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Attitude Control of a Bias Momentum Geostationary
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An attitude control logic for a pitch bias momentum geostationary satellite with a skewed roll/yaw magnetic
torquer in an inclined orbit is presented. The inclined orbit operation for geostationary satellites is primarily
targeted to saving onboard fuel. A specific spacecraft model is used to establish operational strategies for the
attitude maneuver in an inclined orbit. An onboard momentum wheel attached to a pivot steering mechanism for
pitch and roll control and a skewed magnetic torquer for roll/yaw control are employed as main actuators. The
control commands are issued at regular time intervals to reflect ground-loop implementations of the proposed
technique. A real-time ground-based attitude estimator is designed to update the yaw angle information using roll
angle telemetry data. Simultaneous pitch and roll/yaw pointing with the inclination angle of 2 deg turns out to be

feasible by the proposed method.

I. Introduction

OMMUNICATION satellites at geostationary orbit are re-

quired to maintain zero or very small inclination angle about
the equatorial plane.!~® This is due to the mission requirement of
geostationary satellites, which stay at a stationary orbital location
providing communication and broadcasting services. The small in-
clination angle is maintained by frequent execution of north/south
stationkeeping maneuvers./® A significant amount of onboard fuel
is consumed for the north/south stationkeeping maneuvers; thus,
spacecraft mission life is usually limited by the amount of fuel
available. Once the fuel is depleted, the inclination angle gradually
increases, mainly caused by the sun/moon gravitational attractions.
The nonzero inclination angle results in depointing of the antenna
beam from the Earth target point. Thus, inclinationangleis one of the
key parameters in the mission operation of geostationary satellites.
As long as the communication service is not affected, the accept-
able tolerance of nonzero inclination angle extends the lifetime of a
satellite through fuel saving.

The nonzero inclination angle causes north/south and east/west
variations of the trace of a satellite seen from Earth.”® To point a
fixed locationon Earth, the satellitein an inclined orbitneeds attitude
maneuvers over a 1-day orbit period. There are few examples of
geostationary satellites operated in an inclined orbit accompanied
by a certain level of inclination angle."> The COMSAT maneuver
appliedto the ARABSAT is a representativeexample of the inclined
orbitoperation > The GSTAR Il is also being operatedin an inclined
orbit,! and the KOREASAT F1 located at 116° east and launched
in 1995 has recently started inclined orbit operation as well. The
excessive consumption of onboard fuel for KOREASAT F1 for the
final orbit raising resulted in the reduction of the spacecraftlifetime
almost by 40% from the original design.

The central idea of the COMSAT maneuver is to utilize mo-
mentum wheel assemblies to tilt spacecraft body axes. The angular
momentum vectors of different wheels are manipulatedto create de-
sired spacecraftoffset attitude angles.” The roll and pitch angles are
varied continuously along the orbital location of the satellite. The
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COMSAT maneuver was implemented using personal computer-
based software that is interfaced with the ground system.> Parvez
and Misra developed attitude maneuver schemes for GSTAR 111
operation.' In their approach, a momentum wheel with a pivot steer-
ing mechanism was used to control the roll angle variation that
causes antenna boresight angle change. An onboard processor was
combined with pivot steering commands to generate the roll and
pitch offset pointing commands. Onboard thrusters were also em-
ployed to limit the maximum yaw angle at the nodal crossing point
to minimize rf polarization plane change.'

In Refs. 3 and 4, taking rf signal measurements from the ground
is considered to sense the spacecraft attitude to develop antenna
pointing strategy. In particular, in Ref. 3 using radio signals for di-
rect measurement of attitude is discussed, and the control algorithm
is based on such measurementtechniques. In Ref. 4, various sensors
including sun sensors, Earth sensors, rate gyro, C-band interferom-
eter, and communication monopulse subsystem are employed. The
yaw angle is measured by an inertial reference unit and a Polaris
sensor. The monopulse system and interferometer are adopted to
measure attitude angles from ground stations.

The approachin Ref. 5 assumes a V-wheel-type bias momentum
wheel whereas onboard closed-loopcontrolis applied. Reference 6,
on the other hand, employs an open-loop-type methodology for
which the attitude offset angles are computed and transmitted to the
spacecraft to maintain desired payload pointing directions.

