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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS
RESEARCH MEMORANDUM

ROCKET-POWERED FLIGHT TEST OF A ROLL-STABILIZED
 SUPERSONIC MISSILE CONFIGURATION

By Robert A. Gardiner and Jacob Zarovsky
SUMMARY

The results of a flight at supersonic speed of an automatically
roll-stabilized rocket-powered model incorporating a gyro-actusted
control system in combination with wing-tip ailerons are reported. The
autopilot consisted of a gyroscope directly coupled to the ailerons, the
hinge-moment torque belng supplied by an auxiliary torque motor which
operated to precess the gyroscope to its centered position.

It is concluded that the combination of wing-tip allerons and gyro-
actuated control system 1s a satisfactory method of obtaining roll
stabllization during zero-lift supersonic flight and that the method of

calculating rolling response by using a single-degree~of-freedom equation

is valid for zero-lift £light.
INTRODUCTION

The Pilotless Alrcraft Research Division of the Natlonal Advisory
Committee for Aeronautics has undertaken a series of automatic-
stabilization tests. The object of the flight test reported herein
was to test the gyro-actuated control system in combinstion with wing-
tip ailerons at supersonic speeds. The autopilot consisted of a gyro-
scope directly coupled to the allerons, the hinge-moment torque being
supplied by an auxiliary torque motor which operated to precess the
gyroscope to its centered position. The autopilot combines mechanlcal
simplicity and essentiglly zero-lag operation over a range of operasting
conditions. This autopilot 1s of the same type as the one used to
stabilize successfully a subsonic misslle model as described in
reference 1.

In order to test this roll-stabilization system in zero-lift super-
sonic flight, the measured autopilot characteristics were combined with -
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the estimated aerodynamic and mass charascteristics of the missile model
for preflight system analysis. System redesign was based on the analysis.
The improved system was first bench test=d, then tested in free flight.
An auxiliary pair of ailerons was pulsed in a "square-wave" pattern to
provide roll disturbances in flight so that the stabilization-system
performance could be determined. -

The rocket-powered model was launched at the Langley'Pilotless
Aircraft Research Statlion &t Wallops Island, Va.

SYMBOLS

t time, seconds (zero time for flight records is from time of
booster rocket firing)

X alrframe axis coinciding with body center line

Y alrframe gxis which passes through center of gravity and lies
in plane of horizontal wings _

Z airframe axis which passes through center of gravity and 1s
perpendicular to X- and Y-axes -

Ix moment of inertia about the X-axis, slug-feet@

Ty moment of inertia about the Y-axis, slug-feet?

Iz, moment of inertia about the Z-axis, slug-feet?

Sy wing area in one plane bounded by extension of leading and

trailing edges to center line of model, L4.1 square feet

body frontal area, 0.35 square foot

5S¢ = 28y

c wing chord, 1.77 feet . : = ' R —
b wing span, feet |

v velocity, feet per second

a dynamic pressure, pounds per squere foot (%?pV%)

o density, slugs/cubic foot
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D, P

angle of attack, positive when body axis is above relative
wind vector, degrees

roll angie, positive 1n roll to right, degrees

roll angular velocity, positive to right, degrees per

gecond (g%)

error signal C¢i - @0)

total differential aileron angle, positive when trailing
edge of right aileron is down, degrees

rolling moment, positive to the right, subscripts ‘cb and
8y refer to variation of rolling moment with ¢ and B8,

QL and §L--, respectively, foot pounds

% 38,

variation of rolling-moment coefficient with aileron angle
( L, ! :
QSyb

variation of rolling-moment coefficient with rolling-angular-~

B

b
Sib|—
wsto(Z)
S}

control gesring ratio - static value of ?E

veloclty factor

pltching-moment coefficient
qSyc

Pitchingmoment)

variation of pltching-moment coefficient with angle of

oC
attack (-—39
do

frequency, radlans per second

Mach number

normsl acceleration, positive upwerd ( =

Linear acceleration)
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g acceleration due to gravity
Be elevator deflection, positive wlen trailing edge is down
Subscripts: | |
b - 22

2 . - _
'o : output
i input
L left alleron angle only
R right aileron angle only - -

METHODS AND APPARATUS

Model.- The sirframe used in the analysis and flight test described
herein wes an all-metal missile research model. A sketch of the
configuration and some physical properties are shown in figure 1. A
photograph of the configuration 1s included as figure 2. The canard
fins were fixed, and the wing-tip ailerons, figure 1(b), were movable.
One pair of allerons was used for control, being connected to the auto-
prilot through a mechanical linkage. The other pair of ailerons was
connected to a large solenoid through a spring return and differential
linkage and was pulsed in a square-wave pattern to provide roll
disturbances in flight. L. _

The model was equipped with an NACA six-channel telemeter. Informa-
tion telemetered included rate of roll, control-aileron position, total
head, static pressure, normal acceleration, transverse ascceleration,
and indications of pulse-slileron operation and sutopilot torque-motor

operation which were obtained by displacing the referende value of the o

static-pressure and acceleration channels. . R

The booster used to bring the model up to supersonic speed was
a 6000- pound-thrust, 3-second-duration, solid-propellant rocket. An
adaptor fitting on the front end of the booster assembly provided a
roll-free mounting for the model so thet out-of-trim rolling moments of
the booster would not affect the model during the boost phase.

