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ABSTRACT.

This report describes the reflector support and drive system
for a large radio telescope of unconventional design. The telescope
consists of a hollow sphere supported in a hydrostatic bearing formed
by & concave socket filled with water. A simple system of water pres-

sure pads driven by a positive displacement pump keeps the sphere
centered in the socket.

The drive system consists of a pulsed air jet or rocket motor that
rotates about the axis of the telescope directly in fromt of the feed

antenna. The drive system is unique in that it is independent of the
orientation of the telescope with respect to the earth.

The theoretical and experimental 'portions of this report analyze the
performance of the drive system of a two-foot-diameter model which
automatically tracks an X-band source.
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rOREWORD

This study has been made to determine the feasibility of a large
radio telescope to be used for astronomical studies or for space
communications.

Preliminary investigations have showr that the Naval Ordnance Test
Station would be a suitable location for a telescope of modest size and
cost, of the type described in this report. It is hoped such a tele-
scope may be constructed here in the future.
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INTRODUCTION

This report discusses construction and drive problems encountered in
large radio telescopes. The conventionally designed radio telescope is
first discussed briefly; a proposed telescope of unconventional design
is discussed more fully.

"In s large radio telescope of conventional design that consists of a.
circular parabolic reflector mounted on an equatorial or an altazimuth
mount, the principal problems encountered are:

- 1. ITnsufficient rigidity in the structure supporting the reflector,

2. Excessive stress concentrations in the telescope drive mechanism
due to the enormous weight in the movable structure, and :

3. Inadequate servo drive performance due to the geometric limitations
of the simple altazimuth mounts dictated in the design of conventional
large telescopes. .

Two of the main demands placed on radio telescopes are gain and di-
rectivity., These demands are satisfied by aperture. A third demand is
for broad frequency capability. The parabola of revolution represents
the most compact shape that will satisfy these requirements, particularly
if the telescope is made steerable.

The drive mechanisms for steerable paraboloids have fallen into two
classes: equatorial and altazimuth. Considerable research has shown that
the altazimuth mount is the more feasible for reflectors with diameters
larger than 150 feet.l

The altazimuth mount is not particularly desirsble for astronomy
because the normal hour angle and declination coordinates must be con-
verted to elevation and azimuth. In addition, sources near zenith are
difficult to track because of the large azimuth rates involved.

As the diameter of the telescope is increased to hundreds of feet,
additional problems. are encountered that are concerned with making the
paraboloid retain its contour with variations in pointing angle and wind
loading. The design of the 600-foot-diameter radio telescope now under
construction at Green Bank, West Virginila, is an attempt to obtain the

1Embersbn, R. M., and N. L. Ashton. "The Telescope Program for the
National Radio Astronomy Observatory at Green Bank, West Virginia," PROC
IRE, Januvary 1958, pp. 23-35.
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maximum stiffness in the antenna-supporting structure.2 An artist's
conception of the completed structure is shown in Fig. 1., The structure
behind the reflector is a cylindrical network of girders that support
both the reflecting surface and the elevation drive. The suppcrt rollers
for the cylinder are sttached to a carriage that in turn is supported by '
trucks riding on a circular track to afford azimuth rotation. The stress
concentration at many points in the structure could be severe; the weight
of the movable structure will be approximately 21,000 tons.

A 600-foot-dismeter aperture is not the ultimate in size; several
studies show a need for antennas greater than 1,000 feet in diemeter.?
A 1,000-foot-diameter  fixed reflector with steerable feed is being con-
structed in Puerto Rico. Here,usky coverage 1s restricted to plus or
minus 20 degrees of the zenith.

~ The proposed radio telescope described in this report consists of a
hollow sphere supported in a hydrostatic bearing formed by a concave
socket filled with water. A simple system of water pressure pads driven
by positive displacement pumps keeps the sphere centered in the socket.

The drive system consists of a pulsed air Jet or rocket motor that
rotates about the axis of the telescope directly in front of the feed
antenna. The system is unique in that it is independent of the orienta-
tion of the telescope with respect to the earth.

