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A LABORATORY SIMULATION OF A SINGLE-AXIS
DUAL-LEVEL PRECISION POINTING SYSTEM

By Gordon F. Bullock, Frederick R. Morrell,
and K. C. Romanczyk
Langley Research Center

SUMMARY

The laboratory simulation of a scaled single-axis dual-level control system for a
large space telescope is demonstrated. The dual-level control system consists of a
coarse-body-pointing system and a fine-pointing system, which uses an image motion
compensator, an image dissector tube, and digital electronics. The results of the simu-
lation indicate that the dual-level system can be used to provide tracking capability within
one-tenth of a diffraction-limited image diameter of a 3-meter £/100 telescope for stars
up to a +12.3 visual magnitude,

INTRODUCTION

The resolution advantage of space-based astronomical telescopes over earthbound
instruments has been recognized by the scientific community for many years. The reso-
lution of orbiting telescopes, and therefore the required vehicle pointing accuracy, is
primarily determined by the point image spread function of the optics. If a 3-meter
diffraction-limited telescope is assumed, the resolution would be approximately 0.04 arc
second; this would require a vehicle pointing accuracy of 0.01 to 0.005 arc second (ref. 1).
The capability to provide this pointing accuracy on the focal plane of the telescope is a
significant problem. One technique (ref. 2) suggests the use of a dual-level control sys-
tem which maintains relatively coarse-vehicle-pointing accuracy while smaller optical
elements in the optical train of the telescope maintain the required pointing accuracy
(refs. 3 and 4).

This paper reports on the laboratory simulation of a single-axis dual-level pointing
control system.. The simulation is scaled to provide correct optical and dynamical con-
ditions and is used to provide a parametric analysis of the effects of star image diameter
and magnitude and fine-pointing control-system bandwidth on the pointing accuracy of the
system. Detailed descriptions and operations of the components of the dual-level system
are given in the references.



SYMBOLS

Values are given in both SI and U.S. Custémary Units. The measurements and cal-
culations were made in U.S. Customary Units.

D ro dampin newton-meter-seconds (foot-pound-seconds ’
&y PIne, radian radian
H gyro momentum storage capability, newton-meter-seconds

(foot-pound-seconds)

Iy gyro gimbal inertia, kilogram—metvers2 (slug-feet2)

L, - vehicle moment cl)f inertia, kilogram-meters?. (slug-feetz)' :
K inertial scale factof -

S Laplacian operator, second ™!

Te gyro control torque, newton—rﬁeters (foot-pounds)

T d diéturbaﬁce torque, newton-meters | (foot-pounds)

t 1 count up time, seconds “

ty - count do&n ti‘me,'seconds_

o : gyro gimbal .angle, radians

0 e . instantaneous position error, radians

0 m image motjon compensator (IMC)_ mirror position, degrees
0y | | telescope position, radians

év | telescope rate, ‘radi'ans/ seqqnd
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DESCRIPTION OF SIMULATION EQUIPMENT

The dual-level control system consists of the coarse- and the fine-pointing control
systems. A brief description of the dual-level system and each individual system is given
in this section.

A simplified block diagram of the dual-level system is shown in figure 1. A distur-
bance torque acting on the vehicle causes a change in telescope attitude which is detected
by the coarse- and fine-pointing sensors. The control moment gyro provides a control
torque to counteract the disturbance torque and stabilize the telescope within the coarse
requirements. The fine control system operates within the coarse-pointing limits to keep
the star image fixed on the optical focal plane.

A digital computer is used in the simulation to monitor the system parameters and
to make decisions such as selecting the optimum field of view for the fine sensor and
unloading the control moment gyro gimbals. An analog computer not shown in the figure
is used for signal conditioning purposes. A reaction-control jet system is used for
unloading the control moment gyro and for applying disturbance torques to the coarse
system.

