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ABSTRACT

Control powér requirements for balloon-telescope
systems are consgidered for various telescope mounting con-
figurations, The equatlions of motion about the azimuth
axis of a three-axls system are developed and performance
is optimized to give a minimum required control power,
Applications are made to the "Polariscope I" balloon-tele-

scope system.
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I. INTRODUCTION

Very high altitude balloon flights are achleved by
maximum weight,reduction of both the ballooh”and payload.
"One of the larger weight items in balloon—telescépe
systeﬁs is the power source, which is ﬁsually composed
of batterieso Other sources, such as‘nuclear POWEYr, may
be required for very large telescope systems, The power
consumed by the electrical,compbﬁents and the duration
of flight determihe the qqénfitjAof batteries required.
Gonéiderablevamounts ofjéiectficél péwer are consumed
by the control motors which spabilize the telescope, and
any reductién in thié.eiéctricai,power notably reduces
the toﬁal welght of‘tﬁé'system;T:Thereforep methods of
achleving weight reduéfion by;this technique have been
investigated in this anelysis, |

Methods of telescope mduhting, arrangement of the
axes of roﬁation, and various means of stabilization are
considered on the basis of minimum weight. The best of
these methods is"extensivéiy analyzed to determine the
optimum eonfiguratidn which uses minimum control power.
This configuration has been applied to the design of the

i

"Polariscope I" balloon-telescope system.
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IT DISCUSSION OF BALLOON-TELESCOPE SYSTEMS

Placement of large astronomical telescopes above the
earth's atmosphere, where viewing is unimpaired, is a
logical extension in expérimental astronorﬁy° Several
meansg are avallable for doing this at the present time,
The use of large balloons to lift these asgtronomical in-
struments to very high altitudes is one avalilable method.
Another means 1is to‘focket launch them elther for short-
duration flight or into a satellite orbit in space above
the sarth's atmosphere. vBoth methods require a stabllized
platform to hold the télescope in fixed orientation while
viewing a giVan object in space. A remotely controlled,
gyro-stabilized system 1s required. These systems are
expenslve and very complicated., A balloon launched tels-~
scope system 1is considgrably iess expensive than the
orbiting satellite, but the viewing time per flight is
mach legs. However, meny experiments require a relatively
short viéwing timep‘and therefore balloon—teleséope

systems are quite advantageous.
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Many configurations of the telescope stabilization

platform are possible. A minimum of two axes of rotation
is required in order that the telescope can be fixed on
any point in the sky and ber¢0ntrdiied to that point. -
These'tquaxés of rotatién:arerérranged so that they are
pérpendiéular to each othergfandidan be oriented in any
convenient manner in:the gondola. A much used‘orientatiqn,v
such ag "Stratoscope I“,.éhown-ih.Figure 2.1, has an
aiimuthtaxis and an elevatioﬁ éxis, The elevation axis
is fixed'hdrizontally in_theigondola, and the telescope
ig able to rotate about this axis from & horizontal to a
veftioal'Viewing position. The telescope and the gondola
Fotate as a unit sbout the vertical azimuth axis. A dis-
advantage of this arrangement 1s the high moment of in-
ertia about the azlmuth axis, as the whole gondola mast
be rotated along'with the telescope for‘motion about thig
axis. This high inertia requires more control power, and
thus more battery welight, than a systém in which only the
.talescope has to move. Such a system requires a third
axie of rotation. The telescope is mounted inside a
gimbal ring which allows motion about both an elevation
and a cross—-elevation axis. This configuration is shown
in Figure 2:1.. The moments of inertia about both axes

are thus small. The elevation axls 1s again fixed
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horizéntally in the gondola, and the gimbal ring 1s able
to rotate about thls axis. The cross-elevatlon axis isg
:fixed'in the gimbal ring at right angles %o the elevation
axis; and the telescope is able to rotate about this axis
thﬁoﬂgh 8 small angle., The ﬁelescope and the gimbal ring
rotate as & unit about the elevation axis. The third axis
would be again the vertical azimuth axis in the gondola.
ir thé control on the azimuth axis were an intermittent -
one, with the azimuth control motor being required to
operate only a small percentége of the time, the total
cénﬁrol power required would be less than that required'
for the two-axlis system. This ié the type of three—éxis
gystem which will be optimized in this thesis. A more
complete discussion of'various Ealloon—telescope systems
is pregented in Reference L.

