platform, only the tests of functional vieation will be done.

Flight Modes:

«Start Mode (STM). This mode can be used on thergtpduring the flight phase, and at any time
during the useful life of the satellite.

«Contingency Mode (COM). The objective of this masléo automatically take the satellite and its
payload from STM to a safe mode after the launskearation, or in case of an anomaly.

*Fine Navigation Mode (FNM). This mode is used tqusition of attitude, position and time in a
precise way to allow the transition from the COMhe nominal mode.

Nominal Mode (NOM). This is the operational modelod satellite, where the payload can perform
its objectives. In this mode the wheel desaturatidth magnetic actuators also happens.

*Wheel Desaturation Mode with Thrusters (WDM). listmode the reaction wheel desaturation is
done by the action of thrusters. This proceedimgsatio reduce the angular speed of the wheels
back to nominal levels of operation.

«Orhit Correction Mode (COM). It is used to execatbital maneuvers on the orbital plane, or from
it.

«Orbit Correction Mode Backup (OCMB). If one of thieusters fails, the orbital maneuvers will be
executed with only two of the symmetric thrustéosminimize the disturbing torques.

Figure 1. Transition logic of the operation modes of the PMM. INPE (2001)

For the chosen type of mission in this work, tharittal Mode is encharged to mantain the axis of the
PMM alighned with the axis of the referential Locdértical Local Horizont (VLHL). This is a
referencial turning in the orbital plane of theedite, whose coordinate system has its originha t
satellite’s center of mass. The z-axis points towathe Earth’'s center, the y-axis points towards th
direction normal to the orbital plane, and the isag obtained by the right-hand rule, and coinsidéh

the direction of the velocity vector, for a circutabit.

The satellite attitude and its variation rate maestcontroled in the three axis to accomplish thieviéng
requisites:

«Pointing precision: < 0.05° 63;
«Drift: < 0.001°/s (3);
« Attitude determination< 0.005° (3);



« Off-pointing of at most 30° in 180 s.

3 Implementation

The implementation of the PMM used as base ofwhiek was made by Amaral (2008), using the tool
SystemBuild from MATRIXX.

The mathematical modeling considers the PMM asdy bwaithout flextion, nule internal torques, nule
wheel atrite and nule inicial moment. It propagatesattitude and the orbit, and includes modeigte
gravitational gradient, atmospheric drag, eclipseassa variation due to propelent expenditure, and
variation of intertia moments due to the solar mdrextension. Besides, it includes fixed perturbato
torques of 0.00015 Nfin all three axis.

3.1 Attitude Control System
We decided to adopt an attitude control systemdasthe linear quadratic regulator, but able teedea

deterioration of functioning of one of the reactisheels, and to adapt accordingly. Due to the aizhis
work, the monitoring and adaptation were desigrayg for the wheel of x-axis.

adaptive control
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Figure 2. Block diagram of the attitude control system.
3.2 Actuators

The actuators used in Nominal Mode are three mactiheels, aligned with the PMM’s axis. They are
already implemented from previous works. The moolelthe reaction wheel is similar to the one
suggested by Souza (1980). It is based in a liaparoximation of the characteristic curve of a DC
servomotor.

The calculation of the wheel's parameters can beedaccording with Souza (1980), in the following
way:



- [a
TW: R Rmax (1)

(2)

WhereTW is the time constanKW is the gain.

For didatic purposes, we decided to adopt the gabfi@ reaction wheel more strong and quick, atsmu
in the works of Amaral (2008), Moreira (2006) andb@to (1997). Using the simplifications suggested
by Souza (1980), we have the following equatiortiier system:

Hs+a)s><[(|w+|s)a)s+|w6d/vs]=|\/|5q+HW 3)
which can be further reduced to three independgumtions for each axis.

4 Linear quadratic regulator

The implementation of the linear quadratic regulasosimilar to the one which can be found in Gobat
(2006). The state vector contains the angles, angpleeds and wheels’ speeds of each axis, anthewill
defined as follows:

xO=|lg ¢ w 0 6 Wy ¥ ¥ Wy @)

The control vector contains the control tensioneaith reaction wheel, and will be

u(t)zl_\/Rx_s VRy_s VRz_sJ (5)

In each of the three rotation axis, the set armtgular speed and reaction wheel’s rotation speeubti
completely controlable. However, this last one watuded in the state vector so that the dynamithef

wheel be considered, and the output of the corrtrlm@tensionu(t) = —KX(t) , instead of torque.