In this study we present a new attitude maneuver technique for
a pitch bias momentum geostationary satellite in an inclined orbit.
The control law design goal is to develop an antenna pointing al-
gorithm using onboard actuators. The spacecraft model is identical
to GSTAR 111, available in Ref. 1, and to KOREASAT F1, both of
which are built using similar bus structures. However, the control
strategies proposed in this study are different from those of Ref. 1.
In fact the control logic is applicable to generic pitch bias momen-
tum spacecraft with a pitch momentum wheel attached to a pivot
mechanism and a skewed magnetic torquer for roll/yaw control.

The principal idea of the proposed control strategy is to take the
attitude deviations due to orbit inclination angle as reference tra-
jectories and to develop actuator commands that compensate for
the attitude perturbation effects. The inclination angle used for this
analysisis 2 deg. Given this inclinationangle, the developedlogic is
effective, but higher values of inclination angle may be accommo-
dated by the results of this study through simple hardware reconfig-
uration. The advantage of the proposed method is to use a magnetic
torquerand a momentum wheel, which does notrequire onboardfuel
consumption, for independent three-axis attitude control. The pitch
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and roll angles are controlled by the single momentum wheel with
the pivot device, while the yaw angle is controlled by the magnetic
torquer. This is a significant difference from the approachin Ref. 1,
where the maximum yaw angle at the nodal crossing point is ad-
justed by thruster firings. The magnetic torquer as used in this study
has wide applications in spacecraft attitude control for pointing as
well as momentum desaturation’~'* Extensive research works are
available about using magnetic torquers, and a few of them are in-
troduced in Refs. 9-13.

For the inclined orbit operation, there are three essential require-
ments': 1) ground antenna to track the satellite, 2) minimization of
daily equivalentisotropicallyradiated power (EIRP) variations,and
3) compensationof rf polarizationplane rotation. The compensation
of rf polarization and the minimization of EIRP variations are the
primary goals of attitude maneuvers.

The proposed method can be applied effectively with relatively
light impact on spacecraft operation. Operation of the attitude ma-
neuvers is assumed to be conducted by a ground station. The com-
mand itself is updated at regular time intervals to account for the
ground operation scenario. This ground operation capability will
constitute a complement of the existing onboard attitude control
logics designed to provide continuous offset attitude maneuvers for
the inclined orbit operation.

II. Attitude Perturbations in an Inclined Orbit

The sun/moon attraction over a satellite generally creates incli-
nation angle change.! The nominal orbit inclination angle change
rate for a satellite at the geostationary orbit is about 0.8 deg/year.
If there is no north/south stationkeeping maneuver, the inclination
angle would continue to grow with a period of about 55 years.
Geometry of a satellite in an inclined orbit is provided in Fig. 1.
From Fig. 1, the nonzero inclination angle results in longitude and
latitude variations of the beam point on the Earth’s surface that
satisfy’

sindy, = sini sin @yt 1)

cosi = tan(wy? + Oy, ) COt yt )

These expressionscan be approximatedfor smalli and 6y, and &y, as
Ojy = i sin oyt 3)

Sion = —(i%/4) sin 2wyt 4)

where @, is the constant orbital rate (27 rad/day). The longi-

tude and latitude variations produce a ground trace of figure-
eight configuration.” The beam point variations alternatively can be
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Fig.1 Satellite orbiting in an inclined orbit.

related to the spacecraft attitude changes. For instance, the latitude
change turns into roll attitude perturbation expressed as

, $in
Ag(1) = sin”' - )
\/rg + a2 — za}’e COSélal

where r, is the radius of the Earth and a is the semimajor axis of the
orbit. On the other hand, the longitudinal variation causes the pitch
angle change of the spacecraft, which is expressed as

T, SiNSjon
AQ(t) = sin”™" = ©
\/rg + a2 — 2ar€, 003510n

Note that the magnitude of the pitch angle change is relatively
smallerthanthe roll change due to the smallerlongitudinalvariation.
Finally, the yaw angle perturbation due to the nonzero inclination
angle is approximated as'

Awy(t) =icosayt (7)

That is, the yaw angle is maximum being equivalent to the incli-
nation angle at the nodal crossing point assuming that the time ¢ is
referenced to the instant when the spacecraft passes the node point.
To pointa fixed target on Earth, the attitude changes caused by the
inclined orbitin Egs. (5-7) need to be compensated by attitude con-
trol. The attitude variations are not caused by external-disturbance-
type torques, but they represent attitude pointing requirements for
the spacecraft at the inclined orbit. In other words, the spacecraft
shouldhave offsetattitudecommands correspondingto —Ag, —A ¢,
and —A y about each body axis. Thus, the attitude variations with
an opposite sign become reference trajectories for the spacecraftto
track. The net effect will be fixing the beam point onto the target.