“Several external tofques about the azlmuth axis of
thfee—axis balloon—telescdpeVsystems can be exerted on the
gondola or the telescope. Rotation of the balloon will
producé a torque at the connescting link between the shroud
lines and the gondola. An aerocdynamic torque will be pro-
duced on the telescope by g side wind blowing on the systen
or by the pendulum motion of the gondola swinging below
the balloon as it moves through the air. A gravitational
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torque will be produced during pendulum motion if the

center of gravity of the system is not located on the
azimuith axis.

" The torque produced by rotation of the balloon on
the connecting link should be as low as possible, so that
minimum external torque will be transmitted to the systenm,
If there were a frictionless iink between the shroud
lines and gondola, there would be no effect produced
by the balloon rotation on the gondola. The torques
produced by the aerodynamic moment and the gravitational
unbalance can be counteracted by acceleration of an in-
ertia wheei or by reaction jets;' The system to be con-
sidered here employs an inertia wheel which is shown with
respect to the rest of the system in Figure 2.2. If ac-
celeration of the inertia wheel continues for prolonged
periods of time, the inertla wheel will eventually reach
its maximum rotational speed and hence become ineffective.
A meansg of ridding fthe inertia wheei of its angular momen-
tum must be supplied if the azimuth control is to remain
effective. The best inertial sink for the wheel momentum
ig the balloon itself, which has a very large moment of

inertia ag compared to the inertia wheel,
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The inertia wheel momentum must be transferred
by friction, through the rotating connecting link and
into the shroud lines. The amount of this frictional
torque should be just sufficlient to transfer the ex-
cesg momentum supplied to the inertia'wheel by the aero-
dynamic and gravitational unbalenced torques. The ef-
fect of balloon rotation on the system is thus minimized.
The shroud lines must have an adequéte spring constant
to resist the connecting link friction torgue so that the
inertia wheel's excess momentum can be transferred to
the balloon., Also the shroud lines must be stiff enough
so that they do not wind up into a rope-like configuration
which can resist only a very small amount of torgue.
Stiffness of the shfoud lines 1ls achieved by employing
a large spacing between the individual shroud lines at
the connecting link.

A nonrotating connecting link could be used on
balloon-telescope systems, but this type of link would
be very wasteful of azimuth control power, and would also
cause the azimuth control to be less stable in operation.
This type of connecting link has therefore not been con-

slidered in this analféiso



IITI DEFINITION OF SYSTEM
3.1 Model of Azimuth System

A schematic model showing the components which sig-
nificantly affect the azimuth angular motion of three-axis
balloon-telescope systems is given in Figure 3.1. The
three inertial masses of the balloon, inertia wheel and
gondola are shown. The angular positions of the various
components are shown in théir respectively defined posit-
ive directions. The various torques which exist on the
system are also shown in thelr positive directions. And
the torsional spring constant of the shroud line suspen-
sion system ig showne.

The azimuth drive system, shown iﬁ Figure 3.2, is
composed of three components: the azimuth ehaft, the
control motor, and the gear box. The inertia wheel is
rigidly fastened to the azimuth sghaft. The shaft ié
mounted in bearings to the gondola. The gear box and the
control motor are mounted %o ‘che‘gondolaD and drive the
shéfto Rotation of the control motor produces relative
motion between the gondola and the inertia wheel. When-

evey there ig relative motlon between the two, the control
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motor shaft 1s rotating. During thie motion the control
motor may or may not be supplying torque to the system.

