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SUMMARY

The roll automatic pilot investigated operates on a nonlinear prin-
ciple, termed the frontlash principle, whereby a dead spot is incorporated
in the servomotor feedback linkage to obtain an effective rate signal by
reducing the phase lag of the servomotor. By application of the front-
lash principle, the servomotor feedback linkage improves the servomotor
phase response in a manner similar to that which would be obtained with
the use of a rate gyroscope. However, the servomotor travel resulting
from a given position-gyroscope displacement is decreased when the front-
lash feedback linkage is used. Although the present application was for
a roll automatic pilot, its application to other control systems appears
feasible.

The results of this investigation  indicate that the frontlash auto-
matic pilot has promise as a pilotless-aircraft stabilization system.
Laboratory tests of the system conducted on a roll simulator show that,
in a certain range of simulated aerodynamic parameters, the nonlinear
frontlash automatic pilot has a higher degree of stability than a com-
parable linear system. However, the transition from a stable to an
unstable autopilot-aircraft combination appears to be more rapid with
the nonlinear system. The results and applications in connection with
the roll-simulator tests indicate that there are limitations in applying
linear methods of theoretical analysis to systems having nonlinear
components.

INTRODUCTION

As part of the general research program for testing various means
of automatic stabilization, the Pilotless Aircraft Research Division of
the Langley Aeronautical Laboratory has been conducting an investigation
of various autopilot systems. Since this general research program is
not limited to linear systems, an autopilot was designed to operate on

1Su.persedes declassified NACA RM L9F15a.
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a nonlinear principle, termed the frontlash principle, which employs a
dead spot in the feedback linkage between the servomotor and the gyroscope
base reference as a means of obtaining a leading control signal. The
design of the autopilot is based on reference 1 and the purpose of this
investigation is to determine the effect of frontlash on the amplitude
and phase responses of the system. Roll-simulator tests of the frontlash
autopilot were also conducted in the Instrument Research Division of the
Langley Aeronautical Laboratory in order to confirm the possibility of
stabilization of pilotless aircraft with this type of automatic pilot,
and an attempt to bracket the useable range of this autopilot has been
made by plotting the degree of stability as a function of the aerodynamic
parameters.

SYMBOLS
o) servomotor movement, in.
0 oscillating-table displacement, deg
K control-amplitude ratio, K = %, in./deg
€ phase angle, deg (positive value indicates lead of & ahead of 9)
w angular frequency of oscillation, radians/sec
o7 total aileron displacement, deg
¢ angle of roll-simulator displacement, deg
¢ rolling angular velocity, d¢/dt, radians/sec
Ly, rolling moment due to aileron deflection, OL/d8g, ft-1b/radian/sec

L¢ damping moment due to rolling velocity, OL/d@, ft-lb/radian

I, moment of inertia about longitudinal body axis, slug-ft2

SC stability coefficient, a measure of degree of stability as defined
in reference 2. (Value of this coefficient is unity for a highly
damped (dead-beat) oscillation, zero for a steady-state oscilla-
tion, and negative for an unstable oscillation. Inset in fig. 14
shows method used to evaluate stability coefficient.)

an amplitude peaks in transient response used in defining stability
coefficient (fig. 1k4)

L rolling moment, ft-1b

t time, see
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APPARATUS

Autopilot

The frontlash autopilot system used in this investigation consists
of the two-gimbal alr-driven displacement gyroscope from a German V-1
autopilot and a Jack & Heintz pneumatic servomotor (hereinafter to be
referred to as servo).

The system operates as follows: In the case of an airframe being
displaced about the gyro axis, an air Jet, which is linked to the outer
gimbal of the gyroscope by means of a cam, is directed towards either
of two pickoff holes, which are connected to a 0.025-inch phosphor-
bronze diaphragm by rubber tubes. This diaphragm is linked to the
gslide valve on the servo in such a manner that a differential pressure
on the diaphragm actuates the slide valve which, In turm, causes move-
ment of the servo piston for corrective control. A block dlagram of
the autopilot system is shown in figure 1. The autopilot also utilizes
a mechanical feedback linkage between the servo piston and the Jet
pickoffs, which are capable of linear movement in the plane of Jet _
rotation, as a means of effectively changing the gyro base reference.
Dead spot for obtaining a leading control signal was incorporated in
this feedback linkage by two methods and the results of tests on each
were analyzed.