The reflector support and drive for the proposed telescope is de-
scribed in the next section. The design should overcome, at least in
part, the problems that have been previously mentioned. The advantages
claimed for the configuration are:

1. The angular restrictions of the equatorial and altazimuth drives
are avoided, since the telescope tracking system is divorced from earth
coordinates.

2. The strongest possible shape has been chosen for the supporting
structure, i.e., a sphere.

3. The weight of the reflector and its spherical support are borne
by a very large area so that stress concentration with its attendant
structural distortion is minimized.

2McClaln, Edward F., Jr., "The 600-Foot Redio Telescope," Scientific
American, Vol. 202, January 1960, pp. 45-51.

5Heeschen, D. S., and N. H. Dieter. "Extragalactic 2l-cm Line
Studies," PROC IRE, Vol. 46, January 1958, pp. 23-35.

4Gordon, W. E., and L. M. Lalonde. "The Design and Capabilities of
An Tonospheric Radar Probe," PROC IRE, Transactions or Antennas and
Propagation, Vol. AP-9, January 1961.
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FIG. 1. Artist's Conception of 600-Foot-Diameter Radio Telescope.
(Reprinted by permission of the Scientific Americen.)
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The parameters of a two-foot-diameter model of the telescope have
been measured and anzlyzed on an analog computer. The results of the o
computer investigation not only agreed with the performance of the model,
but indicated the changes that should be made in system parameters to
ettain an optimum servo design. .

CONSTRUCTION OF THE TELESCOPE MODEL

. The circular parabolic reflector is embedded in the sphere in such
a way that its edge lies on the sphere's surface; the diameter of the
reflector is approximately 0.8 of the diameter of the sphere.

The sphere floats in water contained in a concave socket atop the
support ped.rstal and is centered in the socket by the action of the
pressure pads that are arranged every 120 degrees about the periphery
of the socket. FEach pressure pad is supplied with water by a constant -
displacement pump that recirculates the overflow water from the socket.
If the sphere starts to drift horizontally from its center position, the
flow of water out of the pressure pad is restricted on the side of the
socket toward which the sphere is drifting. As the flow of the pump
supplying the pad 1s restricted, the water pressure increases in order
to maintain the flow rate constant. This increased pressure results in
&an increased force being exerted on the sphere by the pressure pad which
opposes lateral movement of the sphere. An equilibrium point is reached
at which the horizontal force exerted on the sphere by wind loads is
balanced by the force of the pressure pad. In most cases the wind loads
are borne by two adjacent pressure pads, each supplying the necessary
component of the opposing force.

There are three main types of angular-position commands which a radio
telescope should be able to accept:

1. To point along a certain line relative to the earth,
2. To point along a certain line relative to inertial space, and

3., To track some object automatically while the object is radiating
or reflecting electromagnetic energy.

The theoretical and experimental portions of this report analyze a
system set up to deal with the third type of position commands. The
turning torque is supplied by a pulsed air Jet which rotates in
synchronism with the conically scanning feed antenna located at the focus.
Tests with the two-foot- diameter model confirmed the soundness of the
design and pointed up any difficulties which might be encountered in a
full-sized unit. TFigure 2 is a photograph of the completed model, and
Fig. 3 is a close-up photograph of the mechanism located at the focus:

-
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FIG. 2. Two-Foot-Diameter Model of Radio Telescope.

The two-foot-diameter sphere was machined from a solid block of
foamed polystyrene having a density of approximately two pounds per
cubic foot and then coated with epoxy resin. The resin was in turn
machined to form a thin shell with a thickness of approximately 0.050
inch. The thin shell, backed by low-density foam, forms an extremely

rigid structure.
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FIG. 3. Mechanism Iocated at Focus.

The reflecting surface was first roughed out of the polystyrene foam
on a lathe and then placed on a precision rate-of-turntable so that the
axis of the desired reflector was vertical. A reflector was centrifugally
cast by rotating the turntable at the proper speed to generate a para-
boloid of the desired focal length (see Appendix A). Epoxy resin was
used as the casting agent and the surface was coated with conductive
silver paint to complete the reflector.