Computation of Satellite Position

The currentsatellitelocationin the orbit must be identified before
the reference attitude trajectories are generated. This is because
the reference attitudes are functions of the elapsed time from the
ascending node. Usually satellite orbit determination is performed
by ground stations. Different forms of orbit elements are available
by reformulation of the orbit determination results® One popular
choiceis to take classical orbitelements givenasa, e, i, 2, », and v
asshowninFig. 1, where a representssemimajoraxis, e eccentricity,
i orbit inclination angle, €2 right ascension of ascending node, @
argument of perigee, and v true anomaly.?

By the assuming that the orbit elements are obtained at one instant
and propagated continuously, the elapsed time 7, which is measured
from the ascending node crossing moment, can be computed from

t=t.—t,=(0+ V) (8)

where ¢. is the current time, #,, the time when the satellite crosses the
ascending node, and &, the orbital rate. The expressionin Eq. (8) is
based on the fundamental characteristicsof the geostationary orbit,
which is close to a circular shape.

Thus, for given orbital elements, especially the argument of peri-
gee o and the true anomaly v, the satellite location and associated
attitude data can be generated a priori. The initial orbit determina-
tion results are used to propagate ephemeris information, as well as
time varying reference attitudes. For instance, if a =42166.9 km,
e =0.00007,i =2.0 deg, 2=1235.28 deg, o= 23.05 deg, and v=
200.94 deg, then the elapsed time is calculated as 0.622 days
(53,757 s) from Eq. (8). The reference trajectories based on the
initial condition are computed over two orbital periods and are plot-
ted in Fig. 2. The classical two-body problem is numerically solved
in the Earth centered inertial frame. The orbit propagation results
are converted to the classical orbit elements to apply the results to
Eq. (8).

Note that the reference pitch angle is multiplied by 50 for visual-
ization purposes. Also, the pitch response has twice the frequency
of the roll and yaw responses. This is also observed from Egs. (3)
and (4).
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Fig.3 Geometric configuration of a pitch bias momentum spacecraft.

III. Attitude and Actuator Dynamics

Before we discuss the control strategy, a brief overview on the
attitude dynamics of pitch bias momentum spacecraftis presented.
It also includes actuator dynamics of the pivot mechanism as well
as the roll/yaw magnetic torquer.

Spacecraft Dynamics Equation

The simplified schematic configuration of pitch bias momentum
spacecraftis presented in Fig. 3.

For the pitch bias momentum spacecraft, the bias momentum
created by a spinning wheel exists along the orbit normal (or pitch)
directiononly. This creates gyroscopiccouplingbetween the roll and
yaw axes in the form of so-called nutational motion.”'* The pitch
bias momentum is a typical bias momentum spacecraft with three-
axis on-orbit attitude control capability in conjunction with a pivot
steeringmechanism, a magnetictorquer,and onboardthrusters.' The
pivot mechanism possessesa rotational degree of freedom about the
roll y axis with rotation angle y. The pivot actuation is combined
with the wheel angular momentum to generate yaw torque by gyro-
scopic principle.'

To derive governing equations of motion, we start with the total
angular momentum vector of the system defined as

H = (I,o, + hsiny)b, + I,0,b, + (1,0, + hcos y)bs (9)
where 1., I,, and I, are body-axes principal moments of inertia,
oy, oy, and @, are body-axes components of angular velocity vec-

tors, and & is the angular momentum of the wheel. Application of
Euler’s equation into Eq. (9) yields

d
SHyoxH=T 10
a e (10)

where & = b, + w,b, + @;b3 is the angular velocity vector
and T=[T,, T,, T,]" is external input torque vector. The external
torques consist of components from thrusters, the magnetic torquer,
and space environmental disturbances as well. In this study, T is
limited to the input by the magnetic torquer. The result of Eq. (10)
can be described further as

