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ABSTRACT

Koreasat spacecraft requires accurate and reliable attitude control to provide beam pointing for

tenyear long communication and direct broadcasting services. This paper describes the detailed de-

sign and performance of an on-orbit normal mode attitude control subsystem for the spacecraft,

Koreasat uses a momentum wheel which has a nominal momentum 475in-1b-sec(547.6 cm-kg-sec)

aligned with the pitch axis to control pitch attitude and provide gyroscopic stiffness in roll/yaw

plane and uses a 300 atm’ magnetic torquer to control the roll and yaw attitudes. An Earth Sensor

Assembly

(ESA) is used to provide pitch and roll information for the on-board micropocessor. The

roll/yaw control uses bang-off-bang control and while pitch axis control uses proportional and inte-

gral control law. Control system errors during the operational normal mode are 0.03 deg, 0.1 deg

and 0.01 deg in roll, yaw and pitch axes, respectively. Current attitude control system provides ad-

equate control] performances to capture initial attitude errors and spacecraft nutation,
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1. introduction

Two Koreasat satellites are scheduled to be
launched on June and December 1995. The space-
craft is based on the flight-proven Martin Mariet-
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ta Series 3000 momentum biased bus with high
performance direct broadcast and communication
payloads. The spacecraft is passively spin-stabilized
during transfer orbit and uses three-axis stabiliz
ation in geosynchronous orbit. Figure 1 shows a in
orbit deployed configuration of a Koreasat space
craft. During the normal operational mode, the
Attitude Control Subsystem (ACS) senses pitch
and roll attitudes and maintains 3 axis attitude
via closed-loop control to meet beam point requ
irements. In addition, ACS provides control for
propulsive torquing utilizing thrusters to perform
stationkeeping, momentum adjustment and atti
tude control.

This paper presents the Koreasat normal mode
ACS design, analysis and performance verifi
cation. The manueuver mode design and perform

ance will be discussed in a separate paper.
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Figure 1. Koreasat orbital configuration and spacecraft
body coordinate tframe

Note that yaw and pitch attitudes in the follow
ing are referenced to the operational attitude con
trol axes which are rotated from the body axes by
+2 deg about the roll axes.
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li. Dynamic & Control

2- 1. Normal Mode ACS Functional Description

Koreasat uses a magnetic Roll/Yaw Torquer
(RYT) and a Momentum Wheel Assembly (MWA)
to maintain roll/yaw and pitch pointing, respect-
ively, 1in the presence of an environmental dis-
turbance torque. An earth sensor assembly (ESA)
15 used to provide pitch and roll information for
the Attitude Processing Electronics (APE). The
APE 1s a micro-processor-based controller which
implements the attitude control logic and com-
mands the MWA and the magnetic torquer.

The rolifyaw control is primarily a bang-off-
bang type control system. Depending on the po-
larity of the roll error, the switching logic comman-
ds an opposite dipole moment m the electromag-
net,

The pitch loop controls the spacecraft pitch
angle by momentum exchange between the MWA

and the spacecraft,

2-2. Dynamic
The equation of motion for a momentum- biased

satellite 1s expressed by the Euler’s equation| 1]
H H-+wmxH

where [ = torque on spacecraft
H = vehicle momentum

w = pitch rate
These terms are further approximated as

T—Td+ Tc

H = Hw+Hb

Hw=100hz], Hb=I1-w

where Td = disturbance torque on the satellite
Tec = control torque
Hw =angular momentum of the MWA
Hb = angular momentum of the spacecraft
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I = spacecraft inertia dyadic
w =angular velocity in three axis.

The Euler's equation is solved by a numerical
integration with the angular rates and rotation
angles as state variables.

