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During September and October 1991, pictures of the Gaspra asteroid and neighboring stars were taken by
the Galileo Optical Navigation Team for the purpose of navigating the Galileo spacecraft for a successful Gaspra
encounter. The star tracks in these pictures showed that the scan-platform celestial-pointing cone controller per-
formed poorly in compensating for wobble-induced cone offsets. This poor performance is attributed to the very
conservative cone-control gains selected before launch. Thus the cone-control gains were redesigned. The simula-
tion results, the in-flight confirmation test, and the more recent optical-navigation pictures of the Ida asteroid all
indicated that tremendous improvement in the scan-platform performance in compensating for the cone offsets
has been achieved using the new gains, at no additional cost of the control torque.

Nomenclature
GM = gain margin
/ = scan-platform moment of inertia about the cone axis
KP = position gain
Kd = rate gain
PLD = negative of lead-filter pole
PM = phase gain
T = sampling period, 661 ms
TF = system open-loop transfer function
TFp = transfer function for the continuous rigid-body plant

(scan platform) and gyro with a sampler and zero-order
hold

ZLD = negative of lead-filter zero
f = system closed-loop damping ratio
9 = cone angular position
0 = cone angular rate
CD = system closed-loop bandwidth

Introduction

T he dual-spin Galileo spacecraft was launched in October 1989
and is on its way to Jupiter to explore the planet and its moons.

A sketch of the spacecraft is shown in Fig.. 1. The scan platform is
attached to the stator (despun section), which is in turn attached to
the rotor (spun section) of the spacecraft. There are two degrees of
freedom for controlling the inertial orientation of the scan platform.
The cone actuator controls the relative position between the plat-
form and the stator about the cone axis. The resulting motion, seen
in a picture, is called the cone motion. Another degree of freedom is
provided by the clock actuator, which controls the relative position
between the rotor and the stator about the clock axis. The clock
motion can be translated into the cross-cone motion (perpendicular
to the cone motion) in a picture. The cone and clock axes are per-
pendicular to one another so that the platform may be gimbaled in
two orthogonal directions. The clock actuator is also referred to as
the spin bearing assembly (SBA) actuator, and the cone actuator as
the scan articulation subsystem (SAS) actuator.

Control of the scan platform is implemented by executing the cone
and clock control algorithms every 661 ms in the onboard computer.
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There are five scan-platform pointing methods,1 as shown in Table 1.
Among them, the celestial pointing method in inertial mode is the
prime mode for science data collection, since it provides the greatest
accuracy. The reason is that in this mode, gyros (mounted on the scan
platform) are used to determine the platform attitude directly. Gyros
have much higher accuracy than the SAS and SBA optical encoders.
Also, gyros can sense the spacecraft motions (wobble, etc.) in the
inertial frame, thus allowing these motions to be compensated by the
controllers. The details of the design of cone and clock controllers
are presented in Ref . 1. Since the problem investigated in this paper is
about the cone controller, only the cone controller will be discussed
in the following sections.

Long-exposure optical-navigation (OPNAV) pictures of Gaspra
and surrounding stars were taken using the solid-state imaging (SSI)
camera during September and October 1991 for the purpose of navi-
gating the spacecraft for a successful Gaspra encounter. Unusual star
tracks were observed in those pictures. Among them, the OPNAV
5 picture (Fig. 2; picture frame size was 8.128 by 8.128 mrad) had
drawn special interest. It involved four 0.57-mrad slews in cross-
cone with the spacecraft in inertial mode. The approximate wobble
(defined as the angle between the spacecraft principal axis and the
SBA axis shown in Fig. 1), estimated using rotor right ascension
(RA) and declination (DEC) telemetry, was 0.54 mrad. Ideally, the
SSI image should have consisted of four equal straight line seg-
ments in the cross-cone direction. However, while the wobble effect
was well compensated in cross-cone, a large cone offset was ob-
served (the worst offset was about 0.5 mrad, whereas the prelaunch