If no torque is being supplied; the friction in the bear-
ings of the azimuth shaft, the gear box, and the control
motor tends to stop the relatlive motion between the gon-
dola and inertia wheel. This frictional torque is always
| opposing the relative rotational motion while the control
motor may supply torque in}either the same or the opposite
direction. The resultant torque on the system when the
motor is-operafing may therefore be greater than, or less
than the ideal torque produced by the motor and gear box.
This resultant torque depends upon the type of motion
which prevaills. Thus, the frictional torque and the ideal
control motor torque must be treated separately in this
systenm.

The general conditions which have been assumed for
the azimuth system aré presentgd below. The moment of
inertia of the balloon is assumed to be very large in com-
parison to the moments of the gondola or thé inertia
wheel. The weight of the balloon is approximately equal
to ‘that of the sum'of the inertia wheel and gondola, and
most of this weight is»locéted at a very large radius,

thus making the moment of inertia of the balloon very



large compared to that of elther the gondola or of the
inertia wheel. The moments of inertlia of the gondola and
inertia wheel are assumed to be in the same order of mag-
nitudeo. |

‘The azimuth motor-gear box output torque is assumed
to be greater than the frictional torque of the azimuth
shaft and gear box; this is required of the azimuth motor
Tor 1t to be effective in rotating the azimuth system., The
frictional torque of the azimuth shaft and gear box is as-
sumed to be greater than that of the connecting link. And
the frictional torque of the connecting link is assumed %o
ﬁe greatef than the torque produced by the aerodynamic and
gravitational unbélances.»;This last assumption is required
so that stability of the aziﬁuth system prevalls. All of
the angular momentum produced by the unbalanced torques
must'bé transferred through the shroud lines %to the
balloon with ite very large moment of inertia to give the
system stability. The shroud lines must have a large
spfigg,cqnstant so that theyvéan resist the connecting
iink frictional tordque without windlng up into a rope
whidh would be unable to resist any appreciable amount of
torque. Thesge assumptions Pésult in nearly the same angu-

lar positions of the connecting link and the balloon.
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Three types of angular motion of the azimuth system
are possible with the above assumptions:
a. The gondola, the inertia wheel and the balloon
all have different angﬁlar velocities.
b. The gondola and the inertia wheel have the same
angular velooity}whiiefthé balloon has a differ-
ent velocity. | A
c. The gondola, the inertia wheel and the balloon
all have the same angular velocilty.
Motion with the same balloon.and inertia wheel velocitles
and a different gondola velocity-is not possible with the
above agsumptlon that fhe connecting link frictional torque
is lesg than that of the azimuth ghaft and gear box. Ohce
the gondola and the inertia wheel reach the same velocity
they rotate togethér as a unit if the azimuth motor is
off. The frictional torque produced bj the connecting
link is not great enough to:;agse,relafive motion between
the inertia wheel and the goﬁd;lau Thus relative motion
between the connecting link and the inertia wheel must
continue until some time after the relative motion between
the inertia wheel and the gondeola ceases. Motion with the
same gondola and balloon velociﬁies and a different in-

ertia wheel veloclity has no significance for this system.
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3.2 Bign Convention

The following sign convention is employed in this

analysis:

o

Co

The angular positions of the gondola, the

‘inertia wheel, the balloon and the connecting

1link are all positive in the same direction.
The connecting link frictional toréue is posi-
tive 1f 1t produces positive accelératlon of
the inertia wheel, |

The aerodynamic and gravitatlonal unbalance
torque, the frictlonal torque of the azimuth
shaft and gear box, and therazimuth motor-
gear box output torque are all posgitive 1if
they produce positive acceleration of the

gondola.



3.3 Azimuth Shaft and Gear Box Friction

The asgumed characteristics of the frictional
torgue produced in the azimuth shaft and gear box
are presented in Figure 3.3. The absolute value of
thls frictional torque 1s assumed to be constant.
The torque is positive when the difference of the
velocities of the inertia wheel and of the gondola
is positive, and negatlve when the difference is
negative. The use of antifrictlion ball bearings
with only a thin film of silicon o0il on them is
aggumed. Friction is thus reduced %o a minimum at
the sub-zero temperatures encountered by balloon-
telescope systems which operate at altitudes above
twenty miles. The assumption of Coulomb friction
ig thus a good one for this type of bearing with
minimum lubrication. No lubrication would be
theoretically required of these bearings, ag their
life and rotétional gpeed 18 very low, bﬁt a thin

film of oil is required to stop corrosion.