Autopilot.~ The autopilot was designed to act under all conditions
to return the airframe to a trimmed-roll position, provided that the

W
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rolling moment avallable from the control ailerons was not. exceeded by
out-of-trim and spplied roll disturbances. The gutopilot, shown in
figure 3, consisted of a position gyroscope with two degrees of gimbal
freedom (directly conmnected to the control ailerons through a slotted
cam and rider) and an electric torque motor. The cam was arranged so
that in the usable control range the 1ift of the cam caused the sileron
deflection to be proportional to the roll angle and in such a direction
a8 to return the alrframe to a roll angle corresponding to the center
of the usable control range. Through this control range the autopilot
operation is described by the equation B, = -Kp, where K 1is a
proportionality factor and the minus sign denotes corrective control.

Qutside of the usable control range, constant ailleron deflection
is maintained since the cam has zero slope. The caem return (180° avay
from the useble control range) causes the aileron deflection to be
proportional to the roll angle; however, in this case the rolling moment
produced by the allerons causes the girframe to roll away from the cam
return. Thus, at all angles of bank the aileron deflection is of such
g sign as to produce a rolling moment which willl restore the airframe
to the center of the usable control range. The limits of control-
aileron deflection (the zero-slope portion of the cam) were set at +10°
since it wes estimated that this range would be sufficient to overcome
the rolling moment due to probable construction asymmetry and to the
pulsed aillerons. The proportionelity factor K has a strong influence
on the stability and transient performance of the roll-stabilized system.
The sdjustment of this factor is of primary importance. The value of K
equal to 0.6, which would produce satisfactory performance, was found
by the method shown in the appendix.

In the normsl operating sequence, when the model was disturbed
from its initiasl roll position, the autopllot caused the control
allerons to be deflected according to the description glven previously.
The presence of hinge moment on the allerons and friction in the
mechanical linksge then caused the imner gimbal of the gyroscope to
precess, the direction and rate of precession depending upon the mag-
nitude and direction of the torque applied to the outer gimbal by the
control allerons and linkage. Precession of the inner gimbal caused
a contact to be made which closed a relsy and energized the electric
torque motor. The torque motor then applied a counterscting torque
to the outer gimbal, csusing the inner gimbal to precess toward its
centered position.

An additional description of the operating principle of the suto-
pilot appears in reference 1. .
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Preflikht messurements.- Thé velues found in model preflight
measurements are shown below: } .

Model welght, 1b + « « + o o + o o o o o s o s o o o s o o « « & 158.5
Moments of inertia:
Igy, BIUGEEZ o o v v v v v e b e i e e e e e e e e e e .. . 0.8
Iy, STUE-FE2 o o o v v o o o o e e e e e e e e w3766
Ty, BIUE-FE2 o« v v v v 4 i e e e e e e e e e e e e . ... 37.16
Control gearing ratio, K v v « « o o v o o o s v v o v o o o o o 0577
Control-aileron no-load maximum deflections:
aa . . . . . . . . . . . . . . . . . ---. . . . o e . . )4.20 tO -50
) - 4.0° to -5°
a'R e 8 e e 8 & & 8 € 8 s =@ & s @& o .l ¢ e I. e o a . o -
Pulsed-aileron no-load deflections total angles: T
B « « ¢ o b ee e e e e e e e e e e e e e e e 4,250
Sa . . . . . . . . . . . . ¢« e . L] L] . e . . - . . L] . . . . -50
Period of pulse ailerons, sec/cycle . . « v & « o 0 o v o . 0T

Flight.- The model was launched at an angle of approximately 60°
from the horizontal. Normal drag separation occurred at booster burnout,
and the model coasted for the remainder of the flight. In addition to
the telemeter, radar tracking was employed to obtain flight data. Photo-
graphs were taken of the lsunching and a high-speed motlon~picture
camers tracked the model during the flight.

