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Abstract

This paper describes magnetic unloading schem 100805

effective for improving pointing performance of
astronomy satellites. In order for achieving paigti
accuracy in the order of arc-seconds and pointin
stability of sub arc-second level, even magneti
unloading scheme should be designed so that it tmig
not be a disturbance source, and yet it can cance
surplus angular momentum in momentum wheels
(MWs) or reaction wheels (RWs) efficiently. The idgs 1.00E+00
approach for improving pointing performance is lbase 1985 1990 1995 2000 2005
on the method that total torque acting on a steeidi Launch Year

minimized, including disturbance torque, wheel tiesc
torque, and unloading torque induced by magnetic

torquers (MTQs). The discussion on the magneti%nd pointing stability for the past and the nedur

unloading scheme covers unloading laws that detgrmi@stronomy satellites of. ISAS. The requirements h:_;lve
-Qeen successfully achieved so far for the satellite

driving electronics. The study shows that an unilogd aIrgaFiy launched. However, the achievemgnt of the
law already proposed by the authors is effective ffointing accuracy for the near future satel_hte wsto
reducing the total torque by utilizing predicted of"VOIVe suppression of structural deformation and/o
estimated disturbance torque. This results in ivipgy thermal distortion as well as improvement in atiéu

pointing accuracy. The study also shows th M ) .
requirements on MTQ drive can be established ilrmsi;erabe considered in the same way when the sub aradeco

of dipole command resolution, magnetic fie|dstqbi[ity is reqqi_red. E_specially, the requirementthe
calculation or measurement resolution, and its tf:pdapo'nt'ng Stab'l'ty, will be_clome SO tre_mendously
period. It is suggested that a cooperative conipl enhanced that attitude stability should be improlgd
RW/MW is required in addition to the magnetic®" @PPropriate approach.

unloading scheme for further improvement in poigtin Under this situation, magnetic _unlqadlng spheme
performance. should also be improved so that it might not induce

disturbance that deteriorates pointing performaacel,

yet it can cancel surplus angular momentum in
MWSs/RWs efficiently. Most magnetic unloading
schemes have been dedicated to unloading efficiency
which will reduce MTQ dimension, its weight and
power consumption rather than to improvement in
The pointing requirements of ISAS astronom)pOinting p_erformance_ as far as the unloading torque
satellites have become more and more stringent, urfio€S Nnot interfere with the primary task of actmevi

the pointing accuracy in the order of arc-seconuts agooq attitude co_nt_rol. However, th? _ef?hanced
pointing stability of sub arc-second should be ireal. requirements on pointing accuracy and pointingikstab

Fig. 1 depicts the requirements on pointing acqura@ave made it inevitable to design the unloadingsth
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Fig. 1 Pointing Requirements
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so that it helps improve the pointing performance. 1000

The design approach for improving pointing
performance is based on the method that total &rqu 100+

acting on a satellite is minimized. The total tarqu ¥
includes disturbance torque such as gravity gradierfo? 10+ \\
torque and aerodynamic torque, magnetic unloading

torque induced by MTQs, and reaction control torque3 1t \
generated by MWSs/RWs. Since the latter two arel Pointing Stability

control torque, they can be generated so as t@ 01t
compensate for the disturbance torque as faraibe

Pointing Accuracy

estimated or calculated by an appropriate method. 0.01¢ Frequency for

The magnetic unloading scheme discussed in this Pointing Stability

paper consists of unloading laws that determine the %0 = = T o1 1 10 100
period and magnitude of MTQ drive, and its driving ' " Frequency [HZ]