The first method of bullding dead spot into the system is shown in
figure 2(a), where a dead spot of 0.021 inch is obtained by employing a
simple loose link, and the static variation of servo position with
oscillating-table displacement for a system of this type is shown in
figure 2(b). The second method utilized a tension-compression spring
and adjustable stops to obtain dead spot in the feedback linkage, as
shown in figure 3(a). The relation between servo position and
oscillating-table displacement for the spring system under static
conditions is shown as a plot of & against 6 1in figure 3(B) .
Although the curves contained in figures 2(b) and 3(b) show the static
relation between & and 6, different relations are obtained under
dynamic conditions. Photographs of the two frontlash autopilot systems
are shown in figure k.

Equipment

An oscillating table capable of producing sinusoidal oscillations
up to 5 cycles per second and with amplitude adjustments up to *15° was
used to obtain data for the amplitude- and phase-response tests.
Position recorders were attached to the table and to the servo in order
to record table motlion and servo position as functions of time.
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An electro-mechanical roll simulator was used to approximate the
value of the frontlash autopilot as a means of pilotless-aircraft
gstabilization. With this instrument it is possible to estimate the
stability characteristics of an autopilot-aircraft combination in roll.
The automatic pilot is mounted in a cradle which simulates the combined
behavior of an aircraft and automatic pilot when acted on by specific
values of the following aerodynamic parameters:

Lag rolling moment due to aileron deflection
Ld damping moment due to rolling velocity
Iy moment of inertia about the longitudinal body axis

RESULTS AND DISCUSSION

Preliminary Consilderations

Preliminary tests were conducted to determine the effect of the
following components on the amplitude and phase responses of the auto-
pilot system:

Jet-pressure setting.- The magnitude of the Jet pressure is
limited because too high a Jet pressure causes & high-frequency servo
hunting oscillation at zero gyroscope reference attitude. However, if
the Jet pressure is too low, the servo piston travel, which varies with
the magnitude of the Jet pressure, will not be sufficient to move the
feedback linkage through the dead spot at low values of table-
oscillation amplitude. During this condition the lead sense of the
system is ineffective because the Jet pickoffs do not move. It seems
desirable to have the Jet pressure high enough to make the amplitude of
table oscillation at which the frontlash is not effective in the order
of #1°. On this basis, the Jet-pressure settings obtained for this
investigation were 3.5 psi for the loose-link system and 3 psi for the
spring system. Figure 5 shows the variation in the loose-link-system
servo response between a Jet pressure of 1.5 and 3.5 psi. Although the
response is more erratic, the higher jet pressure 1is desirable because
the servo motion appears to lead the table motion at 3.5 psi.

Dead-spot size.- A high-frequency hunting oscillation at zero
gyroscope reference attitude also results from too great a dead spot.
However, in order to get the maximum effect from the dead spot, 1t is
desirable that it be as large as possible. Using the values of Jet
pressure (3.5 and 3 psi) given in the preceding paragraph, the sizes of
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dead spot at which this high-frequency oscillation started
were 0.03 (#0.005) and 0.025 (*0.005) inch for the loose-link and
spring system, respectively.

Bell-crank pivot point.- The bell-crank pivot point can be varied

by moving the pivot bolt to the different holes in the bell crank which
can be seen in figure 4. The range of pivot ratios investigated was
ags follows:

Toote-10nk ByBbam » v v 5 o » v 0 b 5 e e s e ew sue ey BOUED DURG
B R BYBLel o o ¢ . s eie U e e e SR Ee e et pR e R e G D

However, the position of the pivot point in these ranges did not seem
to affect the response of the servo to the extent that it was affected
by the Jet pressure and the dead-spot size.

Jet-pickoff damping.- Some demping was imposed on the Jet-pickoff

motion by using an adjustable spring pressure to produce a variable
amount of friction on the block containing the pickoff holes. This
arrangement made it possible to use larger dead spots and jet pressures.

The results of the preliminary investigation on the foregolng
components indicated that the combination of a dead spot of 0.021 inch
with a Jet pressure of 3.5 psi for the loose-link system and a dead
spot of 0.016 inch with a Jet pressure of 3 psi for the spring system
would yield the best autopilot response characteristics and therefore
these values were used for the amplitude- and phase-response analyses.
The position of the bell-crank pivot point, which corresponded most
favorably with these values, is shown in figures 2(a) and 3(a).

Autopilot Amplitude and Phase Response

The amplitude- and phase-response curves were obtained from a
graphical analysis of the oscillating-table records, whereby the servo
motion is approximated by an equivalent sine wave, as defined in refer-
ence 3. Using this method, the amplitude and phase responses were
measured for table-oscillation frequencies of O to 5 cycles per second
and for a range of table-oscillation amplitudes of *1° to *11°.

The German V-1 displacemsnt gyroscope was first tested without
dead spot by disconnecting the servo feedback linkage and fixing the
position of the Jet-pickoff block. Figure 6 gives the response of the
autopilot system without dead spot to table-oscillation amplitudes
af £3.112 and 17.3ho with a Jet pressure of 3.5 psi. The response
curves contained in this figure will serve as a comparative basis for
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the results of the tests using dead spot in the feedback linkage
from the servo to the Jjet pickoffs.