A tubular aluminum tripod supports the scanner mechanism, feed
antenna, and the air Jet in front of the reflector. The scanner mechanism
consists of a 3-watt, 400-cycle servo motor driving a speed-reduction
gear train to produce a 3-revolution-per-second (rps) speed on the scanner

- e s
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shaft that lies on the axis of the parabolic reflector. The inner end
of the scanner shaft passes through a bearing and is fastened to a crank
in order to impart a nutating moticn to the feed anterna, a crossed-
dipole ground-plane variety that is designed to operate at 9,400 mega-
cycles (mc). The crank throw is about 0.230 inch in order to offset
the axis of the antenna beam by about one half the beam width, or 2
degrees. A silicon microwave crystal video detector, Sylvania Type

IN 358A,is connected to the coaxial line of the feed antenna. The
crystal output is proportionai to the 9,400-mec input to the antenna.
This output is conveyed by shielded flexible cable through the antenna
support post to the vertex of the reflector, and thence to the edge of
the reflector, where it is bundled with the scanner motor leads and the.
flexible air hose. The antenna support post serves to hold the feed
antenns—~detector assembly in alignment with the reflector and to prevent
it from turning. Flexibility of mounting of the inner end of the post
is provided by an O-ring located in a socket at the reflector vertex.

The outer end of the scanner shaft is hollow and terminates in a
bearing which supports the shaft and acts as a rotating joint to convey
the compressed air used to drive the telescope. Air exhausts from the
scanner shaft through a nozzle perpendicular to it.

The meving portion of the telescope must be carefully balanced to
eliminate any residual torques in any position. It was convenient to
accomplish this by means of small polyethylene tubes filled with lead
shot and attached to the feed support tripod at appropriate places.

OPERATION OF THE TELESCOPE MODEL

GENERAL PRINCIPLES

The feed antenna is driven in a circle about the focal point of the
paraboloid by the scanner mechanism at a frequency'a>. If the reflector
is pointed at a distant source, the energy intercepted by the telescope
is reflected to the focus. The radius of the circle described by the
feed antenna is chosen so that the power intercepted by the feed antenna
is approximately 3 decibels (db) below what it would be if the feed
antenna were located at the focus. The signal received by the feed
antenna does not vary as long as the focus of the energy remains centered
in the circle.

If the source moves in angle with respect to the axis of the telescope,
a pointing error angle, €, is developed. As a result, the energy received

by the telescope is no longer reflected to the focal point of the parabo-
loid but is displaced to one side by € , if the approximations of simple
geometric optics are allowed. - Consequently, the signal received by the
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fead antenna will no longer be constant, but will be sinusoidally modu-
lated at the frequency w_ . The moﬂulation factor, f(€), 'is a function
of € as shown in Fig. U, 5 'An edditional property of this modulation is
that its phase angle, «, relative to the phase of the scanner, indicates
the position of the source relative to the axis of the telescope. These
two pieces of information, amplitude and phase, contained by the modula-
tion therefore locate in polar coordinates the position of the sourcé

relative to the axis of the telescope. '
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FIG. 4. Modulation Factor of the Scanner.
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. The expression for the detected output signal from the scanner can
therefore be written

Vg = Vg [1 + fl(e)e: sin (w b + «)] , (1)
vhere

V. = output voltage fromAIN358A detector

(operating in linear region)

V. = output voltage from IN358A if no pointing
error is present

modulation factor of the scanner
(see Fig. 4)

Hh
[
—
m
~
L}

€ = pointing error angle
w_ = scan frequency, about 18.8 radians per second (rad/sec)

« = position of source relative to the axis of
the telescope.

The signal source used in the experiments conducted on the model was
a 100-milliwatt (mw) reflex klystron operating at 9,400 mc and feeding
a linearly polarized horn antenna with about +17 db gain relative to an
isotropic radiator. A 1,000-cycle square-wave modulation was imposed on
the klystron reflector, resulting in 100% modulation of the klystron out-
put.