Roll/yaw dynamics in the x-y plane is repre-
sented by very slowly varying dynamics, and the
spacecraft is modeled as a rigid body. However, a
flexible mode is incorporated in pitch axis dynam-
1cs to account for the array stepping or slewing
motion during normal operation. In a singles axis
representation, spacecraft pitch dynamics with
the dominant array torsional mode 1s expressed as

Ico+la(+6) =Tz
la(9+3) +céd+kd=0

where

Tz = momentum whee] torque along pitch axis
6 =pitch angle of the spacecrft core

& ==array torsional flex angle relative to core
k ==array stiffness coefficient

¢ = array damping coefficient

Ic == core moment of inertia along pitch axis
la = array moment of intertia along pitch axis

Thus, the array flex mode is considered by mo-
difying the z-components of Euler’s equation and
computing also flex-angular velocity and acceler-
ation. The detailed description of spacecraft dy-
namics, kinematics and simulation technique are
provided in [2].

2-3. Roll/Yaw Magnetic Control

The RYT consists of a dipole, which is offset
from the roll axis in the roll/yaw plane by a skew
angle of 59 deg[3]. Figure 2 illustrates the dipole
skew orientation and earch magnetic field vector,
The dipole has a constant magnitude, but can be
activated in either direction. Dipole moment vec-
tor (Mc) interacts with the Earth’s magnetic field
vector (B) in order to provide corrective torques
(Tc) on the spacecraft|1]. Therefore,

CARTH
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X
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Figure 2. RYT skew angle and geometry

Tc=Mc xB

Figure 3 shows the roll/yaw control system
block diagram. The phasing of the torquer swit-
ching is controlled by setting the predetermined
MAND(Magnetic Active Nutation Damping) time
delay(tD).

Dipole is activated tD seconds after the magni-
tude of the 32-sample averaged roll signal exce-
eds the roll threshold. In order to provide some
damping, the dipole remains on until tD seconds
after the averaged roll signal changes sign. The
roll threshold is selectable by ground command.
The MAND time delay used for the roll/yaw con-
trol is given by[4]

tD =t(a+163)/360

where a is the skew angle and 1 is the nutation
period of the satellite.

2-4. Pitch Loop Control

RPM command are sent to the torque motor
driving the momentum wheel aligned to the orbit
normal.

The pitch loop functional block diagram is pre-
sented in Fig. 4. Nominal, worst-case parameters
and control gains are found in{5]. The APE pitch
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compensation is a proportional plus Integral type.
Thus the digital compensator filters the error sig
nal via

Glz) =K. | Ki+z/lz—1)]

where K|, K. are control gains and z is the for
ward difference operator. The MWA contains a
brushless DC motor with a speed demand tach
ometer loop. The MWA in the block diagram is
simplified to

Gawals) = Musftus +1

where Ky is MWA gain in in-1b-sec/volts and tuy
us MWA time constant in seconds. For nominal
case, Ky = 100.5 - 1b sec(115.8 cm kg-sec)/volts,
tyv - 166 sec, and the control gains are K, = 80

and Ko - 0.018 MWA rpm demand/deg.

2-5. Sensor/Actuators

ESA consists of a scanning type sensor and as-
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Figure 3. Roll/yaw control block diagram
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Figure 4. Pitch control block diagram
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sociated sensor processing electronics. It generat-
es roll and pitch attitude signals every (.25 sec-
ond. The measurement range 1s +2 25 deg and =+
6.4 deg for the roll dnd pitch axis, respectively
and the 3o accuracies are +0.049 deg and £0.075
deg, respectively.

A RYT with a size of 300 atm? is selected to
provide sufficient control at the worst-case con-
dition. This torquer provides a factor-of-two de-
sign margin to cover unmodelled disturbance tor-
que. Roll/yaw performance verification for a num-
ber of different skew angles, different environ-
mental conditions, indicate that the skew angles
of 59 deg is a nearoptimal accommodation. MWA
has a momentum of 475 + 40.6 in-1b-sec(547.6 +
46.8 cm-kg-sec) at a 6000 rpm operating speed.
The output resolution of the APE wheel speed
demand is 0.5 rpm.