L, + (I, = I,))oy,0, + hsiny + hycosy + hoycosy =T,
Lo, + (I, — L)o,o, + h(o,siny —w,cosy) =T,

Lo, + (I, — I)o,o, + hcosy —hysiny — ho,siny =T,
an

The inertia properties and angular momentum are taken to
be 1,=16,533, I,=16,374, and I,=3,565 in.-Ibf-s?, and
h =475 in.-1bf, which are those of KOREASAT, a typical midsize
geostationary-Earthorbit communicationsatellite. The angular mo-
mentum is a nominal value and is usually adjusted continuously by
the pitch control loop. On the other hand, the body axes components
of the angular velocities are related to the 3-2-1 Euler angles as” '3

o, = —0sing + ¥y — @, sin ¢
@, =@ sinycosd + ¢ cosy + wsin ycos

®, = @ cos ycosd — ¢ siny + @ycosy cos P (12)

where the Euler angles ¢, 0, and y represent roll, pitch, and yaw
angles, respectively, with respect to the orbiting local vertical local
horizontal frame.” Substitution of Eqs. (12) into Egs. (11) followed
by small-angle approximation yields

I,\l// + [(Iz - I‘)COS + COOh]l// + hglp + h)/ + h)/ = Tx

L+ [(I — L)} + awh]p —hyy =T,
1LO+h=T, (13)

where h, = (=1, — I, + I,)wy + h is introduced for notational sim-
plicity. Note that the pivot angularmotion y multiplied by the wheel
angular momentum generates yaw input torque 2y . The linearized
governingequations consist of coupled roll/yaw, x and y, dynamics
and pitch z dynamic. The pitch dynamic is independent of roll/yaw
dynamics, as is fairly well known. The roll/yaw dynamics are usu-
ally described as a combination of nutational and orbital motion.
The natural frequencies of the roll/yaw dynamics from Eq. (13) are

given by'"?
o o= /n2 /LI, (14)

where o is the nutational mode frequency'® due to the nonzero
angular momentum of the wheel. The nutational mode period for
KOREASAT is about 220 s for the nominal angular momentum.
The nutational motion is usually dominant for the short period of
time and controlled by the pivot and/or the magnetic torquer control
logic.

On the other hand, control torque by a magnetic torquer is gener-
ated by the interactionof the Earth’s magnetic field and the magnetic
dipole moment of the torquer.'>'* Mathematically, it is stated as

T=M XB (15)

where B = B,b, + B,b, + B.b; is the Earth’s magnetic field vector
and M is the magnetic dipole moment vector about the spacecraft
body axes. The components of the magnetic field vector vary de-
pending on the orbital longitude and latitude.'>'* Usually at geo-
stationary orbit, the pitch component B, is known to be dominant
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over other components."* Thus, the magnetic field vector can be
approximated as

B = B.b; (16)

The preceding approximation is useful not only in the sense of
the relative magnitude, but also the original objective of using the
magnetic torquer. In this study, the magnitude of the magnetic field
vectoris estimated as B, = 104.52 nT (9.25 X 1077 in.-Ib/atm?). In
addition, the magnetic dipole moment can be expressed about the
spacecraft body axes. The magnetic torquer of KOREASAT, as is
GSTAR 111, is skewed about the roll/yaw body axes. Thus, the dipole
moment vector about the roll/yaw axes is expressed as

M = —M sin Bb, + M cos Bb, 17)

where 8 is the skew angle of the torquer. The magnitude of the
dipole moment is 300 atm? while the skew angle is 60 deg to achieve
balanced performance in roll/yaw control. The final expression of
the magnetic torque, therefore, becomes

T = McosBB,b, + M sin BB.b,
= T,b, + T,b, (18)

There is no magnetic torque component acting over the pitch axis
because it is actually so small. The small pitch magnetic torque
is in fact controlled by the momentum wheel speed modulation.
Therefore, the magnetic torquer is exclusively used for roll/yaw
control either by ground-loop or onboard control

IV. Attitude Maneuver Strategies

Based on the attitude perturbationanalysis and attitude dynamics
with actuatorsincluded, attitude maneuver strategies for pointingin
an inclined orbit are developed. Independent controls over attitude
perturbations about three axes are proposed in conjunction with
simulation analysis. The attitude control itself is assumed to be
operated by ground-loop control, but can be extended into onboard
implementation. The ground-loopcontrol is more conservative than
the onboard approach especially in the sense of ground processing
time delay and potential noise in the transmission of command and
telemetry signals.