12
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3.4 Connecting Link Friction

The assumed characteristics of the connecting 1link
frictional torque are shown in Figure 3.4. The absolute
value of this torque is assumed constant for Coulomb
friction. The torqgue is posltive when the difference of

the balloon and the inertla wheel velocities is positive.
3.5 Characteristics of the Azimuth Motor and Gear Box

The asgumed azimuth motor-gear box output torque
characteristics are shown in PFigure 3.5. The absolute
value of the torgque output, when the azimuth motor is on,
is assumed constant. The torque is zero when the motor
is off. The azimuth motor is assumed to go on and off
at some given absolute values of the gondola angular
position. The output torque, when the motor is on, is

negative for positive gondola positions and vice Versa.
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3.6 Aerodynamic and Gravitational Unbalance

When the telescope is in a nearly horizontal viewing
position, there will be an aerodynamlc unbalanced torque
produced about the azimuth axis of the gondola if a rela-
tive wind is blowing sideways on the telescope light shield,
Pendulum motion of the gondola below the balloon can also
produce a slde wind and thus an aerodynamic torque on the
telescope.

If the center of gravity of the gondola and inertia
wheel does not lle on the azimuth axis of the gystem, a
torque due to the gravitational unbalance will be produced
about the azimuth axis when the gondola 1s moving in pen-
dulum motion below the balloon. |

Another torque which is present on the gondela is
caused by reactlon of the gimbal control motors. This
torque is produced aboubt the cross-elevation axis of the
- telescope, asg this axis, unlike the elevation axis, 1g not
perpendicular to ﬁhe azimuth axis. The cross-elevation
axis is perpendicular to the slevation axis only. The
period of the cross-elevation motion is assumed to be short
compared to the perilod of the azimuth motion, as the tele-

scope controls hold the telescope in a nearly fixed position
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in space at all times. Thus the telescope reaction torque

ig assumed to have no net effect on the azimuth axis

motion,
3.7 Balloon Motion

The toresional period of motion for balloons of ten
million cubic Teet volume which are used for 1ifting large
balloon-telescope systems ig about 15 minutes, according
to Reference 2. This balloon period is much longer than
the period of azimuth motion, thus the assumptlion has been
made in this analysis that the balloon angular velocity
can be treated as a constant. The maximum angular veloclity
of the balloon from experimental data given in Reference

2 is about one degree per second, (.02 radians per second).



IV DEVELOPMENT OF EQUATIONS OF MOTION
L,1 Motion About the Azimuth Axis

The law governing angular motlon about an axis, which
1s simlilar to Newton's second law for linear motion of a
constant mass, can be stated as follows: the summation of
all external torques on a body must be equal to the product
of the moment of inertla of the body and the angular accel-
eration of the body.

ZT =18
The definition of symbols used 1s presented in the List of
Nomenclature.

Employing the sign conventions given in Chapter III
along with the conditions and assumptions presented there,
two angular equations of motlion about the azimuth axis of
balloon-telescope systems can be written. The gondola
motion equation is as follows:

(Ta+ T+ 1) = L&

and that of the inertla wheel 1is:

[T -F+ W) = 1,8,

16
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Comblning these two equations gives the general equation

of motion about the azimuth axis of balloon-telescope

systems.

b+ ")~ 8 ~Ta)= (1,8, - F) b1

4,2 Motion During Interval With (4 #4G, #6)

The first type of angular motion about the azimuth
axls of balloon-telescope systems i1s one in which the
gondola, inertia wheel and balloon all have different
angular velocitlies. The equations of motion for this
type of operation are derived by solving for the two

accelerations in Equation 4.1l. These are:

4,2
‘% 2/_/7&+§+%) =Xg
G

and
é:y_-_—/ -+ / 4.3
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The angular velocltlies of the gondola and the inertia
wheel can be determined by integration of these equations
wlth respect to time. It is assumed that all of the
torques are constant during the time interval belng con-
gidered, and time 1s measured from the beginning of the
interval., The gondola angular velocity 1s derlved from
Equation 4,2,

G =(G)o +(ece) o
From Equation 4.3, the angular veloclity of the inertia
wheel 1s determined.