Coarse System

Control moment gyro (CMG).- The control moment gyro (ref. 5) shown in figure 2 is
the twin-rotor single-degree-of-freedom type in which cross-axis coupling is eliminated.
The CMG was designed and built with provisions made for varying the gimbal inertia and
gyro damping. The effective gimbal inertia can be varied between 0.1357 and 0.2714 kg-m2
(0.1 and 0.2 slug-£t2). Gyro damping can be varied between 0.61 and 1,22 N-m-Sec

(0.45 and 0.90 ﬁ'”"ﬂ). rad
rad

Each rotor has a momentum storage capability of 6.03 N-m-sec (4.45 ft-1b-sec)
when driven by a 445-Hz power source. Provisions were made to change the momentum
storage capability by varying the frequency of the drive power. The two rotors are
mechanically coupled through a 1:1 gear ratio. A servomotor is used to drive the gimbals
through an 80:1 gear head. Stall torque of the servomotor is 0.0102 N-m (1.45 in-oz); a
flywheel of 0.001356 kg-m2 (0.001 slug-ft2) attached to the servomotor represents the
inertia seen by the servomotor. An 0.085 N-m (12 in-0z) negator spring is used on one
of the gimbals to take up the backlash in the 1:1 gearing and in the 80:1 gear head.

Star sensor.- The star sensor is the reflective beam-splitter type as shown in fig-
ure 3. Light from the star entering the lens is focused on the beam splitter. From the
beam splitter the light is directed to the two photomultiplier tubes located on each side of
the beam splitter. Angular motion of the star with respect to the sensor causes more light -



to be directed to one of the photomultiplier tubes. The outputs of the two photomultiplier
tubes are subtracted to get the error signal. These photomultiplier tubes were selected
and calibrated to give the sensor an output of 2060 volts per radian, the sensor gain
required by the model gyro rate loop.

Vehicle inertia simulator.- The air bearing, which is a three-axis vehicle inertia
simulator used in a single-axis configuration, is shown in figure 4 with the CMG and
control-system hardware mounted on the payload table. The simulator is supported at
the center by a ball-and-socket type of low-friction air bearing and the payload table is
mounted on a shaft attached to the ball. A journal air bearing is used to restrict the sim-
ulator to motion about its vertical axis. The moment of inertia about the simulator verti-
cal axis represents the pitch axis of the telescope in the simulation. Power and signals
to the simulator are channeled through a mercury-bath type of slipring assembly.

A block diagram of a typical single-axis coarse control system is shown in figure 5.
In this system a disturbance torque Ty acting on the vehicle causes changes in the vehi-
cle body rate év and position 6y. The change in body rate is sensed by the gyro through
gyroscopic cross-coupling torque. The change in position is detected by the coarse star
sensor, which sends an error signal to the control moment gyro torquer. This error sig-
nal is amplified in the gyro electronics to drive the gyro gimbals. This changes the gyro
rotor's momentum vector to generate a torque T, opposite to the disturbance.

Fine-Pointing System

.The fine-pointing system consists of an image motion compensator, an image dissec-
tor tube, and digital electronics (refs. 3 and 4). A simplified block diagram of the fine
system is shown in figure 6. The image dissector is shown schématically at the top of
figure 7. The operation of the system is as follows. The star image is focused on the
front face of the tube which is located on the telescope focal plane. The defining aperture,
a slit for the single-axis case, is centered in the electron focal plane. The electron image
is scanned vertically across the slit by applying a triangular sweep signal to the magnetic
deflection coils. In figure 7 the sweep signal is plotted on the upper trace with the vertical
axis representing the electron image position and the horizontal axis representing time.
The star is off axis; therefore, the path of the electron image is not centered about the slit
aperture. When the electron image crosses the slit, an electrical pulse is generated. The
pulses are shown idealized in the lower part of the figure. The time interval between suc-
cessive pulses is measured and the difference between the two times is proportional to the
angular error between the star and the telescope. The sign of the resulting number indi-
cates direction. Other symmetrical curves could have been used for the sweep signal;
however, the triangular sweep was selected because of its linearity.




The processing of the pulse train is shown in figure 8. The pulses that contain noise
are first amplified and then filtered. The principal effect of the filter is to lower the noise
bandwidth of the system. The leading and trailing edges of the pulses are then detected by
a Schmitt trigger, thereby producing a squared pulse. Both edges of the signal pulse are
detected to minimize errors due to noise.