Pitch Control

For pitch pointing,the wheel speedis continuouslyadjusted about
the nominal angular momentum depending on the pitch error sig-
nal sensed by the Earth sensor. The nominal pitch control loop is
normally closed, and the spacecraftis locked onto the Earth about
the pitch axis. The pitch loop is controlled by an onboard processor.
The onboard processor can be programmed for time-varying pitch
offset angles within a certain range. The wheel speed can also be
combined with a constant bias command from the ground station.
The bias wheel speed command is uplinked by ground commanding
systems.

Because the goal of pitch control is to adjust the wheel speed so
thatthe actualpitchangle counteractsthe reference pitchangle being
equivalent to the perturbation effect, we propose here to generate
a wheel speed command at a regular time interval. The original
onboard closed-loop pitch control command is

thP(9+ K/)é) (19)

where K p and K are typical design parameters to be selected. Sta-
bility of pitch axis is maintained by the control law of Eq. (19). The
reference pitch command constructed on the ground is prescribed
to be

href == KP(QI‘Ef + K[)éref) (20)

where 0, is associated with the reference pitch angle due to nonzero
inclination angle. The reference wheel torque command is added as

A
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Fig.4 Pivot commands over half-nutation period.

a bias command to the original feedback wheel torque command of
Eq. (19). Therefore, the total command to be applied to the wheel
becomes

h + href = KP[Q - el‘ef + K[)(é - éref)] (2])

Note that the reference pitch command, therefore, translates into an
error feedback between the actual and reference pitch angles. The
reference pitch trajectory 0, is selected as —A@ in Eq. (6) to coun-
teract the pitch axis deviationdue to the orbitinclinationangle. The
reference command is issued at a regular time interval. After trials
of different values, the pitch reference command update interval is
selected as 20 s, which takes into account ground processing time
with the 2-s telemetry transmission rate.

Roll Pointing by Pivot Mechanism

The momentum wheel with the pivot mechanismis a key attitude
control subsystem for the pitch bias momentum satellite. The pivot
angular rate command produces yaw torque, as seen from Eq. (13).
The pivot torque is applied to controlling the nutational motion
caused by the angular momentum of the wheel, and it can also
produce a constantroll offset command for the pointing maneuver.
The desired pivot steps in this case can be commanded from the
ground station.

Let us consider pivot command pulses applied at different time
instants that are separated by a half-nutation period as in Fig. 4,
where ATy, is the half-nutation period. The ideal pivot command
needs to be an impulsive type, but from a practical consideration,
the command has a finite duration (Fig. 4). With the pivot actua-
tion duration 7, the first input command in Laplace domain can be
expressed as

y(s) = (M,/s)(1 —e™™) (22)

where M, = —hy is the magnitude of the yaw torque produced by
the pivot steering. Equation (22) can be approximated for a reason-
ably small 7 as

y(s)= M,z (23)

To examine the pivot command applied, Eq. (13) is further approxi-
mated for the pure rigid and nutational motion in roll/yaw dynamics.
The smaller coefficients of angular variables ¢ and y containing
orbital rate @, are dropped because we are interested in short-term
nutational dynamics. The approximated dynamics become

Ly +hy+hy =T, L—hy=T, (24
where we also neglected 1y for small y from Eq. (13). After appli-
cation of the first pivot command into Eq. (24), it is not difficult to
show

¢(t) = ¢, + (M,t/ hy)(1 — cos ct) (25)
w(t) =y, + (1/1,)(M,t/0c)sinct (26)
where ¢. and y. represent the constantroll and yaw angles, respec-
tively, before the applicationof the first pivot command. It is easy to
observe that the roll and yaw responses translate into the nutational

motion with 90-deg phase difference. Now the second pivotimpulse
input in Fig. 4 is augmented so that Egs. (25) and (26) become

(1) = ¢+ (M,7/hy)(1 — cosot) + (M,t/h,)[l — cos(ct — )]

=¢.+2M,t/h, 27
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and

w(t) = y.+(1/1,)(M,t/c)sinot + (1/1,)(M,1/ o) sin(ct — 1)

= v, (28)