Table 1 Pointing methods1 for Galileo scan-platform control

Pointing
method

Celestial pointing
(with or without
strip generation)

Stator pointing
(caged cone and
celestial clock)

Caged cone, caged clock
Caged cone,

clock-commanded
spin

Spacecraft
configuration

Dual spin

Dual spin

All spin
All spin
Dual spin
Transition

AACS
modes

Cruise

Inertial

Cruise

Inertial

All spin
All spin
Cruise
Inertial

Attitude
sensor

Star scanner
optical encoders

Star scanner
optical encoder
gyros

Star scanner
optical encoders

Star scanner
optical encoder
gyros

Optical encoders
Optical encoders

Transition
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Fig. 1 Galileo spacecraft.
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Fig. 2 Gaspra OPNAV 5 picture.

pointing requirement1 is 0.14 mrad). The cone offset continued to
increase until the commanded control torque was large enough to
overcome the friction and move the scan platform to compensate
for the cone errors.

The OPNAV 5 cone-controller performance was recreated using a
Galileo ground software simulation tool called FUNSIM. The wob-
ble and cone actuator friction conditions set up for this simulated
OPNAV 5 were very close to those in flight. The wobble for the

simulated OPNAV 5 was 0.57 mrad. Note how similar the slew pat-
tern of the simulated OPNAV 5 (Fig. 3) is to that of the real OPNAV
5 picture (Fig. 2). The cone-controller performance shown in Fig. 3
is used as the baseline for comparison with other simulation cases.

This poor cone performance is not surprising, because very con-
servative control gains were selected before launch, based on their
high stability margins. These gains were intended to be updated
once sufficient in-flight scan-platform data became available.
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The cone-control gains were then redesigned with the aid of
the MATLAB control system analysis tools, and simulation re-
sults demonstrated that excellent cone performance was achievable
under various slew and friction conditions with sufficient stability
margins. These new gains were then uplinked and tested on the
spacecraft. The test results demonstrated that substantial improve-
ment in the cone offset has been achieved at no additional cost of
the control torque. The more recent OPNAV pictures of Ida and sur-
rounding stars further confirmed the performance improvements for
the inertial-mode celestial-pointing cone controller in compensating
for the cone offsets.

Redesign of Inertial-Mode Celestial-Pointing
Cone-Control Gains

Controller Structure
A block diagram2 of the inertial-mode celestial-pointing cone-

control system is shown in Fig. 4. What is not shown in the diagram
is the scan commander. The scan commander processes the scan-
platform slew commands to determine the commanded position of
the platform and the corresponding slew paths. In order to avoid
exciting the flexible stator structure, the scan commander generates
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Fig. 3 Scan-platform attitudes for simulated OPNAV 5 using old (con-
servative) cone-control gains.

smooth feedforward torque profiles for the two actuators,3 as shown
in Fig. 4. The cone controller consists of a proportional plus deriva-
tive (PD) controller, a lead filter, and the disturbance estimator. The
lead filter was designed so that the control-loop bandwidth and the
response of the system to the expected type of behavior were op-
timized. For example, step position or rate errors are not expected
to occur because the scan commander generates smooth position,
rate, and torque profiles as mentioned. Because it is unlikely that
there will be any large position or rate overshoots, the controller
can be made underdamped.2 The disturbance estimator is used to
compensate for the friction in the cone actuator. Details of the dis-
turbance estimator can be found in Ref. 4. The gyro integrator has
two rate estimators. One is used during the period of low accelera-
tion, the other for high acceleration. The system with the low rate
estimator (Fig. 4) is used to drive the control gains, since it is the
one used most of the time.

