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AN EXPERIMENTAL INVESTIGATION OF A GYRO~ACTUATED ROLL
CONTROL SYSTEM INSTALLED IN A SUBSONIC TEST VEEICLE

By Jerome M. Teltelbaum and Ermest C. Sesberg

SUMMARY

The results of subsonic wind-tummel and £light tests of a gyro-

actuated roll control system installed In a tailless subsonlc test vehicle:

having an elliptical body-of-revolution-type fuselage and sweptback wings
are presented herein. The wind-tunnel tests were conducted in the high-
speed T- by 10-foot tunnel at the NACA Langley Leboratory, and the model
was launched 1n free flight at the NACA Pillotless Alrcraft Research
Station &t Wallops Island, Va.

The gyro-acituated conbtrol system employed in these tests to obtain
roll stebilization of the model is & system which links the control
surface directly to the displacement gyroscope and employs a torgque
motor to 1imlt gyroscope precession. The linking of the control surfeaces
directly to the gyroscope results in an autopllot system which gives a
no-lag control response to a model displacement without resorting to
veloclty or acceleration-sensitive devices.

The results of the tests conducted indicate that the gyro-actuated
control system is & practical method for obtaining roll stabilization
of pllotless aircraft. In application of this system, the control-
surface hinge moment of the test vehilcle determines the output require-
ments of the torque motor whlle the precession rate of the gyroscope
caused by this hinge moment determines the reqgulred response charac-
teristics of the torque motor.

TNTRODUCTION

As part of the general resesrch program on guided missiles, the
NACA has been conducting & series of automatic stabllization tests
smploying various autopllot systeme installed in a subsonic rocket-
propelled test vehicle. In the initilal unpublished phase of the
program, flight tests were conducted using & modified Germsn V-1 auto-
Pilot consisting of a two-gimbal air-driven displacement gyroscope
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and aelr-driven rate gyroscopes actuating pneumatic servomotors for yaw and
plitch conbrol. Roll stebllizastion was obtained by use of electrically
operated displacement and rate gyroscopes sctuating flicker-pneumastic
servomotors. In another test, systems for pltch, yew, and roll control
baged on the roll-gtabllization method used in the Iniltial tests were
employed. In these tests, stabilization of the model in all three
controlled plenes was not obtained because of operational fallures of

one or more of the many cgmponen'bs required to construct each system.

In an attempt to construct an autoplilot system capable of satisfying
the rapid esutopilot response requirements needed for supersonic flight
of pilotless aircraft, and at the same time simplifylng the control
mechanism, the tests reported herein were conducted employing a gyro-
actuated control system in order to obtain roll stabilization. This
system, which links the control surface directly to a displacement
gyroscope and has a torque motor to limit gyroscope precession, eliminates
the need for a rate gyroscope and replaces a preclsion servomotor with
a slower-acting torque motor. By linking the control surface directly
to the gyroscope, it is possible to approximate & no-lead no-lag auto-
pllot system without resorting to veloclty or acceleration-sensitive
devices.

In these tests, no attempt was made to control the model in pitch
and yew. Initially, a theoretical investigation was conducted besed on
the assumption that the model-autopilot combination was a single degree-
of-freedom system in roll. Tests of the model having freedom in roll
were then conducted in the Langley high-speed 7- by 10-foot tunnel,
and the results of the tests compared to the theoretical analysis.
Finaelly, the model was tested in free flight. '

AFPPARATUS

_ Autopllot

The autopilot used in the present teste was demigned to stabllize
the model In roll only. The system employed is one which directly
couples the gyroscope to the control surface, as shown in figures 1
and 2. A commercial aircraft directional stabllity autopilot was
modified by the Instrument Ressarch Division of the Langley Laboratory
for these initlal teste of the system. The autopllot, contained a
two-glmbal’ gyroscope, which was so positioned that the ocuter gimbal
was alined with the longitudinal axis of the model in order to malntain
freedom in roll, and the inner gimbal was elined to have freedom in the
yawlng plene. A cam was rigldly attached to the outer gimbel so that
the cam would maintaln its roll position-in space regardless of the
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roll attitude of the model. Through a serles of linkages, the roll control
surfaces were meshed with the came. Change in roll attitude of the model
moved the linkage attachment position on the cam in such & manner as to
gilve a specific amount of control-surface deflection per degree of roll
displacement. Three different cems were constructed heving values of
control gearing ratio X (the ratio of the total aileron deflection per

degree roll displacement) equal to 2, 1, and %. In all three cases, the

cams were designed to limit the total aileron control deflection to 20°

for roll in eilther direction. Should the model roll 18°, the cams were
designed to cause the control-surfasce deflection to reverse and continue
the roll until the model returned to the zero roll positlon.