The output of the Schmitt trigger, in conjunction with the sweep frequency signal,
controls logic gates which determine the direction of an up-down counter. These gates
also provide passage for the clock pulses going to the counter. The up-down counter oper-
ates in the up mode during time t; and in the down mode during time tg. At the end of
a complete counting period, the resulting digital number (tl - tz) is shifted to the output

register.

The fine-pointing control system was designed to operate in five different fields of
view. The fields of view are numbered 1 to 5, with 1 or cage being the widest field of view
and the least sensitive and 5 being the narrowest field of view and the most sensitive. The
field of view is changed by varying the amplitude of the triangular sweep signal. The
coarse system drives the telescope to bring the star within the field of view of the fine
control system. With no star in the field of view the fine control system is in the cage (1)
position. When the star appears in the field of view, the digital computer switches the
system into field of view 2. The mirrors of the image motion compensator are then driven
by the controller indicated in figure 6 in a direction to bring the star image to the zero
error position (ref. 6). The digital computer continuously monitors the star position error
and commands fields of view 3, 4, and 5. This generally happens so fast that the system
appears to go from cage to field of view 5 instantaneously.

Modifications to fine-pointing system.- In tracking dim stars (13th magnitude or
dimmer) with the fine-pointing system two problems were encountered as a result of the
small signal-to-noise ratio. First, random pulses generated by noise enter the logic cir-
cuitry and generate false error signals. This effect can be pictured by looking at figure 8
and visualizing a noise spike, between the three pulses shown, large enough to reach the
threshold level to generate a pulse. The counter would then count up or down on this pulse
rather than the one shown. Second, a true pulse may be missed entirely in some instances
where the noise may have a canceling effect on the pulse when the noise is opposite polarity
to the pulse.

To alleviate the first problem, an electronic window was included in the logic of the
fine-pointing system. Figure 9 shows the relationship between the window and the pulse
train. The function of the electronic window is to allow only the pulses that occur during -
the time that the window is open to pass, similar to radar range gate. The upper two
traces in figure 9 show that a Schmitt trigger output is generated each time the noise level




exceeds the threshold level of the Schmitt trigger. The lower trace, however, shows that‘
only the pulses generated during the time that the electronic window is open are allowed
to pass into the logic gate.

In the second problem, if the noise is of a polarity that causes the pulse not to reach
the threshold level of the Schmitt trigger, the counter would continue to count in the same
direction until the next detected pulse, thereby resulting in a large error signal. To
resolve this problem, a logic circuit was added to detect the absence of a pulse and to can-
cel that number and transfer a zero to the output register. Should acquisition be lost, a
pulse counter was added to cage the system when a prescribed number of consecutive
pulses were not detected. '

Image motion compensator (IMC).- The purpose of the image motion compensator is
to maintain the star image fixed on the focal plane of the telescope despite small motions
between the guide star and the telescope. An all-reflecting model using two mirrors has
been designed and fabricated and used in the composite simulation (ref. 4). The principle
of operation is illustrated in figure 10. In the top illustration, rays from the telescope
optics are shown imaged on the focal plane after reflecting from two plane parallel mir- -
rors. In operation the telescope will move, thereby causing all star images to move on the
focal plane. The two mirrors are then rotated to bring the star images back to their orig-
inal position. The two mirrors must be maintained parallel to each other as they are
rotated. By doing this, all the stars within the field of view will be imaged on a plane that
is parallel to the focal plane, but they will be changed in focus. This change in focus is
eliminated if the path length from the top mirror to the focal plane is kept constant. This
is accomplished by translating the bottom mirror along a parabola as it is rotated as shown
.in the bottom illustration of figure 10. Both mirrors have been rotated through the same-
angle, and the image has been translated along the focal plane. The distance between the
two mirrors has changed, but the total path length remains constant.

The hardware for the compensator is shown in figure 11. The top view shows the
complete assembly, whereas the bottom views show the mirror and the base assemblies.