Use of a 1,000-cycle modulated source allowed the amplifier stage
Q) and Q2 in the receiver to be AC coupled as shown in Fig. 5. Q, and
Qp comprise a conventional feedback pair amplifier with a voltage gain of
500 to the secondary of T;. When the telescope was pointed at the source,
the 1,000-cycle modulated signal appearing across one half of the secondary

of Ty was 8 volts peak.

Germanium diodes Dy and Dp, combined with the center-tapped secondary
of Ty, form a full-wave rectifier circuit. D) and Dp also perform the
function of voltage comparators to derive the current pulses fed to the
solenoid valve.
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Qx o Q;+, and Q5 make up a very high gain DC emplifier. The current
gain of this combination is in the vicinity of 100,000. The valve static
current control, Ry), is adjusted so that approximately +10 microamperes
(pa) current is fed to the base of Q; in the absence of any signal. The
resultant l-ampere collector current”in Q- opens the solenoid valve. The
solenoid valve can be closed if more than”-10 pa current is fed to the
base of Qz from the voltage comparator circuit. Dz prevents damaging the
base-emitier junction Q3 by excessive negative volgage from the voltage
comparator.

The voltage comparator action of Dl and D, is illustrated in Fig. 6.

NO SCAN MODULATED
3( "3(

MODULATION BY SCANNER Va2

VOLTS

Y

-2k wst

FIG. 6. Voltage Comparator Action.

11
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Vy is the voltage to ground at the base of Qz when no signal is
present and Qz and Q) are conducting. V, 1s madé up of the base to emitter
Junction drops of Q, and Q& in series. V, is the back bias applied to Dy
and Dy by the settifng of Ryo¢ .

When a signal is received from the source and no pointing error is
present, a 1,000-cycle square wave of 8 volts peak amplitude appears.
across each half of the secondary of T1. This voltage, Vz, will exceed
the back biag Vo and make diodes D, and D, conduct. Diode Dy and D,
conduct on alternate half cycles o% the 1,000-cycle modulation. When
D, and Do conduct, sufficient current flows to oppose the initial +10 Mla
base current flowing into Qz, and the solenoid valve ig de-energized,
cutting off airflow. As lohg as no scan modulation corresponding to the
telescope pointing error is present, the valve remains off.

When & pointing error, €, appears, V3 hegins to be modulated since

Vo= Vg(A) (2)
where

A = voltage gain of amplifier from input of Ql to
one half of the secondary of Tl’ ,

If € increases to the point that V, - Vz exceeds V, during the nega-
tive scan modulation peaks, the diodes D; ahd D2 will cease conducting
and Q3 will conduct, opening the solenoid valve. The flow of air through
the valve will continue only as long as V2 - V3 is greater than V;. It
can be said that

\

p L (3)
cos
2 v, - V3 1- fl(€)€
- Y =2 <:o:s_l vl
V2 - v3 1- fl(e)e

The durstion, Yy, of the angular sector in which the valve is open is
plotted in Fig. 7.
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200p

Vp 8.6V

160~

120p-

Y PEG

o] o4

f(€)

FIG. 7. Valve Open Time, 7y, Versus Modulation Factor fl(e).

Another factor must be considered in determining the effective
torque applied by the air jet to the telescope. The jet can be con-
sidered to be a rotating vector which can have a magnitude of either
zero or & certain value at any instant, depending on whether it is off
or on. By varying the width and timing of the air impulses, it is
possible to drive the telescope in the direction necessary to follow the
source, The normalized torque impulse per revolution, Z, is equal to
sin L . When Y is small, the efficiency of the air jet is high. As ¥
approaches 180 ‘degrees, the forces produced at the beginning and end of
the air pulse tend to cancel each other. The variation of Z with 7y is
plotted in Fig. 8.

15
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FIG. 8. Normalized Torque Impulse per Scanner
Revolution, Z, Versus Valve Open Time, 7.

Proper adjustment of the phasing between the conical scanner and the
air jet is accomplished by loosening set screws holding the antenna drive

and then retightening the set screws. This phase adjustment will compen-
sate for any fixed delays in the pulsing system. The main delay encoun-
tered is the opening and closing time of the solenoid valve, which is
approximately 0.0l second, or about 10 degrees of rotation of the scanner
shaft.