2-6. Pitch Loop Frequency Response

The stability of the loop is evaluated by a fre-
quency response analysis. The open loop fre-
quency of pitch loop with the worst-case par-
ameter at EOL and the relative stability margins
are presented in Figure 5, The stability analysis
results indicate that the sufficient gain and phase
margins of 24 dB and 69 degrees exist for the
worst case.
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Figure 5. Pitch open-loop frequency respons

IlI. Simulation

3-1. Modelling and Parameters

The external environmental disturbance torques
on the spacecraft are modelled through a three-
term Fourier series expansion, Fourier coefficients
are calculated for each disturbance source, then
summed to obtain the total environmental dis-
turbance torque about each axis in the form

3
Tdu=ay + ¥ ax cos(wt + ) + bisin(wt + £)
Pyl

Tdi == disturbance torque about axis i
w ==orbit frequency
£ ==initial orbit clock angle (measured
from spacecraft midnight)
awi, brr, k=1, 2, 3: Fourier coefficients

The primary environmental disturbance is solar
pressure. The worst case in the environmental di-
sturbance occurs near the end-of-life(EOL) sols-
tices. Solar pressure disturbance torque is calcul-
ated for the spacecraft configurations with sloar
array panel deployed. The EOL coefficient are
calculated for the case where the arrays are par-
allel and have a tip deflection of 3 inches,

Table 1 shows the Fourier coefficients for en-
vironmental disturbance torque. The values in the
table also includes contributions from worst-case

Tabte 1. Fourier coefficients for Koreasat environmen-
tal disturbance torque

ol | pitch |
23y 718 |
23.1 —22.9
-1.2 -3.6
—15 55
6.3 58.0
1 -38 -1.1
“13 | a | 6.8
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residual dipole of 5 atm” on each axis, gravity gr
adient torque and R¥ radiation torque. The more
detailed information on environmental disturb
ance calculation s provided in | 7].

Table 2 lists the coefficient for the Earth mag
netic field model. The magnetic field of Earth 1s

approximated by
Bz (P/100) (A—B cost)) cos 1,

where

Bz = North component of Earth's magnetic field.

4 clock angle, measured from spacecraft mid
night.

/., - earth magnetic dipole inchnation.

To approximate the degradation of the mag
netic field due to the effect of solar storms, 70%
performance of the Earth's magnetic field streng

th is used in the roll/vaw control analvsis,

Table 2. Earth's Magnetic Field Model

Al Binli
Winter Solstice : 30 ' 25
Equimox 35 30
Summer Solstice i o) T 20

S1nT 10 MTesla o 8.820 X 10 "lin Ib/atm)

-10.2 X 10 "(cm kg/atm®) |

The mass properties include the first torsional
frequency of solar array, 5.66 rad/sec. Inertia dy

adic in the spacecraft body frame 1s

[ 16625 -6 5
I -6 16452 - 60 in 1b sec’
D =65 26:20)

[ 19038.8 —6.9 5.8
- 6.0 18951.7 74.9

0.8 1.9 3030.1

cm kg sec”
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These inertia values are transformed to the op-

erational attitude control axes via

| = FIE

where I is the transformation matrix between

the body frame and operational attitude frame.

V. Resuits

The nonlinear performances of the roll/yvaw and
pitch loop are evaluated using a 3-axis rigid body
{including torsional mode in pitch axis) time si
mulation program. The purpose of the non lincar
simulations 1s to verify pitch capture capability
and pitch pointing accuracy during normal operat
jons n the presence of non hinearities such as
1SA signal saturation, on-off switching of the tor
quer. MWA motor torque speed saturation, and

the integral reset limut in the control logic.

4-1. Normal Roll/Yaw Operations

Nominal worst case simulations are run at EOL
over four days with a ground selectable roll con
trol threshold of 0,02 deg. Current magnetic con

)0

trol configuration yields 60% three-hour duty cy

2, one day duty cycle. Figure 6 shows

cle and 27
the niminal roll/vaw performance at winter-sol-

stice.