é'w 3/'5.}«/)0 ‘/'@(w)t kes

Angular posltions of the gondola and of the lnertla
wheel are determined by integration of Equations 4.4 and

L,5., They are:

. 2
G =)y + (6 )t +¢c)E :

and

. 2
Gy =6y + B ) t +(°<w)2é L,7
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4.3 Motion During Interval With (19};:9;/#05)

A second type of angular motion about the azimuth
axis of balloon-telescope systems 1s one in which the
gondola and inertia wheel have the same angular veloclty,
while the balloon has a different veloclty. Thls type
of operation can occur only when the azlimuth motor 1s

not operating. Solving Equation 4.1 with (6@ ==€&, and
7,(4=0) gives

% =% = I +[W) >ew 4.8
Integration with respect to time, assuming con-
stant torques and zero initlal time, glves the angular
velocity of the gondola and the inertla wheel.
6.& =é’w =(éc—)o +(Cew )t 4e9

Integrating again gives the angular positlons

. 2
G =G )p + & )o T + (OCGW)Z?‘ .10
and
Gy =G "(‘9'6»)0 + (B)o boil

These two equations are not the same because the initial
positions of the gondola and of the lnertla whesel are

different.
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L4 Motion During Interval With (63==6b==6%==00nstan§)

A third type of angular motion about the azimuth
axls 1s one in which the gondola, inertia wheel and
balloon all have the same angular veloclity. The azimuth
motor 1s inoperative for this type of motion, and in Sec-
tion 3.7, a constant angular velocity of the balloon was
assumed. Thus, the gondola and inertla wheel accelerations
are equal to zero, 1l.e.,

&= =0
Integrating twice with respect to time for constant

torques and zero initial time glves:

G =(G)p +(6)¢ 4,12
and
G =(Bu)y +(65) k.13

These two equations are not identical, as the two initial

positions are different.
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4.5 End Condition for Interval With (¢ # G, =G/

Four different interval end conditions can occur

because of a torque change:

a. The gondola and lnertla wheel can reach the same

angular velocity

b. The inertia wheel and balloon can reach the game

angular velocity

c. The azimuth motor can go off

d. The azimuth motor can go on

The time at which the gondola
veloclties are identical at the end

rived from Equations 4.4 and 4.5
Lt AN = ééW%'_(z%ZD
tA@zﬁv) (OCG—OCW

The time at which the inertla

the same veloclty at the end of the
Equation 4.5.

LG, =bs) = @Z,fe”)oj

The time at which the azimuth

end of the interval is derived from

and the 1nertia wheel

of the interval is de-

Lo14

wheel and balloon have

interval 1s found from

b.15

motor goes off at the

Equation &4.6. This
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time occurs when Z?2§=(@&a¥]aa explailned in Section 3.5.

=@ )or] = / / ] / 2)/?90)0 (% Jore/ } bo1g

The time at which the azimuth motor goes on at

the end of the interval is also derived from Equatlon

L,6, This time occurs when [€;=%%%)wb7

=[BT e wr-and | o

Six different values of time can be determined

from the above four equations, 4.14 to 4.17. Of these
possible times, only the lowest positive real one is of
interest and significance, and it is the correct time

for the end of the interval,
L.6 End Condition for Interval with (@%::éa,;éé%)

Only one end condition can occur for this type
of motion: the azimuth motor goes on. The time at which

this occurs 1s derived from Equation 4.10.