Error Scaling Technique

To point the simulator to the required accuracy of 0.01 to 0.005 arc sec would require
an extremely stable mechanical arrangement, very long optical paths, and probably would
require the simulation to run in a vacuum. To circumvent these requirements, the error
scaling technique of reference 5 was used. This error scaling technique can best be
- described by referring to the block diagram in figure 5. The scaling technique represented
by the block diagram in figure 12 is similar to the control system shown in figure 5 except
. in this case the vehicle moment of inertia has been reduced by a factor K. The scale




factor K is used to reduce the moment of inertia of the large telescope to a value that
can be easily simulated in the laboratory. For this simulation, K equals 5000, thereby
reducing the pitch-axis moment of inertia I, from 204 000 kg-m2 (150000 slug-ft2) to
40.7 kg-m2 (30 slug-ft2). The disturbance torque Tg is shown to be reduced by a factor
of JI?; this increases the vehicle rate and attitude by a factor of ﬁ(_, or in this case, a
factor of 70.7. The momentum storage capability of the control moment gyro is reduced
by a factor of \/ﬁ to compensate for the reduced disturbance torque. The sensor gain is
reduced by a factor of \/E by changing the focal length of the sensor optics so that the
image size and motion for the scaled system is the same as that for the unscaled telescope.
The change in sensor gain compensates for the increase by a factor of fﬁ in vehicle atti-
tude. Then all the inputs to the control moment gyro are rendered unscaled, and actual
hardware may be used in the simulation with the sensor and angular momentum changes.
The dynamic response of the scaled and unscaled control systems is identical.

Optical Scaiing

The vehicle attitude in the coarse system has been scaled up by a factor of \/f The
fine control system must therefore be scaled to insure that the image size and motion for
the scaled errors are the same as those in the 3-meter telescope for unscaled errors.
This is accomplished by using the optical scaling configuration shown in figure 13. This
configuration was calibrated to give the correct image size and motion.

RESULTS AND DISCUSSION

The results of runs made with this simulation are divided into two main groups:
Those run with the fine system pointing to a 107-um (0.0042-in.) star image, the nominal
diameter star image; and those where the system is pointing to a larger diameter, 188-um
(0.00741-in.) star image. The larger diameter star image runs were made to represent
degradation in the image quality.

With the 107-pum-diameter star image, runs were made with +13.35, +12.3, and +11.25
magnitude stars. With the 188-um-diameter star image, runs were made with +13.0, +12.3,
and +11.35 magnitude stars, With the faintest star in each group the runs made were as
follows: (a) Response to a step torque; (b) response to a torque pulse when the control
moment gyro is driven by electrical signals onto the gyro gimbals when the range of the
fine controller is near its limits; (c) acquisition, in which the fine system is turned on,
acquires and locks onto the object star; (d) with the coarse system being driven sinusoi-
dally at 3.08 scaled urad (0.636 arc sec) peak to peak at 0.1 Hz; (e) with the coarse sysfe'n.n
being driven sinusoidally at 3.08 urad (0.636 arc sec) peak to peak at 0.05 Hz; and (f) with
the coarse system being driven sinusoidally at 3.08 prad (0.636 arc sec) peak.to peak at '




0.025 Hz. For the next two faintest magnitudes the same runs were repeated except that
the acquisition and pulsing runs were omitted.

Figure 14 shows the results of a scaled step torque of 0.00475 N-m (0.0035 ft-1b)
applied to the coarse telescope. The fine control system is pointing to a +13.35 magnitude
star with a 107-um-diameter (0.0042-in.) star image. The scaled torque causes a steady-
state scaled hangoff error of 3.42 yrad (0.707 arc sec) on the coarse system as shown
labeled 6y in figure 14. The angle of the IMC mirrors 6,, shown on the next trace
" indicates that the mirrors move in a similar manner to take up the error, thereby leaving
virtually no indication of the step shown in the bottom trace.

Figure 15 shows the result of the fine-pointing sensor acquiring the same +13.35
magnitude star with a 107- pm-diameter (0.0042-in.) image. The trace ev' shows the
response of the vehicle to a steady torque. The next trace 6., shows that the IMC
mirrors, immediately after the system is turned on, acquire the star and assume a posi-
tion such that 6 remains at its nominal value. The trace labeled 'field of view" indi-
cates the operating field of view and shows that, once turned on, the system went immedi-

_ately from the cage position, field of view 1, to field of view 5, the narrowest and most
sensitive one. This transition happened so fast that it is bérely visible on the trace.