In operation, the control-surface deflection would cause & hinge
moment to be transmitted to the gyroscope through the linkege and cam.
This hinge moment or torque, when applled to the outer gimbel of the
gyroscope, caused a precession of the inner gimbal in the yeaw plans.
Electrical pickoffs, which were located to detect the yaw displacement
of the gyroscope, actuated the friction clutch of a torque motor in such
e manner as to apply a counteracting torgue In order to stop the precessilon
of the gyroscope and, thereforse, basically supply the energy required to
overcome the hinge moments of the deflected control surfaces. These
electrical pickoffs were so constructed that the moment created on the
inner gimbal by them would be negligible, and with a sufficient dead spot -
region to eliminate the possibllity of the torque motor hunting. During
operation, any plaey in the control linksge would cause & decrease in the
effective control gearing ratlo without affectling the phasing of the
control response to model displacemsnt as the control hinges moments tend

to keep the linkage tight.

The action of this roll system 1s unaffected by yaw end pitch of the
model when they occur independently. However, wnder the combined action
of the model in pitch and yaw the gyroscope will lose its roll reference
as this 1s an inherent limitation of a free gyroscope. The action of
the torque motor is edvantageous, however, since 1t maintains s perpen-
dlcular relation between the inner and outer glmbals, thus preventing
locking of the gimbals.

For these tests, a gyroscope having an angular momentum of 4.7l foot-
pound-seconds was employed and the torque motor was capable of producing
approximately 45 inch-pounds of torque to the outer gimbal of the gyro-
scope through a friction clutche.

Modsl

The model used for these tests ‘was essentially a tallless alrplane
with sweptback cruciform wings. The model was launched from & zero-
length leunching rack with the aid of a four-fin booster containing a

ol
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rocket motor delivering 10,000 pounds of thrust for 1.8 seconis. After
booster burn-out and separation, the model maintalned & FTlight veloclty
of approximately 600 feet per second with the aid of en internal sustainer
rocket motor producing about 200 pounds of thrust for 45 seconds.

A sketch of the model and booster 1s shown in figure 3 and the physical
characteristics are given in table I.
Wind~Tunnel Testis

The model was installed In the wind~tunnel on fore-and-aft supports as

ghown in figure 4 to permit roll freedom end was instrum.ented to record the

. following:
(1) Right horizontal aileron position
(2) Lower vertical aileron position '
* (3) Angle of bank
(4) Torque motor signel for counterclockwise gyroscope precession
(5) Torque motor signal for clockwise gyroscope preceésaion

Wind-tunnel tests were conducted with the autopllot containing each
cam (that is, having control gearing ratios of 2, 1, or-21- at various Mach

mubers from 0.5 to 0.7).

Flight Test

For the flight test, the autopllot with the cam having a control
gearing ratio of 2 was employed. A pulsing unit was instelled to disturd
the model in roll. This unit, powered by & pneumatic servo, caused the
verticael allerons to move intermittently between 0° and 12° total alleron
deflection for intervals of k4 and 2 seconds, respectively.

A gix~-channel telemeter was installed in the model to trensmit to
recording stations located nesr the launching site the following items
within the limits noted between the parenthesis signs:

(1) Lower vertical control position (-12° to +6°)

(2) Right horizontal control position (+10°)

(3) Angle of benk (240)
CONFIDENTTAL '
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(4) Dynamic pressure (0O to 15 inches Hg above static pressure)
(5) Trensverse acceleration (-5g to +15g)
(6) Rate of roll (Z100°/sec)

In flight, the model was tracked by redar to determine the flight
path. In addition, one 16-millimeter high-speed end two 16~millimeter
color cameras were used to obtaln motlon-plcbture records of the flight.

RESULTS AND DISCUSSION

In order to calculate the response of the model with the gyro-
actuated control system, it wes necessary to make the assumption thet
the control motion was in phase wlth the rolling motion. The use of
this assumption simplified the roll equation of motion so that an
anaelytlc solution could be applied without having to resort to a
graphical analysis. The method used to calculate the response of the
model to a disturbance is shown in the appendix. For this enlysis,
the values of the demping moment due to the rolling velocity L¢ and

the rolling moment due to alleron control deflection Lsa were obtained

from the 7- by 10-foot wind-tunnel tests of the model. The moment of
Inertia weas experimentelly determined. A plot of the calculated response
of the model to a roll displacement of 10° is shown in figure 5 as
functions of the control gearing ratio K for a theoretlical flight

Mach number of O0.6. From the plot of the curves in figure 5 it can

be seen that increasing the control gearing ratio tends to incresase the
operating frequency without affecting the demping of the system.