Eifes = @5)on] /[(3}77‘ /(96)/ (Z )[(‘90 (9)0&&2 b.18

The lowest positive real time of the two possible values

1s the desired time.
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4.7 End Condition for Interval with (§=8,=6 = Constant)

Again, only one end condition occurs for this
type of motion, namely, the azimuth motor goes on. The

time at which this occurs 1s derived from Equation 4,12,
_[@G)ow —(&
Cifos=@5)on] ‘/ e G)O] o
L %

L.,8 Typical Azimuth Control Cycle

Typical accelerations of the gondola and of the
inertlia wheel of balloon-telescope systems are shown in
Figure 4.1 for a complete control cycle. The beginning
and the end of the cycle occur at two successlve polnts
when the azimuth control motor goes on. The three types
of motion during intervals and filve of the possible six

interval end conditions are shown,

The time during the cycle i1s given by the follow-

ing expression:

and the total cycle time for the azimuth motlon of

balloon-telescope systems 1la:

Ny
& =,Z ts L,21
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4.9 Motlon of Balloon

The angular position of the balloon 18 given by
the following formula for a zero initlal angle and a con-
gstant angular velocity:

& =)t L, 22

where Z¢ 1is given by Equation 4.20,
4,10 Calculation Procedure

The procedure for calculating the azimuth motion
of balloon-telescope systems 1s presented in Table 4.1.
The calculation proceeds one line at a time, where each
line represents one time interval of the motlon. The end
conditione of each interval nmust first be determined before
proceeding to the next interval, as the initlial conditlions
of any interval are the end condltions of the previous in-
terval. Steady-state motion must be determined by making
a series of calculations. Many complete cycle calculations
may have to be performed before the cycle end conditlions

are found to bPe the same asg the inltlal condltions.



V YPOLARISCOPE I" APPLICATION
5.1 Discuseion

"Polarisco?e I" is a remotely cdhtrolled, gyro-
stabilized telescope system which ig to be launched by
balloon %o an operating altitude of 116,000 feet. The
launch willl be made from the bottom of Glen Canyon, just
downstream from the nearly completed Glen Canyon Dam on
- the Colorado River in northern Arizona. Several flights
are planned for the winter of 1963-64, The primary tele-
scope mirror has a diameter of 71 eentimeters, or about
28 inchesg. The project was awarded by the National
Science Foundation to the Institute of Atmospheric
Physles of the University of Arizona.

The over-all purpose of thege flight experiments
ls to extend polarimetry and photometry in the study of
diffuse fadiation within atmospheres of the planets, and
of the stars and space. At present a falr amount 1is
known in the visible spectrum. These experiments will be

made in the ultraviolet reglon between 2000 and 3000 Ro
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The photometry part of the experiments basically
measures the brightness of the collected light at various
wave lengths. Organic-solution and Interference filters
are used to separate selected wave-length bands. The
polarimetry part of the experiment employs a Wollagton
prism. The shape of the polarization curve receilved is
used to determine the size and the refractive index of
the particles present in the atmosphere. In general, the
resulte of these experiments will not show the composition
of elther the atmosphere or of the particles in the atmos-
phere. Presence of particles, their size and the depth of
the atmosphere only will be determined. The diffuse radia-
tion from dust and gases within the atmospheres of planets,
gtars, and the intergtellar and planetary space will be
studied. Reference 3 gives a more complete discussion of

these experiments.
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An operating altitude of 116,000 feet was chosen
go that the experiments would not be affected by the ozone
layer in the earth's atmosphere. This ozone layer is most-
ly below 116,000 feet only during the winter months; the
flights will therefore be made only during that time of
vear, Thege high~altitude requirements necessitate the
use of the largest avallable balloons and light payloads.
The balloon to be used for "Polariscope I" flights will be
three hundred feet in dlameter, and will contain ten million
cubic feet of helium at operating altitude. The suspension
gystem will be the landing parachute and its shroud lines
extended to 175 feet.