The z transform of the system open-loop transfer function is

TF =
Tz Jz + PLD + T 2 ~

z2 - 2z + :

2z2

rTF=
2z3 - z - 1

The block diagram for TFP in the s domain is show below:
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and the z transform of TFP is

TFP = (1.0298097 x 10~Y + 3.16833094 x 10~Y
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Fig. 4 Block diagram of the Galileo inertial-mode celestial-pointing cone-control system.
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Original (Old) Cone-Control Gain Design
In the original design, the pole placement technique and MAC-

SYMA functions were used to derive the control gains KP and Kd,
and two sets of control gains were designed. The conservative set
has high stability margins and low performance, whereas the non-
conservative set has low stability margins and high performance. As
mentioned before, the conservative control law was the one that had
been used since launch, for stability reasons. The gains, bandwidth,
damping ratio, phase margin, and gain margin for the conservative
and nonconservative control laws are listed as:

Conservative control law Nonconservative control law

KpC = 19.69 N - m/rad
Kdc = 11.94N-m- s/rad

co = 0.25 Hz
f = 0.4

PM = 40deg
GM = 5.53dB(1.89)

KPN = 116.687 N - m/rad
KdN = 33.573N-m- s/rad

o> = 0,85 Hz
f = 0.4

PM= 15deg
GM = 3.86dB(1.56)

Since there is a tradeoff between the performance and stability of
the controller, the new set of control gains should be somewhere in
between these two extremes.

New Cone-Control Gain Design
The pole placement technique used by the original designer for

deriving the control gains starts by placing the dominant closed-loop
poles at the appropriate locations in the s plane to achieve the desired
bandwidth and damping ratio. Given the ideal characteristic equa-
tion and the characteristic equation containing the unknown gains, a
set of simultaneous equations can be formed by equating the corre-
sponding coefficients of the two characteristic equations. Symbolic
manipulation tools like MACSYMA can then be used to solve for
the gains. The stability margins are then checked via Bode plots by
substituting the control gains into the open-loop transfer function.
If the stability margins are not acceptable, the dominant poles are
relocated and the whole process is repeated. Since this iterative pro-
cess is very tedious and time-consuming, a more systematic design
approach was adopted to design the new gains. Namely, the control
gains were varied through a certain range that encompassed both
the conservative and nonconservative gains, and the corresponding
gain margin, phase margin, bandwidth, and damping ratio for each
set of gains were then calculated. The three-dimensional mesh sur-
faces of gain and phase margins versus normalized gains, KP/KPC
and Kd/Kdc were generated by MATLAB and are shown in Fig. 5,
where KPC and Kdc are the conservative position and rate gains,

b) Gain margin

Fig. 5 Mesh surfaces of gain and phase margins as a function of nor-
malized position and rate gains.

a) Closed-loop bandwidth

b) Closed-loop damping ratio
Fig. 6 Mesh surfaces of closed-loop bandwidth and damping ratio as
a function of normalized position and rate gains.

3 4 5 6 7

Normalized Position Gain ~ KP/KPC

10

Fig. 7 Contours of constant gain and phase margins as a function of
normalized position and rate gains.

respectively. As expected, the higher the gains, the lower the stabil-
ity margins. The mesh surfaces of the closed-loop bandwidth and
damping ratio are shown in Fig. 6. Also as expected, the higher
the gains, the higher the bandwidth; the higher the rate gain, the
higher the damping ratio. The tradeoff between the performance
and stability is obvious from these plots.

By slicing these mesh surfaces horizontally at different heights,
contours of constant gain margin, phase margin, bandwidth, and
damping ratio can be obtained. The function CONTOUR in MAT-
LAB was designed for such purposes. The resulting contour plots of
constant stability margins are shown in Fig. 7, and those of constant
bandwidth and damping ratio are shown in Fig. 8. To the right of
the stability boundary is the unstable region. The validity of those
plots is verified by checking how well the old gains fit in them. By
locating the conservative gains (point C) and nonconservative gains
(point N) in Fig. 7 according to their gain values, one sees that the
corresponding gain and phase margins are almost exactly the same
as those listed previously. The bandwidth and damping ratio in Fig. 8
are slightly off. The reason is that all these curves were generated
numerically. If the gains were varied at an infinitely fine increment,
they would be exactly the same as the analytical results. However,
finer increments of control gains require more computational time.
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Fig. 8 Contours of constant closed-loop bandwidth and damping ratio
as a function of normalized position and rate gains.