Figure 16 shows the results of pulsing the control moment gyro with the fine system
pointing to a +13.35 magnitude star with an image 107 um in diameter. In this case the
vehicle is pulsed by an electrical signal to the CMG gimbal, triggered when the digital
computer monitors the mirror position 6,, and determines that it has reached a preset
level. When this level is reached, the pulse is sent to the gimbal to drive the coarse vehi-
cle toward zero error. The sawtooth seen on the trace is the result of the vehicle contin-
uously being driven such that the mirrors reach that predetermined level.

Figure 17 shows the results obtained when the coarse system is driven by a sinus-
oidal input to the CMG gimbal of 0.1 Hz at an amplitude sufficient to drive the coarse sys-
tem to 0.636 arc sec peak to peak. In this run the fine system is pointing to a +13.35 mag-
nitude star with an image 107 um (0.0042 in.) in diameter. Runs of this type were made
for three different star magnitudes with an image diameter of 107 um (0.0042 in.) and for
three more star magnitudes with an image diameter of 188 um (0.00741 in.). A listing of
these runs is given in table 1. :

Photographic film records were made for each of the runs with the sinusoidal input
to the coarse system. Records were made by using another star source through the same
control system optics and directed to a film drum rather than the fine sensor. The film
drum had a circumference of 0.33 m (13 in.) and made one revolution in 105 seconds. The
shaft was threaded with 4409 threads per m (112 threads per in.), giving a translation of
227 um (0.0089 in.) per revolution. The average time duration of each run was 18 min-
utes. A segment of the film for each simulation run is presented in figures 18 to 23. A
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typical segment will show 10 traces with each trace representing approximately 2 seconds
of each run. Each trace is separated in time by 105 seconds.

Figure 18 shows the results obtained with the fine system pointing to +13.35 magni-
tude star with an image diameter of 107 um (0.0042 in.) while the coarse system or tele-
scope body is being driven at 0.636-arc-sec amplitude peak to peak at 0.1, 0.05, and
0.025 Hz.

Figure 19 shows the results of pointing to a +13.0 magnitude star with an image
188 um in diameter with the coarse system being driven at 0.636-arc-sec magnitude peak
to peak at 0.1, 0.05, and 0.025 Hz. Figures 20 and 21 show the results of pointing to a
+12.3 magnitude star with image diameters of 107 ym and 188 pm, respectively, at 0.1,
0.05, and 0.025 Hz. Figure 22 shows results of using an +11.25 magnitude star with an
image 107 pum in diameter at 0.1, 0.05, and 0.025 Hz, and figure 23 shows an +11.35 mag-
nitude star with an image diameter of 188 um at 0.1, 0.05, and 0.025 Hz. The magnitude
of the disturbance in all cases was 0.636 arc sec peak to peak.

Table 1 gives a value for the standard deviation for each of the runs in image diam-
eters and arc seconds. These values were determined by reading the film lines on a
film reader and comparing where the line is and where it should be at several points along
the film strip. From these data points the standard deviation was computed. To test the
accuracy of the readout using this method, the same data points on the same film were
read out twice and the difference in corresponding readings was determined. The root-
mean-square error between the two readings was 0.05 image diameter, the equivalent of
0.00359 scaled arc sec. This error is significant for this type of readout and in this case
represents one-half the accuracy set as the goal for the fine-pointing control system, which
is one-tenth of an image diameter. Consequently, interpolation of the numerical data in
table 1 must take this reading accuracy into account. For this reason, photographs of the
actual film traces in figures 18 to 23 have been included so that a more graphic illustration
of errors can be given.