Wind-Tunnel Tests

The wind~tunnel tests were conducted for the mo@el-autopilot
combination through a Mach number range of 0.5 to O0.T. The tests
were made through the speed range for each cem instellation so that
the effect of varylng the control gearing ratio could be verified.
During the test runs, the model wes displeced in roll by menually
applying & rolling moment through c&bles attached to the wing tips.
Records of the return of the model to its zero roll reference from the
displaced position were teken and are shown in figure 6. During the
tests, the model dld not trim at the zero roll reference but at en
angle of bank at which the moment due to the control deflection coun-
teracted the moment due to model misalinement. For the test runs
shown in figures 6(a), (b), and (c), trim corrections could be estimated
from the date and the theoretical response curves plotted include these
corrections.
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Also affecting the response of the model was the roughness of flow in
the test sectlon of the tunnel due to the comparatively large model size.
This gust condition disturbed the model in some of the teghs to the extent
that the results could not be compared with a theoretical analysis. In
figures 6(d) and (e), the resulte indicate that a gust disturbed the model
during the response and no accurate estlmate of the trim correction could
be made. The theoretlcal curves In these cases were calculated having
no trim corrections.

Comparison of the theoretical with the experimental response curves
shows the osclllating frequency of the model to be hlgher than predicted
in the theoretical analysis which Indicates that the value used for ZKLg,

mey have been too low. As K 1is a constant dependent on the cam employed,
the discrepancy of the oscillating frequency noted appears to be due to
the value used for Lg,. This is further substentiated in figures 6(b),

(a), and (o) because the frequency of the experimentel curves in these
flgures verles approximetely as the square root of KX, which is valid
when the frequency is determined from equation (8) in the appendix eand

the damplng term <;ﬁ. is neglected. . -
- _

Flight Tests

Test records end motion plctures of the flight showed that the
launching was smooth, and the model asttained an sltitude of ebout 460 feeb
before booster burn-out and separstion. The profile view of the take-
off of the model was obtalned from the radar data snd is shown in
figure 7+ The horizontal control surfaces were designed for combined
elevator end aileron controls and for this test & 2.5° up-elevator control
setting in -these control surfaces caused the model to fly in a flattened
projectlile trajectory for approximately 35 seconds.

The telemseter record indiceted that the pulse mechanism failed in
operation 9 seconds prior to firing, and the vertical alleron controls
remained &t zero deflection. Of the remeining chennels, the rate~of-roll
indicator opersted improperly, eand the entire telemoter failed after
T+8 seconds of flight. However, sufflclent data were obtalned to show how
the autopllot operated during boosted £flight snd for a short pericd of time
after sustainer ignition. The deta obtained from the telemeter record,
presented in Tigure 8, show that there was a slight roll oscillation during
boosted flight and imnediately after the sustainer was ignited. This oscil-
lation damped out at approximately L.2 seconds, and the model flew with the
left wing down &bout 2° after this time. The maximum alrapeed attained was
660 feet per second which was equivalent to a Mach number of 0.577.

For these tests, the over-all telemeter accuracy 1s based on the
meximm renge of the individual chemnels. For the angle-of-bank chamnel,
telemeter accuracy was #0.79, while the accuracy of the total horizontal
alleron deflection was +1.2°. The error involved in reading up the record



therefore could be'of the megnlitude glven &bove. However, the relative
error of the point-to-point resd-up of the Individual channels wes 0 .2°

for the angle of bank and the total alleron deflection records. By
comparing the eangle of bank and the alleron~control-deflection records,

it can be seen that they were operationally in phase. No evaluation on

the control gearing ratio could be mede as Tailure of the pulsing mechanism
reduced the disturbance to values where the telemeter accuracy limlted the
ebility to compare the roll disturbance to the amount of control deflectlon.

NACA RM No. LgB2ha . JONPIDENTTAT: - 7

For the remainder of the flight, elthough no telemeter daba were
avallable, the motlon plctures showed no discernible roll.

CONCLUDING REMARKS

The gyro-actuated control system appears to be a practicel method for
obtaining roll stabilization of & subsonic pllotless alrcraft. Wind-tunnsl
and flight tests show that the system is one in which the control response
is In phase with the model displacement. In order to apply the system to a
supersonic vehicle, an analysis of the system would have "“to be made in which
the equations of motion would be evaluated for the specific vehicle at the
deslred operating velocity. In any case, the degree of stabllity of the
model-autopilot comblnation would be a function of the amount of aerodynamic
demping and the control effectiveness of the model. Additionsl trials of
this system, particulerly 1n supersonic vehicles, appsar warranted.