electronics. The wunloading laws are basically Fig. 2 Pointing Specification

categorized into bang-bang laws and continuous.laws
The two categories are compared qualitatively ftben  Fig. 2 shows the pointing specifications for ASTIRO
standpoints of achieved performance, requirednd SOLAR-B with respect to frequency. Regarding to
electronics and unloading efficiency. In spite bkt ASTRO-F, the specification in a lower frequencyioeg
simplicity of bang-bang laws and its driving electics, corresponds to pointing accuracy, while that inghér
we need to apply continuous unloading for achievinffequency region indicates pointing stability. The
improved pointing performance. Therefore, théntermediate frequency range basically indicates
continuous unloading is further studied so thatah pointing stability. In this range, the period in ialn the
suppress disturbance torque, and that its drivifigwat  pointing stability is specified is of the orderless than
induce disturbance that might deteriorates thetpmn the inverse of the frequency, and the specification
performance. Then, the requirements on MTQ driee abecomes larger as the frequency becomes smallér unt
studied in details for continuos unloading. it reaches to the pointing accuracy. There exigerss
This paper is organized as follows. At first,pointing requirements for SOLAR-B depicted by the
specifications on pointing performance are intratlc dashed lines in Fig. 2, and each of them is defineal
for the near future astronomy satellites, ASTROrRE a similar manner. The bold line for SOLAR-B is the
SOLAR-B. Then criteria for disturbance torque areeverest requirement among them for each frequency.
calculated according to the specifications. In et In the higher frequency range, structural resoeanc
section, an attitude controller design approach isill make the specification severer than plotted.
introduced which will lead to improve the pointingSometimes, we need to make the specifications eivid
performance. The following section describes thby more than 50. However, the number is depending o
magnetic unloading scheme including a briestructure design for each satellite. Therefore,éfiect
explanation of unloading laws and MTQ drivingis not taken into account in Fig. 2.
electronics. The two aspects of the unloading sehemFig. 3 shows a general control system block diagra
will further be studied in the subsequent two sertj in which P is a plant,C is a controllerd is disturbance
especially for continuous unloading with disturbanctorque, andd is pointing angle. By taking to be the
suppression and the requirements on MTQ drive. Thepinting specification, the criteria for the didtance
are followed by a summary of the two studiestorque can be derived as,
Conclusions are found in the final section.
o _ d=P7*(1 +PC)o . oy
Criteriafor Disturbance Torque
By assuming a controller based on PD controllersgho
In this section, pointing specifications are idmoed formula is expressed as
first for ASTRO-F and SOLAR-B, the near future
astronomy satellites of ISAS. Then, assuming typica Cc=| (ZC w s+sz) 2
attitude controllers for the two satellites, criierfor BT ’
disturbance torque are calculated. The criterid @l and by assuming the parameters of the controlrs f
utilized in the following sections to compare thenth  the two satellites as listed in Table 1, the cateran
the external torque acting on the satellites anel tleasily be obtained and the results are plottedgn4=
disturbance torque induced by magnetic unloading. For the region where the frequency is more tha(i.e.



Table 1 Parameters of Controllers 10000
ASTRO-F SOLAR-B 1000
uc 0.03 [Hz] 0.1 [Hz] 100t
3 0.5 0.5 0
lg 1000 [kg ] 1000 [kg m?] = i
z 1
_ S o1 /
d Disturbance Torque S
= o001} \,
Controller Plant %
9 0 oo |2
C P 0.0001}
- 1e-05
1e-06 1e-050.00010.001 0.01 01 1 10 100
Frequency [Hz]
Fig. 3 General Control System Block Diagram Fig. 4 Criteriafor Disturbance Torque

control frequency), the torque acting on the siédsll be calculated by adding a feed forward torqligY to a
should absolutely be less than the criteria bec#iuse feedback torquelg). The wheels have friction torque
controllers cannot compensate it. For the regioereh (T;) depending on their rotational rate. Thereforeg th
the frequency is less tham, the torque should be lesswheel torque command subtracted by the wheeldricti
than the criteria, otherwise the criteria should btorque will act on the satellite (denoted By), and the
modified by incorporating a stronger feedback watit reaction torque (F~) will act on the wheels. If the
control (i.e. largeray). However, sincew is usually Wheel control has a rate feedback loop (the rate
designed to be at its maximum by considerinfeedback loop is not explicitly depicted in Fig. fy
limitations such as those caused by flexibilitysofar Stabilizing wheel rotational rate, we regard thaotaer
arrays and fuel sloshing, it is less possible tkena feedback torque is added Te so as to compensate the
any larger. Therefore, the disturbance should deaed ~ friction torque.

regardless of its frequency by an appropriate nietho  The magnetic dipole induced by MTQs interacts with

it exceeds the criteria. the geomagnetic fieldB) to generateTy. Magnetic
dipole induced other than MTQs or permanent magneti
Controller Design Approach residual also generates torque. We regard sucbeas

one of the factors of disturbance torque

In this section, a design approach for a satedltéude =~ The gyro torque Tg) in the body dynamics is
controller is described which leads to the improgam generated if the angular momentum in the whetlg (
in pointing performance with an efficient magnetids not zero, or the body angular rates) is not aligned
unloading. Fig. 5 illustrates a typical attitudentrol to the principal axis of the moment of inertia biet
system block diagram. It consists of a controlled a body.
plant that is divided into body dynamics and wheelAs explained above, the total torque acting on the
dynamics. For simplicity, any of the complicateddis satellite is expressed as
are not included in the diagram such as flexible
appendages and fuel sloshing. Of course, theseeatem T =Tw + Ty Ty +T, ©))
should be taken into account in designing feedback
control law and they often put severe limitatiomstoe Or equivalently,
feedback control gain, thus on the achievable
performance of the attitude control system. T = Trg ¥ Tee + Ty +T +T, +T . 4