CONCLUDING REMARKS

The laboraitory simulation of a scaled single-axis dual-level pointing control sys-
tem has been demonstrated. The results of the simulation indicate that the body-pointing
requirements of a large space telescope can be relaxed to a relatively coarse accuracy
while maintaining image position control on the focal plane of the telescope with the use of
a secondary level control system. The results further indicate that the fine control sys-
tem presented here can be used to stabilize the star image of a 3-meter diffraction-limited
telescope to within one-tenth of an image diameter for stars as dim as +12.3 visual magni-
tude while the vehicle is subjected to nominal disturbance torques. The results also show



that the system can be used to stabilize stars as dim as +13.35 visual magnitude with
somewhat reduced accuracy. The simulation also demonstrated the application of the
error scaling technique to the laboratory simulation of precision pointing systems.

La
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Spin motors
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Torque motor and
80: 1 gear head

/— Flywheel
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Figure 2.- Control moment gyro unit.
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Figure 4.- Vehicle inertia simulator and associated equipment.
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Figure 7.- Schematic representation of fine-pointing sensor,
sweep signal, and output pulses.
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Figure 14.- Response to step torque with fine system pointing
to +13.35 magnitude star with image diameter of 107 pm.
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Figure 15.- Acquisition of +13.35 magnitude star with image diameter of 107 um.




|
e e
Pulse input == =SS SS
off — ===
=== =— =22
— 3 )
1 — | P MMV DA
Telescope position, 6, = EESIE =
arc sec . = =k
P ==
—1 : = :
1— R e
- IMC mirror position, - . =2 =EEEEEET =
deg ' =
-1— F =
== |
02— | (o Pt
Image position error, ee,

arc sec : !
-.02— L ;
==
— i

A 10

i Lo sec

Figure 16.- Pulsing coarse-control system with fine system pointing
to +13.35 magnitude star with image diameter of 107 pm.
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Figure 17.- Response of fine-pointing system to +13.35 magnitude star with
image diameter of 107 um with coarse system being driven sinusoidally
to 0.636-arc-sec peak-to-peak amplitude at 0.1 Hz.
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(a) 0.636 arc sec at 0.1 Hz.

(b) 0.636 arc sec at 0.05 Hz.

1 image
diam

1 sec ——D-l

(c) 0.636 arc sec at 0.025 Hz. L-73-6805

Figure 18.- Image stability of fine control system to +13.35 magnitude star with
image diameter of 107 um when coarse system is being driven sinusoidally
at indicated amplitude and frequency.
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(a) 0.636 arc sec at 0.1 Hz.

(b) 0.636 arc sec at 0.05 Hz.

1 image
diam

(c) 0.636 arc sec at 0.025 Hz. L-73-6806

Figure 19.- Image stability of fine system to +13.0 magnitude star with image
diameter of 188 um with coarse system being driven sinusoidally at
indicated amplitude and frequency.
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(b) 0.636 arc sec at 0.05 Hz.

(c) 0.636 arc sec at 0.025 Hz. L-73-6807

Figure 20.- Image stability of fine system to +12.3 magnitude star with image
diameter of 107 um with coarse system being driven sinusoidally at
indicated amplitude and frequency.
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(a) 0.636 arc sec at 0.1 Hz.

|

(b) 0.636 arc sec at 0.05 Hz.

1 image
diam

1 sec

(c) 0.636 arc sec at 0.025 Hz. L-73-6808

Figure 21.- Image stability of fine system to +12.3 magnitude star with image
diameter of 188 um with coarse system being driven sinusoidally at
indicated amplitude and frequency.



(a) 0.636 arc sec at 0.1 Hz.
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(b) 0.636 arc sec at 0.05 Hz.
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(c) 0.636 arc sec at 0.025 Hz. L-73-6809

Figure 22.- Image stability of fine system to +11.25 magnitude star with image

diameter of 107 pm with coarse system being driven sinusoidally at
indicated amplitude and frequency.
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(a) 0.636 arc sec at 0.1 Hz.

(b) 0.636 arc sec at 0.05 Hz.
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(c) 0.636 arc sec at 0.025 Hz. L-63-6810

Figure 23.- Image stability of fine system to +11.35 magnitude star with image
diameter of 188 pm with coarse system being driven sinusoidally at
indicated amplitude and frequency.
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