50

40

30

20

10

-10

Magnitude Response, Kp = 73.05, Kd = 23.88

200

150

100

50

0

-50

-100

-150

-200

10°

Frequency (Hz)

Phase Response, Kp = 73.05, Kd = 23.88

10° 10l

Frequency (Hz)

Fig. 9 Stability margins of the inertial-mode celestial-pointing cone-
control system with the new control gains.

For the intended purpose of these plots as a general design guide-
line, they are accurate enough. Treating points C and N as the two
ends of a diagonal, a rectangle can be drawn. The new gains (point
U) should be within this rectangle.

The criterion used for selecting the new gains was as follows.
Since both the conservative and nonconservative gains result in a
closed-loop damping ratio of 0.4, it was desirable to maintain the
same damping ratio. Hence point U can be slid "up" from point C
along the £ = 0.4 curve. When it reaches co = 0.56 Hz, the phase
margin reduces to about 25 deg, and the gain margin reduces to

about 1.7. At this point, it was felt that the gains should not be in-
creased any further, because sufficient stability margins are required
to accommodate unmodeled nonlinearities. Once the nonlinear SAS
friction is included, the stability margins will be a little lower. Based
on where point U is located in the contour plots, the new gains were
calculated to be

Kp = 73.05 N-m/rad

Kd = 23.88 N - m - s / r a d

By substituting these new gains into the transfer function, the exact
closed-loop bandwidth and damping ratio were found to be

a) = 0.55 Hz

f =0.372

By generating Bode plots with these new gains, the exact stability
margins were obtained as

GM = 4.65dB(1.71)

PM = 25.52 deg

as shown in Fig. 9. This combination is deemed to be optimal,
considering all the tradeoffs.

Performance Evaluation Through Simulation
The FUNSIM simulation of OPNAV 5 was rerun using the new

cone-control gains. The result is shown in Fig. 10. All the initial
conditions for the simulation remained the same as those used for
obtaining the baseline performance in Fig. 3. The improvement in
scan-platform slew performance can be immediately seen by com-
paring Figs. 3 and 10. The cone offset reduces substantially.

To further demonstrate the improvement in scan-platform per-
formance for other small slews using the new cone-control gains,
a sequence of scan-platform slew commands that had been exe-
cuted on the spacecraft previously (called MINICAL 6) was used
as a second test case in the FUNSIM simulations. The test involved
nine slews—five in cone and four in cross-cone; each one was 7
mrad long. The result is shown in Fig. 11. Again, the improvement
achieved by the new gains is obvious. For the latter half of the slew,
the scan platform followed the desired path (dashed line) perfectly.

To examine the scan-platform performance for large and fast
slews using the new cone-control gains, a 7SCAN command (used
for repositioning the scan platform), which caused the scan plat-
form to slew for more than 30 deg in cone (there was also a slew in
clock) at a slew rate of 14.84 mrad/s, was simulated using FUNSIM.
Superimposing the cone-position and scan-platform attitude time
histories obtained using old and new gains showed that the differ-
ence between the two is indiscernible. This demonstrates that the
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Fig. 10 Scan-platform attitudes for simulated OPNAV 5 using new
cone-control gains.
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Simulated Minical #6 in Inertial Mode with Old Control Gains
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Fig. 11 Scan-platform attitudes for simulated MINICAL 6 using a) old
(conservative) and b) new cone-control gains.

performance for large and fast slews has not been compromised with
the new cone-control gains.

It is desirable to ensure that the new cone-control gains perform
well at low SAS friction values. Thus the Coulomb friction co-
efficient in FUNSIM was cut down to one-quarter of its nominal
value, and the OPNAV 5 FUNSIM simulation was rerun. The result
showed no degradation in performance with the decreased SAS fric-
tion value.