The main function of the controller is to generate
wheel torque command§) for controling MWs/RWs As we explained previously, our design goal is to
and to generate a magnetic dipole commamil for minimize the total torque acting on the satellitetten
driving MTQs which inducedy, by an interaction with in Eq. (4). For this purpose, a controller design
geomagnetic fieldg). The wheel torque command canapproach is proposed as follows:
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- To stabilize attitude of a satellite b¥eg with Especially, the cancellation of gyro torqiig by feed

maximized pointing performance. forward torqueTgr is generally applied as de-coupling
- To minimize the total torque in Eq. (4) so asdtisdy for a three-axis stabilized satellite.

the criteria for disturbance torque in Fig. 4. The third approach will be realized by a variefy o
* To unload surplus angular momentum in MWs/RWsinloading laws. One of them is an unloading law

with appropriate efficiency. proposed by the authors and its effect will be

Our concern at this point is stressed on therl&ite demonstrated later.
approaches, since we regard that the feedbackatasitr
optimized with maximized pointing performance withi Magnetic Unloading Scheme
the restriction that pointing control never divesgEven
if a stronger feedback control can be applied,ighth  The magnetic unloading scheme discussed in this
require additional hardware or larger actuatord, thnis section covers unloading laws that determine aogderi
cause increase in weight, power or cost. Becausigiof and magnitude of MTQ drive, and its driving eleoios.
reason, we should take the second approach insfeadThese two aspects of the scheme are discussedtiom
the first approach for the final design goal. standpoints of disturbance sources as well as dinga

For the purpose of achieving the second approadfficiency. The suppression of the disturbance is
control torqueTe+TEp+Ty should be generated so as tassometimes contradictory to pursuing efficiency, arel
compensate the others, i.& +Ty +Tg It might be need to make a trade-off for an actual application,
probable that the control torque itself is greditan the depending on the requirement on pointing accuracly a
criteria. It does happen if bang-bang control ipliggl  applicable resources such as weight and power.
as an unloading law. In this cagg; might violate the
criteria at the transient when the MTQ drive ised on  Unloading Law
or turned off, and an attempt could be possibleatucel
Tw by Ter . However, as will be shown later, the bang- The simplest unloading law is a bang-bang unlaadin
bang unloading is not suitable for achieving higlby which the MTQ drive is just turned on at its rimaal
pointing performance. Therefore, we will not comsid drive current to activate unloading and just turpédo
such a case, and we assume that the total coatopld cease unloading. The unloading law has an advantage
Tee+Tes+Tw should be generated to canGelTy +Tg.  that the required driving electronics is very sienpind