0
|
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1
i
'
[
!
|
1
i
i

The next parameter in the telescope drive which must be considered
is the thrust produced by the air jet. Figure 9 is the static thrust, F,
of the air jet versus air pressure supplied at the solenoid valve.

1k
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FIG. 9. Air Jet Static Thrust, F, Versus Air
Pressure.

This section of the report has been devoted to the system devised
to apply a turning torque to the telescope to reduce pointing errors.
The system employs many nonlinear elements which are difficult to describe
by conventional linear servomechanism analysis methods. It therefore
seemed expedient to employ an analog computer on which nonlinear elements
may easily be simulated.

The next section of this report is concerned with analog simulation
of the complete tracking loop which includes the elements previously
described, plus the sphere's moment of inertia and the damping provided
by the thin film of water in the socket in vhich the sphere floats.

15
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ANALOG COMPUTER INVESTIGATION

The use of a simple polar coordinate system for deriving the restor-
ing torque as a function of the pointing error greatly simplifies the
analysis of the system. At any instant, the restoring torque may be
resolved into a plane defined by the torque vector and the axis of the
telescope. Similarly, the moment of inertia of the sphere, and the
viscous damping applied by the water film in the socket need only be
considered about an axis perpendicular to the torque plane. A simple
one-degree-of-freedom problem results as shown in Fig. 10.

TELESCOPE MOMENT
OF INERTIA, J

F, AIR JET FORCE

SPACE REFERENCE

«—— VISCOUS DAMPING

FIG. 10. Tracking Problem.

16
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The equation describing the system is

J0 + Klé + F fT(e)e =0 |, ()
where

6 = the angular position of the telescope in the plane
of action with respect to inertial space

J = moment of inertia of the telescope about a diameter
of the sphere perpendicular to the plane of action

K, = viscous damping coefficient in the plane of action
F= statié torque of the air jet (1-foot moment arm)

fT(e) = torque attenuation factor

J, the moment of inertia of the tslescope, is fixed and
was found to be 0.1l slug-foot“ in Appendix B.

was also computed in Appendix B and found to be 0.022
ft-1b/rad/sec.

K

Two of the parameters in the function fp(€) can be varied. The
first of these parameters is the delay bias, Vo, which determines the
dead zone and the shape of the 7y versus fj(€) characteristic shown in
Fig. 7. The second is the air pressure which governs the static thrust,
F, of the air jet as described by Fig. 9. .

Figure 11 is a system diagram of the analog computer used to simu-
late the performance of the tracking drive. The 3-cycle oscillator is
adjusted to give an 8-volt peak sinusoidal output corresponding to 100%
modulation of the 8-volt carrier amplitude across one half of the
secondary of Ty in Fig. 5. This signal is placed across potentiometer
B in servo multiplier No. 1. The output taken from the arm of the
potentiometer then corresponds to the scan modulation voltage appearing
across one half of the secondary of T, in Fig. 5. The servo multiplier
setting represents the modulation factor fl(e) shown in Fig. 7.

The output from the arm of potentiometer B is fed to a unity gain
amplifier No. 31 where it is given a +8-volt offset corresponding’to
the average carrier level, Vz, in Fig. 6. Relay No. 1 acts as a voltage
comparator which closes its contacts whenever V; falls below the voltage
Vo-V, in Fig. 6. The closure of relay No. 1 represents the opening of
the solenoid valve feeding the air jet.

17
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The variation of efficiency of the air jet with pulse width is easily" l
computed. It was observed that the waveform at the output of the audio ;
oscillator was the same as the component of useful torque available from

the air jet at any instant in its rotation, i.e., the sine component of

a rotating vector. The inverted output of ‘unity gain amplifier No. 29

is selected by relay No. 2 whenever a negative torque is necessary. 'The

output from relay No. 2 is fed through relay No. 1 and scale factor
potentiometer No. 62. This signal then represents the restoring torque

applied to the telescope by the tracking drive.