The inertia wheel is composed of 600 pounds of
nickel-cadmium batterliesg located at the outer periphery of
the wheel so as to produce the largest moment of inertia.
The batteries perform three functions.for the system:
electrical power, inertial mass, and landing ballast. For
this last purpose, individual battery units with parachutes
can be jettisoned. Relative motion between the inertia
wheel and gondola is produced by the azimuthAmotor and gear
train; the gondola is thus caused to rotate about the

azimuth axis.
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The telescope has a three-axis of motion system,
Two axes are located on the telescope gimbal, allowing
motlion of the telescope in elevation and cross-elevation.
The third is the gondola azimuth axis. The telescope is
gyro-stabilized about the two gimbal axes and has a Casse-
grain mirror system. The f/2 primary mirror is 71 centi-
meters in diameter, and the Cassegrain focus is £/13. The
secondary mirror at the forward end of the telescope has
a dlameter of 13 centimeters. The main advantage of this
type of mirror system is its short, compact shape. The
collected data are telemetered back to the ground station.

The gondola 1s a space-frame configuration design-
ed by the author, and i1s constructed of thin-walled alum-
inum tubing., Thils type of construction makes for a very
strong and yet 1light structure, a requirement of high-alti-
tude balloon flights. The gondola frame weighs 120 pounds.
The deslgn allows 180 degrees of elevation motion and 20
degrees of cross—elevation motion of the telescope. The
1anding struts are of new deslign by the author, They em-
ploy telescoping tubes containing styrofoam padg which

progressively crush %o absorb the landing shock.
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5.2 Assumptions and Variables

The assumed constants of the azimuth motion of the
“Pélariscope I" balloon-telescope system are presented in
thig section. Design optimization of the system produced
a moment of inertia for the inertia- wheel of 180 ft. 1b.
sec.? and a gondola moment of inertia of 150 ft. 1b. 5€C. 2,

The frictional torque produced in the connecting
link should be as low as possible so as %o minimize the ef-
fect of the balloon rotation on the gondola motion. This
torque must also be greater than the maximum torque produced
by the sum of the aerodynamlc and gravitational unbalance
torques., A maximum of .2 ft. 1b. was determined for the
aerodynamic and gravitational unbalance torque. Thus a
connecting link frictional torque of .25 ft. 1lb. was chosen.

The gondola angle at which the azimuth motor goes
on must be considerably less than the ten degrees maximum
angle the telescope 1ls able to travel in cross-elevation
motion from the neutral position. A value of .1 radian has
been chosen for the gondola angle at which the azimuth motor
goes on. An ideal azimuth motor-on torque of 5.25 ft. 1lb.
is produced at the output of the azimuth gear box and an
azimuth shaft and gear box frictional torque of .5 ft. 1lb.

oCCUr 8.
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A summary. of the various agsumed constanfs used
in this analysis follows:

I = 150 ft. 1b. sec.?

I, = 180 ft. lb., sec.?

Jlafvax = 20 £t. 1b.

/7] = .50 Tt. 1b.

/T = .25 ft. 1b.

(Ti)per = O ft. 1b.

J)on] = 5:25 Tt. 1b.

/éB/MﬂX = ,02 rad./sec.

/@/O/MAX = ,07 rad./sec.

/s /oy = 18 radlan

/@ )on] = .10 radian

Three variableg have been investigated in this
analyseis. They are: the aserodynamic and gravitatlional
unbalance torque, thé balloon rotational rate and the
gondola angle at which the azimuth motor goes off. The
range of these variables 1s as follows:

0 = /Tu/ = .20 £t. 1b.

0 S/'él'g/é .02 rad./sec.

208 5/(‘%)0#/:/ = ,10 radian
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5.3 Results

The steady-state operatihg characteristics of the

"Polariscope I'" azimuth control cycle are presented in
‘Figure 5.1, Angular velocities and positions of the balloon,
the gondola and the inertia wheel are shown versus time dur-
ing the cycle. The angular velocities vary linearly during
each interval of time in the cycle, wh;le the angular
positiong vary in a parabolic mannéf; The same initial and
end conditions occur for each of the three velbcities, and
the gondola position. A cycle occurs between two succesgs-
ive points when the azimuth control motor goes on.