0 10~
1

1
|
|

Yaw and Roll {deg)

Time (day)

Figure 6. Nomunal roll/vaw performance
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4-2. Roll and Yaw Capture

Simulations are run to demonstrate that the
proposed control system can capture large yaw
and roll errors, Figure 7 demonstrates the ability
of the control to recover a 0.5 degree initial roll
error at winter solstice, An initial error of 0.5 de-
gree either roll is corrected within about 12 hours
(0.5 days). A three-hour duty cycle is 100% at
the initial part of the captures, meaning that the
torquer is saturated for those portions of the or-
bit. Figure 8 shows the spacecraft performance
for 0.5 deg initial yaw error acquisition,

o8 1
i
0 4
H
g .4 |
3
c
00~ l
02 T e 1] T 1
0.2 0o 0.2 04 o6
Yaw {deg)
3
g
k-]
-4
3
-
>
[} 1 H 4
Time (day)
Figure 7. Roll angle acquisition performance
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Figure 8. Yaw angle acquisition performance

Prach Angle (deg)

There is no active yaw control in the current
design. However, yaw control is performed by
using the roll/yaw momentum interchange occur-
ing every quarter orbit,

4-3. Nutatio'n Damping

Fig. 9 shows the response to an initial nutation
angle of 0.2 deg at summer and winter solstices.
Nutation angle is the angle between the spin axis
and the angular momentum vector. The nutation
angle is damped within approximately 12 hours(0.
5 days).

0.28

Nutalion Angls (deg)

0.00
[}
Teme (cays)

Figure 9. Nutation damping performance

4-4. Pitch Capture

The pitch capture is simulated for various com-
binations of initial pitch angle, the system mo-
mentum and wheel momentum. Fig, 10 shows the
pitch capture with the nominal parameters. The

—495

s\ [—Ficn Angis l g
| \ L—Wnes! Momentum! o 3
s = \ Lus ;
/ 480
\ [ £
2 "u \ k 7 478 3
0 1 S 470 f
| i
c - - - - 488
T 1 v
] 160 200 100 400 500
Tine (sec)

Figure 10. Pitch capture nominal performance (1 in-1b-
sec = 1,152 cm-kg-sec)
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Figure 11. Pitch capture at momentum offset (1 in 1h

se¢ -+ 1152 emo kg sec)

system damps out 1n less than 200 seconds. Fig.
11 shows the pitch capture from 60 degrees of
pitch offset with the 19 in-1b-sec(21.9 cm-kg sec)
of initial pitch momentum offset and 10 deg. of

roll error.

4-5. Steady State Operation

The steady state pitch pomnting is investigated
for the normal operation. In the presence of the
worst-case environmental disturbance torques, ESA
noise, system non-linearities and array stepping
at 0.25 Hz the maximum pitch pointing error 1s ().
012 degrees. Figure 12 shows the pitch pointing
during normal operations.

Also of concern 1s the pointing performance
during the slew maneuver of the solar arrays.
Note that, slewing frequency, 8 Hz, is not close
to the solar array dominant torsional mode leav-
ing little possibility for the interaction with the
spacecraft dvnamics. Figure 13 shows the space
craft pitch response during the solar array slew.
Appropriate initial values of pitch integrals are
imposed to properly simulate the steady state
condition without having to run the simulation

over long periods of time.

V. Conclusion

Design and performance verification are presen-
ted for the Koreasat normal mode attitude control

system, Current design is based on the flightpr
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oven heritage 3-axis control system using a mag-
netic torquer with a coil size of 300 atm® at skew
angle of 59 deg and momentum wheel with nom-
inal momentum of 475 in-1b-sec(547.6 cm-kg-sec).

Performance verification assumes a 3 inch(7.
62cm) tip deflection, the worst-case environmen-
tal disturbance and worst case magnetic field.

The roll/yaw control system maintains maxi-
mum roll/yaw attitude errors under 0.03 deg and
0.1 deg, respectively. The highest duty cycle en-
countered over any one-day period is 27 : during
the worst-case three-hour period it does not ex-
ceed 60%. The reponses to an initial roll, yaw or
nutation indicate that the roll/yaw control system
eliminates those errors effectively.

Frequency analysis of the pitch loop shows
good stability margins even under worst-case loop
conditions. Gain and phase margins are at least 23
dB and 69 degrees, repectively. The Maximum
pitch error is no more than (.01 degrees. The
pitch loop is capable of achieving a pitch capture
from any 1nitial pitch angle.
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