Equation 4 must now te rewritten, including the fixed constants of
the telescope:

0.11 6+ 0.226 +F £ (e)e = 0

dividing by 0.11,

. . F fT(e)e
8 + 0.2 6+ -——O—.-i—l——-ﬂ o ,
and solving for 6,
6=.O.2é-9.lFfT(€)€ . , (5)

Equation 5 must now be instrumented.

The input to the first unity gain integrator No. 6 will be assumed
to be 6. The first input to be considered is the correction torque,
9.1 F fp(€). Potentiometer No. 62 is set to & value so that 9.1 F =
8 x Ggo where Ggo is the gain through the potentiometer. The input to
integrator No. then has a scale factor of 1 volt per ft-1b. The output
of integrator No. 6 is 6. 6 is fed back through potentiometer No. 61 to
the 1input of integrator No. 6 to represent the viscous damping term
0.26 of Eq. 5. The gain of potentiometer No. 61 is set so that Ggy= 0.2.

The output of integrator No. 6 also drives integrator No. 8. The
gain of integrator No. 8 was set to be 10; that is, a 1 volt-second
input produces 10 volts output. The output of integrator No. 8, therefore,
has the scale factor of 10 volts per degree. The output of 1ntegrator
No. 8 is fed to unity gain amplifier No. 9, where it is summed with
another input which represents a step input applied to test the response
of the system. When switch No. 1 is closed, a 10-volt step is fed to
emplifier No. 9. This step corresponds to & l-degree step change.in
the angular position of the source.

The output of amplifier No. 9 then represents the error angle, €, i
that is the difference between the axis of the telescope and the source
direction line.
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As € reverses polarity, relay No. 2 changes the phase of the restor-
ing torque as in the actual telescope drive. € must now be shaped in
order to approximate the fy(€) as plotted in Fig. 4. The characteristic
of the function generator and succeeding servo multiplier which perform

the operation are plotted as a dashed line in Fig. 4.

COMPUTER RESULTS

A number of analog computer runs were made in which the antemnna
position, 6, was plotted in response to a l-degree step in target posi-
tion as simulated by the closure of switch No. 1.

The first set of runs was made with K; = 0.022 ft-1b/red/sec corre-
sponding to the actual damping measured. F was set at 0.0Ll4 ft-1b,
cooresponding to 60 psi/air pressure. Vp, the delay bias, was tried at
three values: 7.6, 8.1, and 8.6 volts. The response of the system to
a l-degree step input is plotted in Fig. 12. At V, = 7.6 volts, it can
be seen that the system is quite stable, but that a static pointing
error, or dead zoue, of approximately O.l degree is present. When V, is

1.25p

Va= T6V
-
I’/' \\ P - -
1.00 ’, N N SN // \ .
R} of N ’ \ —
y Senl )\Tf \~7
/ /f
V,=868V Vo= 8.4V
075}
[ ]
W
[-}
)
0.5C - Kj = 0.022 FT-LB/RAD/SEC
F, = 0.044FT-LB
028
o M 1 " 1 n 1 A 1 i 1 )
o] 10 20 30 40 850
t, SEC .

FIG. 12. Simulated System Response, Set No. 1.
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set at 8.6 volts, the dead zone 1s zero and the system displays a small ’
limit cycle oscillation in 6. This oscillation is due to the discon-
tinuous nature of the <y versus f(€) function for Vo = 8.6 volts as
shown in Fig. 7.

The second set of runs was made with K; changed to 0.066 ft-1b/rad/sec,
or three times the actual value. The overshcots present in the first set
of runs were eliminated, but the response time was greatly increased (see
Fig. 13)

A third set of runs (Fig. 14) was made with K; remaining at O. 066 as
before, but with F; increased to O. 088 ft-1b, corresponding to an air
pressure of approximately 80 psi, the hlghest pressure at which the system
was tested. The performance at Vo = 7.6 and 8.1 volts was much improved
over that of the first set of runs as far as stability was concerned.

The response time has been decreased back to approximately the value of
set No. 1 by the increase in air pressure.