RESULTS AND DISCUSSION

Roll stabilization.- Sections of the telemeter record obtained from
_the flight test are shown as figures 4 and 5. Figure b4 is included as a
typical portion of record obtained in supersonic flight. It may be
noted that the control-aileron deflection remained constant for & portion
of a pulse half-cycle, indicating a roll angle greater than approxi-

o
mately %%— (17.3°) for this portion. Figure 5 shows the roll velocity

and control-aileron deflection records before, during, and after booster
separation. The time of separation is not apparent on these records
gince the roll-free connection of the mndel to the booster had only =a
emall effect on the model roll characteristics.

The fact that the ailerons and control gyroscope are directly
coupled through the sutopilot will allow the conversion of the measured
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alleron angle to roll angle through the use of the control-gearing-
ratio constant. This may be done and roll angle may be plotted from the
telemeter record except at those values of aileron deflection great
enough so that the cam follower is on the flat part of the cam. At
these large values of aileron deflection the roll angle cannot be
determined except by integrating the roll-velocity record. Attempts to
determinie the roll positlon by integration of roll velocity resulted in
poor asgreement with the roll position determined from the control-
alleron angle. This was due to the errors involved in Integration of
the roll-velocity telemeter record. The accuracy of the roll-velocity
record is estimated to be 10° per second. It can be noted that
successful roll stabilization was secured since the rolling-velocity
plot (fig. 4) tends to return to zero rolling rate near the end of the
pulse half-cycle in the case where the flat of the cam was reached.

The telemeter record showed that the model was roll-stebilized through-
out the boost phase of the flight, at booster separation - where the
maximum Mach number of 1.38 occurred, and in the speed region of
interest, that is, to a Mach number of 0.8. This stabilization was
obtained during essentlially zero-1ift flight.

It is possible to determine values of the damping-in-roll
derivative CZP and the roll-control-effectiveness derivative CZS :
a

for the configuration from portions of the record in which 8y = -Ko.

This wae done for each pulse half-cycle in which g sufficient number of

pesks occurred in the rate-of-roll record to allow reasonable accuracy.

The values of Clp and Czs . 8o derived are included as figure 6 and
-}

are compared with unpublished values found for a similar configurastion.

These values were obtained by using a different technique than the one

used herein and for a configuration with-the canard fins removed. The

roll-control-effectiveness derivative is presented as Cza . plotted
a,

against Mach number in agreement with the conventional aerodynamic
definition of the derivative. As a check, the derivatives determined
were substituted in the single-degree-of-freedom roll equation and the
system response to & pulsed-aileron disturbance calculated for a portion
of the record. The V and ¢q values used in the check celculation
were determined from the flight record at an average Mach number for

‘the pulse half-cycle. The calculated and experimentasl rate-of-roll
plots are in good agreement, as shown in figure 7. The conclusion mey
be formed that the calculations are valid for zero-lift flight.

Hinge moments.- The precessionsl veloclty of the control gyroscope
in a gyro-actuated control is directly proportional to the hinge moment.
Since this is so, 1t was thought that the frequency of torque-motor
pulsing would be proportional to hinge moment. A ground callbration
of the torque-motor-pulsing freguency against aileron hinge moment
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conflrmed this surmise. During the flight the actual hinge moments
from the wing-tip ailerons were small so that no quantitative measure
of hinge moment could be obtained. It was noted from the telemeter
record, however, that the hinge moment is very low in the speed.region
of M= 1.38 and increases as the velocity decreases.

Longitudinal stebility.- It was found thﬁt by using a single-degreé-
of-freedom equation a value of the static longitudinal derivative Cma

could be determined from the longitudinal oscillation which appeared on
the normal-accelerometer c el at booster separation (fig. 8). This
value was found to be -0.0%R per degree at an average M = 1.34. Since
the primary purpose of this research missile configuration is automatic-
stabilization work, the frequency response is of interest. By the use of
the method presented in reference 2, the longitudinal oscillation was
reduced to frequency-response form and is presented as such in figure 9.

Drag.- The drag of the canard model tes@ed is presented in figure 10
as a plot of drag coefficient (Cp) against Mgch number, For comparison

 purposes, the unpublished drag data for a conventional missile airframe

are included on the figure. The conventional airframe and the roll-
stabilized canard model hsve the same fineness ratio baédy, approximately
the same nose shape, and are of comparable size. The only appreciable
difference in the drag of the two configurations appears in the high-
subsonic Mach number range, where the canard model exhibits an earlier,
more gradual drag rise. Other unpublished dste indicate that this early
drag rise may be due to the thick tip section of the canard-model wing.

The conventional sirframe has a constant Y4-percent-thickness-ratio

wing, whereas the canard-model wing thickness ratio varied from 3 percent

at the root to 9 percent at the tip. The tip thickness was governed by
the required strength of the torque rods which actuated the wing-tip
ailerons and is inherent in the configuration.