In the space state form, we have the followingltesu
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The matrix K is calculated by the function LQR o&iMab, but an algorithm for its solution can berfdu
in Kwakernaak (1972). The values of the adjust imadr will be chosen empirically. As suggested by
Arantes (2005), a first choice for the parameteen@ R can be made as

1 1
7 =
(%) 0 T ou)

q = ®)

The values ofAU; are based in the maximum signal of the actuatord,the values ofAX; are based in
the state’s operation of interval.

5 Gain Scheduling

The gain scheduler is one of the simplest methdédslaptive control, and is used since the firssuse
adaptive control in high altitude airplanes durihg 60s (Astrém 2006). It consists in obtain infatimns
from the plant, and switch to the most adequatdrobparameters, from a conjunt of pre-established
parameters.

More sophisticated methos of adaptive control, @e plocation, dependes on the solution of polirdmi
diophantine equations, and the estimators assddatthis dependes on inversion of big matricesndur
the work of the system (Astrém 2006), demandingesmigcomputational load, uncommon for the attitude
control of a satellite.

According to the implementation of this work, iags using a matrix K, calculatad for three reactio
wheels with nominal parameters. This matrix K waes $ame of Gobato (2006), which was already done
for a nominal case:

K =]-1.9573e011 -2.3215e003 1.1776e007 5.2087¢001 1.1264¢003 -1.2500e002 1.0793e007 -1.4259¢000 5.8629e005

-4.1344e010 -2.6859€003 1.3627e007 1.2451e007 1.0589¢000 -3.1681€005 5.2087¢001 9.2140¢002 -1.2571e002

5.2087¢001 8.0875¢002 -1.2500e002 -8.2276€012 -2.5735e006 7.6988e011 -1.7673e010 9.3877e005 -3.8426@07

obtained with the following matrices Q and R:

Q:diag[ 1 1 1 1 1 1 1 1 1 ]

Ar)? @0°/s)? (6800.pm)? () @C°/s)? (6800.pm)? ()2 (0°/s)? (680Qr.p.m)?

R:diag[ L 5 L 5 L zj
aov)® aov)” o)



If an error signal surpasses a pre-determined yv@lwell switch to a K matrix calculated for nongh
wheels for y- and z-axis, and a whell in x-axishwitferior time constants and gain,(& 0,2 Nn%/V and
Ty =100 s).

The disposition of the values of the matrix K foe tfail case is showed here:

9.5492e+001 3.8293e+003 -7.5000e-003 -3.0193e-015 -3.3527e-006 1.0231e-010 1.8777e-014 5.5879e-007 -2.2737e-011
2.8589e-015 -1.1920e-005 6.0254e-010 9.5492e+001 3.6862e+003 -1.2499e-002 3.9335e-015 1.5832e-006 -7.3896e-011

1.4866e-014 -1.4901e-006 6.8212e-011 1.6317e-013 -3.7252e-007 2.8421e-012 9.5492e+001 3.6154e+003 -1.2499e-002

and it was obtained using the following matricear@ R:

L 1 1 1 1 1 1 1 1 1
Q=diag
(6°)* (30°/1808)® (750Qr.pm)® (6°)> (30°/180s)® (7500r.pm)® (6°)2 (30°/180s)*> (750Qr.p.m)?

R=diag[ 1 3 1 3 1 2)
aov)® aov)”  aov)

This represents a response of the control systeem e wheel suffers from detteriorarion with tiered
use.

6 Fault Detector

Alterations in the reaction wheel of the x-axis aetected by the comparation with a model, which
receives the same control signal. The specificaifdhe PMM says that the angular speed of theti@ac
wheels are monitores. Therefore, we consider thlisevas available in the simulation.

The difference between the angular speed of theldra the model provides se error signal obseyed
the scheduler.

As the error takes some time to increase, this m#wti the switching is not immediate. However, as
there is a limit of 10 Volts in the module of thentrol signal, and such big initial errors reacis th
threshold in the first moments, any of the possibérices would resul in +10 or -10 in the begining
Therefore, this problem is minimized.

7 Considerations about Stability

Usually it is difficult to warrant analitically thstability of a non linear model. The system ingtion is
linearized, but the parameter’s variation of thaive bloc can introduce instabilities. The anialysy
phase (Poincaré 1967) plane permits determining¢heavior of dynamic systems without the necedity o
solving analytic equations, and authors like Popewveloped analytical methods for non linear caBes.

a simple way to warrant the stability or performaito inspec the behavior of the system for thestv
cases which can be found in nominal working. Acoaydo the specifications of the PMM, this worst
case is when all the attitude angles are 30 dedre@msthe origin in the system LVLH. Thus, this hile
the initial condition for the tests.



8 Test Cases and Results

The following six cases were done considering eutdr orbit with a radius of 7000 km, and the iaici
attitude was 30 degrees in all three axis, in i@tab the referencial LVLH.