A final run was made with the value of K; much higher than obtainable
in the present model, in an attempt to attain greatly improved performance.
The following values were used: K) = 0.066, F = 0.166, and V, = 8.k,

The response of the system plotted in Fig. 15 reveals a very small dead
zone, fast response, and excellent stability.

7% asv\
1.00T vz-alv
Cd
S e
Ve

P
Py Vo= 76V
/, .
p

o5t

6, oee

K, = 0066 FT-LB/RAD/SEC
F, = 0.044 FT-LB

026} -

1, SEC
|
FIG. 13. Simulated System Response, Set No. 2.
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Vp = B8V .
= 8.1V \
Vz o~ /\"- .~ ’/ ~‘,r"\_l’

1.00 NN , -
r Xl e
s
V2 =76V
075
("]
(]
° K, = 0.066 FT-LB/RAD/SEC
@ F =0.088 FT-LB
n.50
o2sf
0 ' l - 1 i i 1 i | i 1 J
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FIG. 14. Simulated System Response, Set No. 3.
1.00 :
Vo = 8.4V
075
(]
"]
[-)
(823
0.80
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oas|
0 i 1 i 1 A i A | A i —d
0 i0 20 30 40 T
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FIG., 15. Simulated System Response, Set No. k.
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EXPERIMENTAL RESULTS

Only the first of the five sets of analog runs discussed can be
confirmed experimentally. The last four sets of deta assume system
parameters which were not possible with the present model. Lack of
mechanical angular transducers in the sphere prevented actual readings
of angular position versus time. Several mesningful criteria of system
performance are easily observed, however. The response time, dead zone,
and the number of overshoots in the response can be observed visually.
These criteria are compared in Table 1 with the corresponding data
derived from Fig. 12. The experimental results agree quite closely with
the analog studies, confirming the validity of the computer studies.

TABLE 1, Actual and Simulated System Characteristics

V., Response Dead

Data source time, zone, Number of

volts sec deg overshoots
Computer 7.6 18.0 0.0k 1
Model 7.6 16.0 0.06 1
Computer 8.1 17.5 0.02 2
Model 8.1 15.8 0.0k -—-
Computer 8.6 16.5 ~-=- Oscillates
Model 6.6 15.0 ---- Oscillates

K, = 0.022 ft-1b/rad/sec

F = 0,044 £t-1b

23
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CONCLUSIONS

The analog simulation of the telescope drive has proved to be & very
convenient and useful tool in predicting system performance. The total
setup time on the computer was less than 6 hours; actual computer opera-
ting time was less than 30 minutes.

The computer indicated & problem in the model: the damping provided
in the socket is insufficient for good system performance. To ensure
stability, the gain and dead zone in the tracking torque had to be ad-
Justed to the point where relatively poor system performance ensued.

A very simple method of augmenting the demping can be employed in
future telescopes of larger size. A pair of gyroscopes can be attached
to the movable portion of the telescope to sense angular rates sbout two
mutually perpendicular axes both of which are in turn perpendicular to
the axis of the parabola. The electricael outputs of the two gyroscopes
can be converted from rectangular coordinates to the polar coordinates
of the tracking drive. If the resulting polar coordinate rgte signal
is added electrically to fj(€), the pointing error signal, any amount of
rate damping desired can be introduced. The small size of the present
model would make it very difficult to add any gyroscopes at this time.

The greatly increased torque requirements of the angular drives for
larger telescopes can be satisfied easily by use of a variable thrust
rocket motor. Motors have salready been constructed at NOTS that will 5
easily fulfill the thrust and frequency response requirements of the drive.

It is hoped that in the future a telescope can be constructed of the
order of a 30-foot-diameter sphere. This unit will incorporate the im-
provements suggested and would be large enough to permit an insight into
the problems of generating the spherical supporting surface and the para-
bolic surface. This unit would also reveal the seriousness of wind loads
and thermal expansion problems which have not been quantitatively studied
so far. If a 30-foot model operated in a realistic environment proved
successful, it would point the way to a series of larger telescopes of
similar design in the 100- or even the 1,000-foot diameter range.