As we can see, the yaw angle remains unchanged at the result of
the two consecutive pivot commands, while the roll angle comes
to an offset displacement. By using Eq. (27) and the relationship

M, = —hy with the approximationh, ~ h, we can derive

7 =(¢. — $)/27 (29)

Therefore, Eq. (29) shows a relationship between the resultant roll
angle and the associated pivot rate command. On the other hand,
for the roll pointing objectivein an inclined orbit, the roll command
should be generated in such a way that the actual roll angle follows
the referenceroll angle. Thus, the referenceroll angleis incorporated
into Eq. (29) so that

7 = (¢ — drer)/ 27 (30)

where the reference roll angle ¢, is taken as —A ¢, introduced in
Eq. (5), in the same manner as the pitch control case. Note that if
the pivot angularrate y is fixed then the command duration 7 could
be adjusted so that Eq. (30) is automatically satisfied. The required
pivot command angle is, consequently, expressed as

J/(t)=7/(0)+2/ ydr (3D
0

Note that the roll pointing maneuver does not have to be con-
ducted continuously due to practical considerationssuch as ground
processing time, telemetry transmissionrate, and finite pivot actua-
tion delay. Instead, it could be performed at a certain time interval
as long as the pointing requirement is still satisfied between the
pivot actuationinstants. The pivot actuation command is applied at
every half-hour in this study. It can be expected that the tracking
performance improves with the shorter control update interval. The
half-hour update interval is also a conservative choice considering
the minimum ground processing time required, which is usually
much shorter.

Simulationbased on the pitch controllogicin Eq. (21) and the roll
controllogicin Eq. (29) hasbeen conductedwith the original nonlin-
ear governing equations of motion. The resultant angularresponses
together with the referencetrajectoriesare presentedin Fig. 5. Some
initial errors between the reference and actual states are introduced
toreflect the uncertaininitial states. As shown, the pitch angle tracks
the reference trajectory fairly well. This is by virtue of the feedback
strategy of the pitch control logic and the relatively short update
interval. Meanwhile, the roll angle tracks the reference trajectory
within a certain pointing accuracy by the pivot control logic ex-
plained earlier. The roll angle remains almost constant over the
interval where the pivot is not actuated. The pivot angular rate sign
alternatesover the whole maneuverperiod,asitcanbe seenin Fig. 6.

On the other hand, the yaw response in Fig. 5 shows a poor
tracking performancebecause there is no direct control over the yaw
angle. The yaw angle is maximum at the node, being a principal
parameter causing the 1f polarization plane rotation.! A separate
control action, therefore, needs to be taken to control the yaw angle.
The independent control over the yaw angle using the magnetic
torquer is discussed next.

Yaw Pointing by Magnetic Torquer

There is no direct control over the yaw for the general pitch bias
momentum spacecraft. Instead, roll control automatically turns into
the yaw controldue to the inherentroll/yaw coupling over the orbital
period. The roll data measured by the Earth sensor is primarily
supplied to the roll control logic. Such an indirect approach of yaw
control by the roll/yaw coupling effect, however, is not sufficient
for the inclined orbit operation. Additional yaw control mechanisms
need to be designed. One possibility is to use the magnetic torquer,
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Fig. 6 Pivot angular displacement change during the roll pointing.

which is also a primary control device controlling roll/yaw errors
during the normal operation mode of GSTAR IIIl and KOREASAT.
The primary function of the torquer is to produce a constant roll
offsetangleas well as to control small post stationkeepingnutational
motion. The input to the torquer controllogic is roll angle data from
the Earth sensor.

The magnetic torquer can be used to control either yaw or roll
angle on the availability of information. From Eq. (18), we can
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observe almost an equivalent level of control authority about yaw
and roll axes by the magnetic torquer. To control the yaw angle
directly, however, the yaw angle data should be provided to the
control logic. If the yaw angle becomes available, the magnetic
torquer can directly control the yaw angle in a manner similar to the
roll control counterpart.In Ref. 1, Parvez and Misra did not consider
using the magnetic torquer and instead used onboard thrusters to
reduce the maximum yaw angle at the node.

The yaw control logic, however, assumes that the yaw data are
availablein real time, which is not generally true because the Earth
sensor measures pitch and roll angles only. The yaw angle data are
measured during stationkeepingmaneuvers only by a rate measure-
ment unit for KOREASAT. The yaw angle, therefore, needs to be
estimated by an indirect approach. A real-time ground estimator is
proposed as is explained later.