In application of this system, the control-surfece hinge moment of
the test vehlcle determines the output requirements of the torque motor,
while the precesslion rate of the gyroscope caused by this hinge moment
determines the reguirsd response characteristics of the torque motor.

Langley Aeronsutical Lsboratory
National Advisory Commlittee for Aeronautics
Langley Alr Force Base, Va.
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APPENDIX

METHOD FOR CALCULATING THEORETICAL ROLL RESPONSE

OF MODEL WITH A GYRO-ACTUATED CONTR)L SYSIEM

The autopilot was designed with lnterchangeable cams to obtain selective

proportionality between the angle of bank and control deflection. Each cam

maintained its control gearing ratio between the 1limits of 120° total aileron
deflection. At these limits, the aileron deflectlon remasined constant with
increase in asngle of bank. In order to represent this in the analysis, the
equations were set up for the following conditlions:

Condition 1 - Constant alleron control; &, = 20°

Condition 2 - Proportion aileron control; By = -KjJ

In addition, the assumptlon that there was no phase shlft between
the engle of bank and the control deflection was made.

In order to correct the results for constructlion misalinement which
caused an out-of-trim rolling moment Lp +to be imposed on the model

during the tests, it was necessary that the trim angle ¢T be obtained

from the test records. From this information the out-of-trim moment was
calculated to Dbe

Ly = ki, | (1)

The equetion for the roll response of the model for one degree of
freedom is .

Iy 070 - 1§ Df - Bylp, - Ly = O (2)
Solution of thie equation for condition 1 ylelds
8. Le + : .
=<35:¢_2LT>I= B?;'t-éét-l + 4, (3)
» x )

w = 88.]:'5a, + I'I' e%‘b -1 (ll-)
Iy o

w=GONF IDENTTAL /
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For condition 2, equation (2) takes the form
(IXD2-1¢D+H.5&¢=IT (5)

which has as 1its solution

e ) (i B @

where
A= - 2%; (7)
KLy, .
_1 a_(1g
3—2 I - (8)

and @e and D¢e. are determined from the end conditlons obtained from
equations (3) and (4) of condition 1.

From equation (6) a plot of ¢ eagainst time can be made for the
condition where the aileron deflection is proportionel to the angle of
bank. Using this, combined with a plot of equation (3), the entire plot
- of the roll response of the model can be obtelned, examples. of which are
shown in figure 6.

The quantities used in the foregolng calculations are as follows:
¢ angle of benk, radlans

¢, initial angle of bank, radisns

¢o Tinal angle of bank determined from condition 1, radians
@$p trim engle of benk, radians

total alleron control deflection, radians
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rate of change of rolling moment wilth total aileron control deflectlon, h
foot-pounds per radisn oL, ' ' ' v
aaa_ ' : :

rate of change of rolling moment with angular rolling veloclty, foot-

pounds per radian per second <-%‘-¢7>

out-of-trim moment, foot-pounds
moment of inertla about longlitudinal body axis, slug-feet2
natural logarithm (2.7183)

time, seconds

3}
control gearing ratio (K = - ..aa.)

differential operator <%) "

‘|

constants

Mach numbex
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PHYSICAL DIMENSIONS OF TEST VEHICLE

Model welght, pounds:
For Wind.-tumel tests o e ¢ o e o o

For £light test, loaded « « ¢« ¢ « o &

Booster Weight, Pound.s e o s o o e o =
Wing:

Area, square feet (including Puselage)

Span, feet
Aspect ratio « .
Alrfoll sectlon .
Root chord, inches
Tip chord, inches
Taper retlo « « o
Mean asrodynamic chord, inches
Sweepback, 25-percent chord, degrees
Inclidence, dogrees « ¢ « o « s ¢ o o

Wing losding (model only), pounds per square

Control surface:

Type
« Span, percent wing span (plan) « « .

Chord, percent wing chord at inbosrd end
Chord, percent wing chord at outboard end

selage:
I:eng‘bh,inches--........-
Maximum dlemeter, inches « « « « «

Center-of-gravity location:
Behind nose of fuselage, inches . .
Above center line of model, inches:
For wind-tunnel tests ¢ « ¢ « o« &
For fligh'btest ¢ 6 4 ¢ o e @ o

Rolling moment of inertia I, slug-feet?:

For wind-tumnel tests . « « « o « &«
For flight test

1L

192
468

hoo
7.13

5.72
k.58

NACA 16-009

21.88
6.09
0.278
15.70
b

0
65.7

Plain flap

23
15.7
26.7

120
20
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