SU. S. Naval Ordnance Test Station. The Design and Testing of a
Variable-Thrust Rocket Motor (U), by Ronald F. Dettling. China lake,
Calif., NOTS, January 1962. (NAVWEPS Report 7803, NOTS TP 2799)
CONFIDENTIAL.
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Appendix A

FOCAL LENGTH OF A CENTRIFUGALLY CAST REFIECTOR

It has been found that the upper surface of a fluid confined in a
cylindrical conteiner assumes the shape of a parabola of revolution'’
when the container 1s rotated at a constant. speed about its axis. It
is necessary that the¢ axis of rotation be vertical.

The focal length of the parabolic reflection can be expressed by
the equation )

FL = 17,710 (6)

¥

where
FLL = desired focal length in inches
N = the speed of rotation iu revolutions

per minute (rpm).

The use of epoxy resin as the fluid allows the retention of the
parabolic surface. Surface finish of the paraboloid can be held to
very close tolerances.

6Archibald, Paul B. "Epoxy Parsbolic Mirrors," Modern Plastics,
Vol. 34 (August 1957), pp. 116-117.
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Appendix B

DETERMINATION OF THE MOMENT OF INERTIA
AND DAMPING OF TELESCOPE

The moment of inertia, J, and damping factor, Kl’ of the telescope
model were determined as follows:

If the moving portion of the telescope is unbalanced by the removal
of a known amount of lead shot ballast, the sphere will tend to rotate
until the unbalance moment is zero, i.e., the heavy portion of the
rotating system is directly down. The sphere is then manually rotated
by an angle of 10 degrees from the vertical and then released. By
observing the frequency and the damping of the oscillation, the moment
of inertia and damping coefficient can be calculated. The equation of
motion of the system can be written

J$+Kl<i>+rwSin¢>-o (7)

where

J = moment of inertia of the sphere about a
diameter, slug—ft

K.= viscous damping coefficient

r = radius of unbalance weight (W, = 1 foot)

1

W = unbalance weight (0.11 pound)

¢ = the angle of rotation of the sphere from
the equilibrium position.

By restricting ¢ to less than 10 degrees, the simplifying ussumption
that sin ¢ = ¢ can be applied to Eq. 7; that is,

J$ + K1 é + W =0 ;

dividing by J,

X, .
F+ Fér Zo=o0 . (8)
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Equation 8 is of the form

p+2w ¢ +w“¢= 0 , (9)

in which

£ = the damping ratio

@, = the undamped natural frequency

By equating coefficients in Eq. 8 and 9,

rW 0.11
Ly | B Y5 ‘

w weg observed to be approximately 1 rad/sec; therefore, J = 0.11 slug—
foot=. The solution for Eq. 8 is

“tw t :
b= .. ¢ 1 cos W, Vl-C‘?’c . .(10)

It is assumed that is‘small, so that Y1 - C2 = 1, Equation 10

then becomes

bt .
p=¢ € " cos ot . (11)

The most convenient physical method of observing the damping factor
is to measure the relative peak amplitudes of succeeding cycles.

The amplitude of ¢ at time t, can be written

'&Dntl "
¢l = ¢hax € cos wh 1
also
-t t
¢2 ¢hax e cos wth
If
1
tl-tal -d)—n s
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nl -l t ; ‘
¢ ] ¢ ax © cos Wty e n'l i e—&b (tl - t2)
% ¥, -5 nt2
() e cos Wt e
max ne
or
¢
2. e ¢ . (12)

It was obgerved that the amplitude of the oscillation decreased by about
50% each cycle .

el . 0.5 = 0.11 .
The assumption that V1 - £2 = 1 must be checked

Vi-0.12« /T-0.001 = 1/0.99 = approximately 1.

From Eq. 7 and 8

K = 20wJ = 2(0.1)(1)(0.11) = 0.22 ft-1b/rad/sec.
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FIG. 1, no negative number
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FIG. 3, L0 754L49

FIG. 4 - 15, no negative numbers
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