In-Flight Performance Verification
The new inertial-mode celestial-pointing cone-control gains were

uplinked to the spacecraft, and the scan-platform performance has
been closely monitored. Two representative cases are presented.

Scan-Platform Performance Confirmation Test
A confirmation test was executed on the same day the new gains

were uplinked. The estimated wobble on that day was about 1.1
mrad, which posed quite a challenge for celestial pointing. The
test started with the old gains resident in the onboard software.
After a series of test slews were completed using the old cone-
control gains, the new gains were then patched into the code and
the test was repeated. Identical slews were used for testing both
the old gains and the new gains in order to directly compare the
results. The sequence involved performing small cone (15.2 mrad)
and cross-cone (8.7 mrad) slews at a low rate of 0.4 mrad/s at two
separate cone positions, 124 and 145 deg. The reason these two cone
positions were chosen is the relatively high Coulomb friction that
had been measured there, leading to the worst operating conditions
for the scan platform. For simplicity, only one typical result, the
small cross-cone slew at 124 deg SAS, is presented here. The scan
platform performance in cone can be best seen by examining the
cone offsets during the cross-cone slews. The plots of scan-platform
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Fig. 12 Scan platform RA vs DEC for the cross-cone slew at 124 deg
SAS during the confirmation test: a) old gains and b) new gains.

RA vs DEC for the cross-cone slew at 124 deg SAS with the old
and new gains are shown in Fig. 12. The dashed line represents the
desired scan-platform path generated using Galileo ground software.
The significant improvement in cone offset is obvious. These tests
also demonstrated that the scan-platform performance for large and
fast slews has not been compromised with the new gains.

It was also found that the SAS torque required for achieving the
better cone performance with the new gains was not higher than that
for the old gains at all, as clearly manifested in Fig. 13. The reason
is that although the new gains are higher, the cone position and rate
errors are less. Thus the total torque is not higher.

OPNAV Pictures fofc Ida Encounter
More recently (after the uplink of the new cone-control gains),

OPNAV pictures of Ida and surrounding stars were taken for the pur-
pose of navigating the spacecraft for an Ida encounter. All of these
OPNAV pictures are similar; hence only OPNAV 2 is presented
(Fig. 14) as an example. The wobble was about 0.56 mrad on the
day it was taken. The sequence involved two 0.5-mrad cross-cone
slews, followed by one combined cone and cross-cone slew (shown
as the oblique line in Fig. 14), and then another two 0.5-mrad cross-
cone slews. The frame size again was 8.128 by 8.128 mrad. It ap-
peared in the picture that the magnitude of the first pair of cross-cone
slews exceeded the magnitude of the second pair, and part of the
second pair seemed to slew in the reverse direction. This was be-
cause that the scan platform was in the so-called "cone polar region"
(150 deg < 0 < 180 deg or 0 deg < 9 < 30 deg) for this case.
Since even a small cross-cone error results in large clock error in
this region, for safety reasons the wobble-induced cross-cone error
is not compensated by the clock controller. Hence, the wobble may
lengthen, shorten, or even reverse the cross-cone slews. However,
that is not a issue to be discussed in this paper. What is important
is that excellent scan-platform cone performance is observed in the
picture. The improvement in inertial-mode scan-platform perfor-
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Fig. 13 SAS torque time history during the confirmation test: a) old gains and b) new gains.
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Fig. 14 Ida OPNAV 2 picture.

mance is evident in the comparison between Fig. 14 (Ida OPNAV 2)
and Fig. 2 (Gaspra OPNAV 5).

Conclusions
Motivated by the poor scan-platform performance observed in the

Gaspra OPNAV 5 picture and the fact that conservative cone-control
gains were selected before launch to assure sufficient stability mar-
gins, the Galileo inertial-mode celestial-pointing cone-control gains
were redesigned. Tremendous improvement in scan-platform per-
formance using the new gains has been demonstrated via FUNSIM
simulations, in flight confirmation test, and recent Ida OPNAV pic-
tures. Therefore, the new gains will be utilized for the rest of the
Galileo mission.
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