Based on the yaw angle availability, the present magnetic torquer
logic, which is targeted to direct roll control, is slightly modified.
The presentroll control logic commands an oppositedipole moment
in the electromagnetdependingon the polarity of the roll error. The
phasing of the torquer switching is controlled by setting the time
delay t,;, whichis equivalentto the half-nutationperiod. The dipoleis
activated #;, seconds after the magnitude of the averaged roll signal
exceeds the roll threshold. To provide some damping, the dipole
remains on until #; seconds after the roll signal changes sign. The
magnetic torquer switching changes the polarity M of the torquer,
which in turn results in the roll/yaw torque inputs. The magnetic
torquer command update interval is set to be 16 s.

The new control variabledefined as an error between the reference
andestimated yaw anglesreplacesthe roll angle for the yaw tracking
purpose. That is,

A

Verror = Wret — Y (32)

where W, is the yaw error determining the torquerpolarity, y,. the
reference yaw angle, and v the estimated yaw. The reference yaw
is taken as —A y, opposite to the yaw angle perturbationof Eq. (7).
Because the estimated yaw angle is needed for the implementation
of the yaw controllogic, detailed discussionassociated with the yaw
angle estimation is presented in the following section.

The overall block diagram of the proposed ground-loop control
system including the estimator discussed is presented in Fig. 7.

Estimation of Attitude Variables

As already mentioned, the magnetic torquer needs yaw angle in-
formation for direct yaw pointing. The Earth sensor, however, does
not measure the yaw angle directly. The yaw angle informationmay
be obtained by a state estimation technique taking the measured roll
angle as input data. Other variables such as roll and pitch angles are
also used to construct required control commands. Also we have
already assumed that the pitch command by the wheel and the roll
command using the pivot are constructed on the ground. This pro-
cess requires knowledge of roll and pitch angles with reasonable
accuracy. The roll and pitch angles are measured by Earth sensor
and are transmitted regularly to the ground station. The transmit-
ted signals are usually subject to various noise sources. Therefore,
a practical issue in the implementation of the proposed algorithms
is to guarantee smoothed data on a continuous basis. This require-
ment naturally leads us to the yaw angle estimation. Also, the wheel
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Fig.7 Block diagramrepresentation of the overall ground-loop control
system.

angular momentum is another parameter that can be estimated by
using the data from the telemetry information.

In this study, the yaw angle is estimated continuously based on
the real-time telemetry data at the transmissionrate of every 2 s. The
roll/pitch angles and wheel angular momentum are also estimated
in the sense of smoothing the noisy telemetry data. A single filter is
designed for this objective. The estimation technique adopted is the
typical nonlinear extended Kalman filter (EKF) algorithm.!?

Design of the EKF starts from Eqgs. (11) and (12), which can be
combined in state-space form as

x=f(t,x)+& (33)

where £ is a vector of plant disturbance modeled as white noise and
X a state vector defined as

X = [l//, ¢s 0, @Oy, Oy, O, h]T (34)

The angular momentum of the wheel is included in the state vector
becausethe telemetry informationis availablefor 2, which is usually
corrupted by noise.

The output measurement variables consist of pitch/roll angles
from the Earth sensor and the angular momentum of the wheel:

0
y=hx)=1¢¢+n (35)
h

where 7 is a vector of white measurement noise. The measurement
interval, which corresponds to the telemetry transmission rate of
KOREASAT, is 2 s. The filter update interval is also selected as 2 s,
sufficient for ground processing of the filter algorithm in real time.

Next the EKF algorithmis appliedto Egs. (33) and (35) by assum-
ing white noise in the system dynamics and measurementequation.
The sensor noise data are obtained from a sensor design book. The
state estimate update at a given step is prescribed by '

£ (+) = %(-) + L{y = hlz.(D)]} (36)

where L is the Kalman filter gain obtained by the EKF algorithm,
(—) representsa state before update, and (+ ) represents a state after
update. The plant disturbance and measurement noise covariance
matrices are given as

10716754 0 0
Elgg"] = 0 10785 0
0 0 1073
7.925 x 1078 0 0
Elnn']= 0 7.925 %1078 0
0 0 0.1

where I5 x5 isa3 X3 unit matrix and E is the expectationof random
variables.!> The relatively large number in disturbance covariance
for the angular momentum is because of the low resolutionin con-
verting the analog data into a digital format for transmission from
spacecraft to the ground. The disturbance noise covariance matrix
is selected by trial and error, which yields satisfactory filter perfor-
mance in conjunction with the sensor noise covariance.