Casel

The linear quadratic regulator is projected forrbeninal values of each reaction wheel (K = 0.06°Nm
e T =20 s). There are no simulated failures.

Case?2

Linear quadratic regulator designed for nominal @fén y and z-axis, and a deteriorated wheel axis-
(K=0,2 Nnf/V e T = 100 s). The wheels used in the simulasitnnominal. Tere is no adaptive control.

Case3

Linear quadratic regulator designed for nominal @sdn y- and z-axis, and for a wheel arbitrarily
deteriorated in the x-axis (K = 0,2 Nivf e T = 100 s). There is no adaptive control.

Case 4
Complete control system, with wheel in x-axis witv = 0,2 Nnf/V e Tw = 100 s. The criteria for

determining the switch of gain is when the modul¢he error signal between the angular speed of the
reaction wheel and the model surpasses 100 rad/s.
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Plot 1: Attitudein degreesin all axesin referential LVLH, asafunction of timein Case 1
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Plot 3: Attitudein degreesin all axesin referential LVLH, asa function of timein Case 3




200

I o [
I o [
I o [
I o [
I o [
| o [
| o [
| o [
| o [
| o [
| o [
| o [
| Pl Do
Q
C_L_d__L_ _ A ddodod_ald oo ]
] 1170 ] 3
| o |
| o |
| o |
| o |
| o |
| o |
| o |
| o |
| o |
| o |
| o |
| o |
| | Pl |
- - —t—d—d—t—t—f— - 18
I I [ I A
| | o |
| | o |
| | o |
| | o |
| | o |
| | o |
| | o |
| | o |
| | o |
| | o |
| | o |
| | Pl |
- 1_ ] RN I DU DU R D —_ .
] ] =177 I m
I I o I I
I I o I I
I I o I I
I I o I I
I I o I I
I I o I I
| | o | |
| | o | |
| | o | |
| | o | |
| | [ |
| | o |
| | oo |
| | o[ I o
- T Rtk ok b Sk Sl Bt B b o 19
| o [ VA I [
| o [ o [/
| o [ o A
| o [ (T T oo
| o [ A T I YA
| o A T I YA
[/ [ T I [
AR [ T T | [
AR | [ A
VA [ T T AR
Voo A I I I AR
[ T [ VR
EERERRF RN IR ANEE
| I I I B | 1 1 1 1 1 | I N I B | m
N o O NOULMOUANLANO N o O O© S N o
- S o o o o a0 - =} - S o o o

o
£

Time

Plot 4: Attitudein degreesin all axesin referential LVLH, asafunction of timein Case 4
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Plot 5: Attitudein degreesin all axesin referential LVLH, asafunction of timein Case5



Caseb

Similar to the fourth case, but with a reaction alhef Kw = 0,4 Nr/V e Tw = 40 s. The switch
criterium is when the error modul surpasses 100sr&lich a wheel is on the threshold of triggethrey
switching for a new K matrix, considering the wazase of an initial error of 30 degrees in everig.ax

Case 6

Using the complete control system, with a reactidreel with = 0,4 Nm2/V e Tw = 40s. The switch

criterium is when the error module surpasses 56 rad
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Plot 6: Attitudein degreesin all axesin referential LVLH, asa function of timein Case 6

Conclusions

The plotof Case 1 show that the nominal behavior of thitud# control system does not satisfies the
specified requisites, as after 180 s the atitudbet-axis was still slightly over 0.05 degrees.

The plotin Case 2 show that the unecessary use of the rfaadie results in a pointing worse than the
nominal case. In 180 seconds, all the axis hadehl®tween 0.2 and 0.5 degrees.

The plotof Case 3 show that the use of the nominal mode avilegraded wheel (Kw 0,2 Nivf Tw =

100s) results in a pointing worse than the nontiaak.

The plotof Case 4 show that the appropriate use of the faate resulted in errors under 0.5 degrees
after 180 seconds. It is not superior than the nafiunctioning, but is still better than the noalin

control during a fault.

The plotof Case 5 show that a wheel with (Kw 0,4 fivhe Tw = 40s) does not trigger the switching,
and the result is na error of 0,5 degrees afterset®@nds. Considering the error module of the threg



it is an error bigger than the one obtained in Ghasghis indicates that the criterium of 100 radiger
second is too tolerant.

The plotof Case 6 show that using a criterium of 50 radélpce better results in the control system.
The error module in the three axis is similar te ttne obtained in Case 4. This indicates that this
criterium is better, because the threshold of &igy to the error mode should coincide with the
threshold where its use is better than the nonmaale.

Although the control system does not satisfies gbimting requirements, the inclusion of an adaptive
control enhances the performance, compared to fpafus.
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