that the driving efficiency is relatively high. Aetlly, disadvantage that driving efficiency is relativatw.
the driving electronics is just an on-off switctalized The driving electronics for the continuous unloadin
by a relay or a transistor. On the other hand, theill be explained in the following subsection.
unloading law has a disadvantage that a relatilztye
disturbance is induced at the on-to-off or off-to-o MTQ Driving Electronics
transition. For the purpose of suppressing the
disturbance, pre-feed forward MW/RW cooperative In this subsection, MTQ driving electronics is
control has been applied. explained which allows us to realize continuous
Fig. 6 plots a flight data of HALCA (or MUSES-B unloading. From the standpoint of the technologthef
launched in 1997), which shows pointing error bg thart, there exist mainly two regulating circuits ttha
bang-bang unloading. The horizontal axis indicéitee control MTQ driving current continuously, one is a
(1division=120[sec]) and the vertical axes indicatseries regulator and the other is a switching regul
pointing errors. The pre-feed forward MW/RW control The series regulator is a transistor-based or B&Sed
was applied a few seconds prior to the initiatidn ocircuit, and the driving current is controlled blget
MTQ unloading. Without the pre-feed forwarded taqu device impedance. In other word, even when thezotirr
the pointing error might be more than 0.004 [degld becomes smaller, the total power consumption cannot
the MW/RW pre-feed forward control could reduce thde reduced linearly because the ratio of additional
pointing error. However, about 0.002 [deg] pointingopower consumption in the devices to the total power
error still remained even after the MW/RW coopemati becomes larger. Thus, the efficiency for MTQ drigse
control was tuned to get the best results. Thisligap relatively not so high as other circuits such @&sdh-off
that, as far as bang-bang unloading is applied, tlssvitch for bang-bang unloading and the switching
induced disturbance cannot entirely be compendafed regulator for continuous unloading described below.
MW/RW. This is mainly because the transient time The switching regulator is a circuit that switchas
constant of MTQ is relatively long while the timeand off the MTQ current periodically in a high
constant of MW/RW control is relatively short. Ifew frequency more than 100 [Hz]. In the circuit, thetyd
apply the unloading method to the satellites of R®F and/or the frequency of on/off cycle is controllesd,
F and SOLAR-B, the pointing error will become morehat the mean current can be controlled linearlyaiA,
than 0.01 [deg] because the external disturbance tiee on-off device is a transistor or a FET, but the
larger than that for HALCA, and thus the MTQ sige i operational condition of the devices is in the sattan
bigger. Therefore, it is evident through flight exignce region, and the device impedance is at its minimal
and its associated study that the bang-bang contamndition. Therefore, the efficiency is relativeygh
cannot be applied for the astronomy satellites thabmpared with the series regulator. The disadvantdig
require higher pointing accuracy, and that we nied the switching regulator is that it has a ripplereat that
apply continuous unloading instead of bang-bangight be another disturbance source. However, as we
unloading. will show later, the ripple current does not afféice
The continuous unloading has an advantage that tpeinting performance at all.
driving disturbance is small. Actually, it is ordjfected  Both the series regulator and the switching regula
by a command resolution that determines MTQ drivingan control the current linearly. However, the adage
current. The required resolution will be studiegtaOn in efficiency for the switching regulator will rede the
the other hand, the continuous unloading has @ower consumption of MTQ drive, thus it will help
o4 — reduce the dimension and weight of power supply
R A S S S S S S S S S S system of a satellite. This benefit will be much
enhanced when a satellite becomes larger, and We wi
adopt the switching regulator despite of somewhat
sophisticated electric circuit.

X[degl
ADCS-1.47

=0,004
0.004

Yidegl
AOCS-1,48

Continuous Unloading L aw with Disturbance
Suppression

=0,004
0.004

A conventional and simple continuous unloading law

is a cross product of surplus angular momentum and
0,004 magnetic field multiplied by a constant control rgai
Fig. 6 p0|m,ng Error by Bang bang UnIoadlng This is, so we call, an instantaneous law in aesdnat

it considers just the instantaneous surplus angular

Z2ldegl
ADCS~1.49




i O O S N Table 2 Error Sourcesfor Residual Torque

0008 F-— - - - - - - oo oo oo oo Error Sources Torque [Nm
0006 F———————-———————————————————— - :

poms [~ Externel lorque estimation of 0.0005
0002 I T I I I I M R R R TR R| |—> . :

0.000 |/ ﬁ i | o | \ Y Unloading torque for stochastically
oo | i reducing surplus angular momentum
0006 11 “ ' External disturba_nce torque parallel
-0.008 7 I ! to geomagnetic field

0010 - S- Ao F o F o E R o R R S
-0.012

—

0.001

Torque [Nm]