The roll/yaw dynamic coupling due to the nutational and orbital
motion is a key factor determining the performance of the estima-
tor especially for the yaw estimation. The stronger coupling effect
usually speeds up the filter convergence. The nonlinear Kalman fil-
ter algorithm has been implemented and tested through simulation.
The initial state error covariance matrix was selected after a few
trials. For simulations of the designed filter performance, random
measurement noise is included to simulate a realistic ground con-
trol scenario. The initial attitude errors are arbitrarily assumed as
¢(0)=0.5deg, w(0) =—0.3 deg,and9(0) = 0.05 deg,respectively,
while the initial conditions for the estimator are set to zero. Results
of the filter run for the first 2 h are presented in Fig. 8. The angular
errors between the estimator and actual dynamics are plotted.
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Fig.9 Pointing simulation using the estimated attitude variables.

The Kalman filter shows quick convergencein roll and pitch, as it
should, inasmuch as the roll and pitch angles are directly measured
by an Earth sensor with noise. The yaw angle convergenceis slow,
however, because it is not directly measured but is estimated in
conjunction with the roll measurement.

Pointing with Estimated Variables

A ground-based Kalman filter design was discussed in the pre-
ceding section. The filter estimates attitude angles and the wheel
angular momentum. The estimated yaw angle was used to deter-

mine the polarity of the magnetic torquer [Eq. (32)]. For ground-
loop implementation of the roll and pitch commands, the estimated
roll and pitch angles could be employed. In particular, the estimated
roll angle is applied to constructing the pivot actuation command of
Eq. (30). Therefore, Eq. (30) can be rewritten as

7 = (e — der)/ 27 (37)

where ¢. is now the estimated current roll angle. With this mod-
ification, the pointing maneuver is reconstructed by utilizing the
estimated variables. The original pointing algorithms remain the
same with only the estimated attitude variables introduced. Initial
errors between the estimator and actual dynamics are employed for
simulation purpose. Simulation results are presented in Fig. 9.

As seen from Fig. 9, the simulation results demonstrate the ef-
fectiveness of the ground-based estimator for the desired pointing
maneuver. The roll pointing performance is essentially similar to
that of Fig. 5, which also illustrates satisfactory filter performance.
Despite relatively slow convergence in the yaw response, the yaw
tracking maneuver exhibits significant improvement over the result
of Fig. 5. In spite of the small torque level, the magnetic torquer is
effective in tracking the reference yaw with a maximum value of
2 deg.

The maneuver performance is generally subject to the magni-
tude of the inclination angle, however, which is also related to the
physical limitation of the maximum pivot angle allowed. Also, the
limitation of the Earth sensor field of view in the geostationary mis-
sion orbit is another factor to be taken into account to extend the
results of this study. The ground-loop approach obviously implies
otheralternativesby using onboard processors,including flight soft-
ware reconfiguration for the case of a spacecraft with an onboard
computer available.

V. Conclusions

An attitude control technique for a geostationary pitch bias mo-
mentum satellite in an inclined orbit is demonstrated with simu-
lation verifications. The geometry of the inclined orbit is used to
formulate spacecraft attitude perturbation effects. The attitude per-
turbations were compensated for by a momentum wheel with a pivot
device and roll/yaw magnetic torquer actuators. The control com-
mands were assumed to be applied by a ground-loopcontrol system
at regular time intervals. The yaw angle data needed for the mag-
netic torquer control were provided by a ground-based estimator.
The relatively slow convergence rate in yaw response turned out
to have a rather insignificant impact on the simultaneous roll/yaw
pointing. The accuracy of yaw angle estimation may be improved
when other additional sensors are available, such as a sun sensor
and star sensor measuring yaw angle directly.

The magnitude of inclination angle of 2 deg used could be fur-
ther extended with increased maximum pivot displacement of the
momentum wheel. The control strategies developed have potential
applicationsto generic bias momentum spacecraftwith similar con-
figurations of actuators and sensors.
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