Figures 5.1, 5.2, and 5.3 show the operating
characteristics of the azimuth control cycle for a balloon
veloclty of .02 radlans per second and a zero aerodyﬁamic
and gravitational unbalance torque. The three figures show
the effect of various azimuth motor-off conditions. Figure
5.1 shows the characteristics of a symmetrical on-off con-
trol where the gondola angle is .10 radian. Figure 5.2
gshows the characteristics of a control with ten per cent
hysteresis, that is a gondola angle of .09 radians at the
azimﬁth motor "off" condition. A twenty per cent hyster-

egls control is shown in Figure 5.3. Single-stop azimuth
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control operation occurs for the symmetrical and the ten
per cent hysteresis controls while double-stop operation
occurs for twenty per cent hysteresis. The azimuth motor
operates only at positive gondola positiong for single-
stop operation while successive poslitive and negative
gondola positions occur for double-stop operation. The
smallest azimuth motor percentage operating time occurs
for a control with ten per cent hysteresis. The azimuth
motor operates a large percentage of the time when double-
stop operation occurs. This type of operation shoulﬁ be
avolded when minimum use of electrical power 1s fequiredo

The operating characteristics of a steady-state
azimuth control cyclé with ten per cent hysteresis and a
balloon rotational velocity of .01 radlans per second are
shown in Figure 5.4. Reduction in the balloon rotational
rate results in a reduction in azimuth motor operating
time. Thig is shown in Flgure 5.5, which presents
azimuth motor "on" time in per c¢ent versus balloon angu-
lar velocity. An increase in the aercdynamic and gravi-
tational unbalance torque is,shoWn to increase the per-

centage motor operating time.
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Figure 5.6 shows the transient-state azimuth con-
trol cycle cheracteristics. Initial and final conditlons
of the cycle are shown for various aerodynamic and gravi-
tational unbalance torques. Stable operatlon is shown to
exist for initlal gondola angular velocities both greater
than, and less than the steady-state value as the gondola
veloclty tends toward the steady-state value for all 1init-
ial conditions. The final conditions of the cycle are
always nearer the steady-state condition than the initial
conditions, thus stable operation is shown to exist for all

initial gondola velocltiles.
5,4 Conclusions

A nearly symmetrical azimuth on-off control cycle
with approximately fen per cent hysteresls 1s desired for
the "Polariscope I balloon—télescope system. Thls gives
a stable single-stop type of operatioﬁrwhich results in
least operating time of the azimuth control motor. An
average azimuth motor operating time of approximately flve
per cent can be achieved with this system., The total elec-
trical power required for the control system of a three-
axle system is as low as that of any other gystem, thus

achieving minimum battery and system weight,
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Symbol Definitién Units
I Moment of Inertia - - - - - = - - - - ftolbosecaz
k Shroud iine Torsional
Spring Constant - - - - - - - ft.1b./rad,
n Time Interval Number - - - = = = —« - ﬁone
t Time = = = = = = = = & = = - - = - - 8€eCo,
ST Torque = = = = = = = = = = = = = = = £t.1b,
o< Angular Acceleration Constant - - - = rado/secoz
- Angular Pogition = = = = = = = = = -~ radians
& Angular Veloclty - - - = - - - - - - rad./seco
s Angular Acceleration - - = — = - - - rado/secaz
Subgeript Definition
0 Initial Condition (t=0)
i,égj——— Time Interval Numbers
a Aerodynamic and Gravitational Unbalance
b Azimuth Shaft and Gear Box Ffiction
B Balloon
c Connecting Link
G Gondola |
aw Gondola and Inertia Wheel ag a Unit
i Final Condition of Interval (t=t,)

35
LIST OF NOMENCLATURE ’
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LIST OF NOMENCLATURE (Concluded)

Subscript Definition
M ' Azimuth Motor - CGear Box Output
OFF Azimuth Motor - Off Condition
ON “Azimuth Motor - On Condition
W Inertia Wheel

™ End of Cycle Condition
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