S —

0.003

o 1 2 3 4 5 6 7 8 9 10 11 12 the surplus angular momentum stochastically. Ofsmu
Time [hour] this is valid only for the directions perpendicutarthe
(a) External Disturbance Torque geomagnetic field, because MTQs can generate torque
0,012 only about such directions. The disturbance torque
necessary for the unloading law can be estimated by
monitoring the angular momentum in MWs/RWS, or it
can be calculated based on a mathematical model.
—x Fig. 7 (a), (b) and (c) show simulation result®vng
Y| that the unloading law can suppress the external
0,004 disturbance torque. Fig. 7 (a) plots an external
0,006 disturbance torque. The conditions of the simulatice
B identical to those for ASTRO-E in Ref.1. By applyin
ot I the unloading law presented in Ref. 1, the unlogdin
"0 1 2 3 4 5 6 7 8 9 10 11 12 torque can be generated as depicted in Fig. 7T{s.
Time [hour] residual torque ( = (a) + (b) ) is plotted in Frg(c). By
comparing Fig. 7 (a) and Fig. 7 (c), we can seéttia
oot unloading torque can be reduced by more than 50% by
0010 b — L a1 the unloading law.
B e The residual torque in Fig. 7 (c) is due to theemal
ol B R torque estimation or modeling error, unloading terq
ot PV RN for stochastically reducing surplus angular momemtu
0.000 N and the external disturbance torque parallel to
-0.002 geomagnetic field. These factors for residual tergte
oo estimated and listed in Table 2. Though it is isgible
0008 b - o _____ to suppress the external disturbance torque phtalle
B T the geomagnetic field by MTQs, further suppresssn
O T e 4 s 6 7 s e 1 ou b possible by applying MWs/RWs cooperative control.
Time (hour] Therefore, further improvement in pointing perforroa
. is expected. This issue is left for the future gtsihce
(c) Residual Torque (= (a) + (b)) the suppression of the external disturbance toligue

. . . . good enough for the two satellites, ASTRO-F and
Fig. 7 Disturbance Suppresion by Unloading SOLAR-B.

0.010
0.008
0.006
0.004
0.002
0.000
-0.002

Torque [Nm]

(b) Unloading Torque

Torque [Nm]

momentum, and somewhat sacrifices unloading Reguirementson MTQ Drive

efficiency. More sophisticated unloading laws have

been presented mainly for improving unloading In this section, the disturbance torque inducedaby
efficiency rather than for improving pointing continuous unloading is compared with the critéaia
performance. One of them is the unloading lawisturbance torque in Fig. 4 that assures the ipgint
proposed by the authdrsThough the unloading law performance for the two astronomy satellites, ASTRO
was originally designed so as to increase the dimga and SOLAR-B. We assume that the continuous
efficiency, it also helps improve the pointing acy. unloading discussed here is controlled using amarhb
The basic idea of the unloading law is that MTQomputer in which all the quantities are digitized.
unloading torque is generated so as to cancel th®erefore, the disturbance due to the continuous
disturbance torque acting on a satellite, and thuge unloading is caused not only by the ripple currehen



10000
1000/ /| Criteria for SOLARB |

the switching regulator is adopted, but also by
resolution of command that determines the driving
current in the MTQs, by the magnetic field calciolat 100} //| criteria for ASTRO-F |
resolution or measurement resolution, and by the 100 _

/ External Disturbance

magnetic field update period. By the study, theg

. . 1t
requirements on such disturbance sources

Q
TorquaiN

established. 01 _
The MTQs generating torqu&,() is expressed as 001} . Ripple
0.001} G.F. Update
Ty =mxB, (5) | i e Period
wherem is magnetic dipole strength generated by the 1e05 —— - - g%rg:”ag‘gleﬂgias”relr"em ':gso'”tli;g
MTQs and B is geomagnetic field. By taking the e Aem “Frequency [H]
variations for the both sides of Eq. (5), we abtai Fig. 8 Disturbance Torque
AT, =AmxB + mxAB, 6
g © Gy =—d. W
V12

whereAm is a sum of the command resolution for the
magnetic dipole and the ripple caused by the switch .
regulation, andAB is a sum of the geomagnetic ﬁelolTherefore, the torque resolutiddT should be less than

calculation or measurement resolution and the tiemia 0.00008<+12/3=0.0000924|Nm]. Then the command
caused by geomagnetic field update period. AccardirtesolutionAm can be calculated as

to the study for the ASTRO-F, the required magnetic

dipole strength is 300 [Afh and the maximum AT 00000924 ,
geomagnetic field is % 10° [T] on its nominal orbits. Am< B S TExis 185[Am7]. (8
By using these values, the requirements on MTQedriv

will be established in the following subsections. On the other hand, the maximum dipole strength is 300

[Am?. Therefore, the command should have more than
300/1.85 = 162 steps. It means that the command shall

As is mentioned above, the MTQ drive is not e>5act|.have a digit better than 8 bits. The requirement also

continuous but it has a discrete step determinethby implies that total command resolution, including both

command resolution. The command resolution i comman_d issued from the onboard pomputer and the
/A conversion, shall be better than 8 bits.

determined not only by the precision of the onboar

computer but also by the resolution of D/A conveite

it is used in the MTQ driving electronics. The coamd

resolution discussed here includes both the factors
Because of the discreteness, MTQ dipole strergth i

also a discrete one as far as we consider a sttaigtyin

which the current in a MTQ settles to a certainueal AB < AT < 0.0000924_ 308x10°° [T]. (9)