It should be noted that the drag of the conventional eirframe was
determined from free-flight testing of a research model at zerc 1lift and
with zero control-surface deflection; the canard model was flown with an
average of about 10° of aileron deflection.




NACA RM LOKOla

CONCLUSIONS

As a result of the flight test 1t may be concluded that the use of
the combination of a delta-wing configuration equipped with wing-tip
allerons and gyro-actuated control system is a satisfactory method of
obtaining roll stabilization during zero-lift supersonic and transonic

flight.

The method of calculating rolling response by using a single-degree-
of-freedom equation for the autopilot and airframe is valid for zero-1ift

flight.

Langley Aeronautical Laboratory .
National Advisory Committee for Aeronautics

Langley Air Force Base, Va.
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APPENDIX
ANATYTICATL METHODS

_ The airframe and sutopilot combination was analyzed according to
servomechanism theory as a feedback system. The block diagram of the
gyetem 1s shown as follows:

s} (o) '
P1 € Autopilot 8 Airframe h

s C o

The airframe frequency response was calculated by making the
substitution D = iw in the single-degree-of-freedom roll equation

- ' d m
qJ(IX ¥ - Ly D) = Bgly, where the differential operator D = i The

values of the derivatives CZP and Cl& , were the best possible
21

estimates based on available wind-tunnel data for similar configurations.
The moment of inertia about the X-axis was estimated from the design
mees distribution. Estimated values of the parameters used in the
airframe frequency-response calculations are shown in table I.

The frequency response of the autopilot was measured from oscillating
table tests under several simulated hinge-moment loadings. The method
used in measuring the autopilot frequency response is that described in
reference 3. A photograph of the autopilot test setup is shown in
figure 11. _ . ;

Under no-load conditions, the autopilot frequency response was of
unilt amplitude and zero phase over the frequency range up to 20 cycles
per second. Under the maximum hinge-moment test conditions, it was
found that bending in the linkage caused n slight variation from the )
unit-amplitude, zero-phase response. Since the maximum simulsted hinge

moment was greater than that expected in flight and the freqpency-response'

varlation with hinge moment was small, the no-load response of the. auto-
pilot was used in the analysis.

The autopilot Initial design fixed the control gearing ratio at 1.0.
When the combined autopilot-airframe frequency response was plotited as g
Nyquist diagram it was found that, although stable, the amcunt of phase




NACA RM LJKOla 11

margin (reference Y4) was insufficient, this fact indicating a very oscil-
latory system transient response. The control geering ratio was then
reduced to 0.6; the resulting Nyquist diagram, shown in figure 12, had a
satisfactory phase margin and indicated an improved transient response.
As & final check the system transient response to a step input of

alleron deflection was calculated by the method of reference 2, which,

in this case, produced the somewhat erratic transient curve shown in

figure 13.
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TABLE T

p-reesrmp—ry e,
RO e AT

e
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s

ESTIMATED ATRFRAME PARAMETERS USED IN

PREFLIGHT SYSTEM ANALYSIS

Ty, slug-ft2 .« o . . o 0 . . .
Lgg, Tt-lb/radian. . . « « « « . . .« ...
Lo, ft-1b/radian/sec . . . . . . . . . .

Dy £ 0 v v v e e e e e e e e e e e e
V, Bt/sec « . v v v v i e e e e e e e
@, Ib/Et2 . . o e e e e e e

Note: By 1is the total differential angle

- ey N MR P
*_‘l_'__l\‘lllﬂh'l“

e e e 4 e e e e . . . 0.5
e e e e e e e e .. =l262
e e e e e e e e . =lo.22

c e e e s e s . . ... 3.08
P £ (%
S =X (Y]
. c e e e .. .. 1.8

of the control allerons.
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” Booster Assembly

(a) Model and booster configurations.

Figure l.— Dimensions of test missile model.
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Figure 3.— Roll Wﬂtmed in mimsile mcdel.
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Figure 5.— Portion of rate of roll and control—ailerori=position telemster
record at meximum flight Mach number and booster geparation. i
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. Figure 8.~ Portion of normal-sccelerometer-telemeter record showing transient oscillation..
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Amplitude response ,la'ydel
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Pigure 9.— Longitudinal fr'equency response as calculated from normal-
acceleration transient response. Aversge Mach mumber, 1.33. :
(Amplitude shown is an/dy divided by the static (o = 0) value

of &n/S.)
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Figure 12.— Nyquist dlagram of alrframe and autopilot combination in roll

utilizing calculated airframe frequency response and measured autopilot
frequency response. K = 0.6. Broken curve 1lndicates effect of 10° lag

in the control system caused by large hinge moments.
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Figure 13.— Calculated airframe-gnd-autopilot—system translent response
to a pulse alleron disturbance for preflight analysis.
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