The Fourier component or the frequency range of the m 30C

command is subject to both how to make the command,

and the computer calculation time step. Howevethim ~ On the other hand, the range of the geomagnedid fi

subsection, we will take the most severe conditteat i -50000 to +50000x 10° [T]. Therefore, the

the command has a wide range of frequency between gpomagnetic field should have more than 1000004308
orbital frequency of a satellite and the computet87 steps. It also means that the measurementistll

calculation frequency. better than 8-bit resolution.
With this condition taken into account, the dibamce o _

torque induced by the discrete command should s le€Geomagnetic Field Update Period

than 0.00008 [Nm] according to the criteria shown i

Fig. 4. We regard this value as 3-sigma. In gen¢hal  The geomagnetic field varies as the satellite rmawe

discrete variable whose step @ has an equivalent its orbit, and the primary sinusoidal component aas

random noise and its normal distribution is expedsas orbital period for earth pointing or a half of d@rfinertial
pointing. As far as update peridd of several seconds

Command Resolution

Geomagnetic Field Measurement Resolution

The minimumAB can be calculated in a similar way as



Table 3 Characteristic of the switching regulator 1000

Item Value | ASTRO-F Specificatior]
Switching frequency More than 100 [Hz] 100¢ / | SOLAR-B Specificatior] .
Ripple current Less than 5% = = External Disturbance
s G.F. Update
£ Period

(S
is considered, the maximum change in the geomagnetig 1}
field can be estimated as follows: <

S o1}
<
5x107° At (Earthpointin
= - ( i P . .g) [T], (20) 0.01}
1x107" At (Inertialpointing) Command/G.F.Measurement Resolution
0.001

whereAt in [sec]. By assuming that = 300 [Anf] and 1606 105 0.0001 O'Ofrtql?e'giy [Hoz']l too1o 1

by taking f = 1/At [Hz], the torque erroAT can be Fig. 9 Achieved Performance
calculated as

T2 1.SX19‘5/ f (Eart.hpoir.1tir.1g) Nml. D) Conclusion
3x107°/ f (Inertialpointing)

In this paper, magnetic unloading scheme has been

The dotted bold line in Fig. 8 plots the above dtoa studied from the standpoint of improving pointing
for ASTRO-F. In order for satisfying the criterithe performance. The design approach for that purpase h

geomagnetic field update frequency shall be moaa th been introduced. By applying th? unloading 'an?“'Se
0.1 [Hz], or in other word, the update period stz proposed by the authors, the disturbance torquegact
less thar’1 10 [sec] ' on a satellite is reduced by more than 50%, wheclul$

to suppress pointing error by more than 50%.

MTQ drive has also been studied and the requirésnen
have been established. The study showed that MTQ
command resolution should be better than 8 bits, th
resolution for geomagnetic field measurement or
galculation should be better than 8 bits, and theate
period for the geomagnetic field measurement or
calculation should be less than 10 [sec].

By applying the unloading scheme presented in this
paper, the pointing performance of the two astronom
satellites, ASTRO-F and SOLAR-B, can meet their
mission requirements. Further improvement is pdessib
by incorporating a cooperative control with MWs/RWs
for the future astronomy satellites that requirereno
stringent pointing performance.

Rippletorque

The ripple torque induced by a switching regulasor
assessed in this subsection. Table 3 lists chaistats
of the switching regular associated with the rippl
torque. The resultant ripple torque can be caledlas

(5x10°)x300x 005=0.00074Nm] . (12)

The value seems so small compared with the critdria
the disturbance torque as shown in Fig. 8 that evaat
have to pay much attention to the ripple torque.

Achieved Pointing Perfor mance
This section summarizes the disturbance torque References
studied in the last two sections. Again, Fig. 8veho ;
disturbance torque caused by the factors includin
external disturbance. We can see that the distagban
torque is less than the criteria. Fig. 9 depicts t . N
achieved pointing performance when we consider t agnetic Angular M_anagemen_t for Large Scientific
suppression of external disturbance by the propos &lte"'tei‘ Irﬂafgggllght g%’gaerz'gs CNES, Toulouse,
unloading law and the requirements on MTQ drive. W rance, June - PP ;

can see from the two figures that the attitude

deterioration can be within the specifications.

arcel J. SidiSpacecraft Dynamics and Control.
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