Loose-link system.- The amplitude and phase responses of the loose-
link system with a dead spot of 0.021 inch and a Jet pressure of 3.5 psi
are presented in figure 7 for the range of table amplitudes and fre-
quencies. It can be seen that, except for an amplitude of *1.21° where
the servo travel is not sufficient to move the feedback linkage through
the dead spot, the phase response has improved to the extent that the
servo motion leads the table motion at the lower frequencies, and at
approximately 5 cycles per second the servo lag is in the order of 109
or less as compared to a lag of 50° or 60° at the corresponding fre-
quency without the loose link, figure 6. An examination of the control-
amplitude-ratio curves in figure 7 indicates that a decrease in servo
effectiveness accompanies the use of the loose-link system. It was
also noted that the use of this type of feedback linkage restricted the
gservo movement to a certain maximum displacement, depending on the Jet-
pressure setting. For a Jet pressure of 3.5 psi, the servo movement was
limited to approximately 60 percent of its maximum throw regardless of
the oscillating-table amplitude or frequency-.

Spring system.- The use of a spring and adJjustable stops in the
linkage from the servo to the Jet pickoffs was devised as a means of
allowing the servo motion to continue after the Jet pickoffs have moved
through the dead spot. This arrangement made it possible to obtain full
servo travel at extreme oscillating-table amplitudes. The amplitude and
phase responses of this system with a dead spot of 0.016 inch and a Jet
pressure of 3 psi are presented in figure 8 for the range of table
emplitudes and frequencies. The amplitude-response curves indicate that
the servo effectiveness is about the same as for the loose-link system,
although a somewhat smaller Jet pressure was used.

In general, the spring-system phase response shows conslderable
improvement over a system without dead spot, although it is not quite
as much as that obtained with the loose-link system. At an amplitude
of i1.18°, however, the phase response does not appear to drop off as
sharply as at the corresponding amplitude with the loose-link system.
An explanation for this is that, although the servo motion is not
sufficient to move the feedback linkage through the dead spot at this
low amplitude, there is some follow-up motion of the Jet pickoffs due
to the tension-compression spring link between the bell crank and the
pickoff block-.

The phase-response curve at an amplitude of 12.920 shows lead in
the order of 40° to 50° at the higher frequencies. A rigorous explana-
tion for this result is not known because the system is nonlinear.
However, the pictorial representation of typical response curves at an
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amplitude of i2.920, presented in figure 9, shows that at a low fre-
quency the servo response is nonsinusoidal and becomes smoother and loses
its lagging component as the frequency increases.

A presentation of the type of response obtained for a table-
oscillating frequency of 2 cycles per second uging the spring system is
given in figure 10. The curves of this figure show typical examples of
the nonsinusoidal servo response obtained because of the nonlinearities
of this system. However, at amplitudes above *3°, except for a slight
reversal of servo piston travel caused by the movement of the Jjet
pickoffs, the servo response appears to be proportional to and approxi-
mately in phase with the oscillating-table motion.

Roll-Simulator Tests

The test setup for the roll-simulator tests i1s shown in figure 11.
With the use of this equipment it is possible to simulate the aero-
dynamic derivatives and record the closed-loop transient response of an
aircraft-autopilot combination to a disturbance in roll.

Roll-gimulator tests were conducted on the spring-system autopilot
in order to determine its value as a possible means of pilotless-
aircraft stabilization. The preference for the spring-system autopilot
in these tests was mainly due to the limit set on the maximum servo
displacement when the loose-link system was used. The values of the
aerodynamic parameters used for setting the roll-simulator constants
in the initial phase of this investigation were as follows:

Loy, foot-pounds per radiam . « « « « o ¢ ¢ 0 o 00 .00 e e . LoT7
Ly, foot-pounds per radian per secomd . . « « ¢ . o . ..o o. .. ~3. 67
: P BRRRPEOtET o s o s o Tl s B e B e s e enertl L

These values were obtained from the wind-tunnel data at Mach number 0.6
for the test vehicle of reference L.

A frequency-response analysis of the spring-system autopilot for
oscillating-table amplitudes of +1.18°, +2.920, and +6.82°, based on the

foregoing values of Lsa, Ig, and Iy and the assumption that % inch of

servo travel is equivalent to 20° total aileron deflection, is presented
in the form of Nyquist diagrams in figure 12. The Nyquist method of
frequency-response analysis and the criterions for stability are out-
lined in references 5 and 6. An examination of the Nyquist plots
indicates that an unstable ogcillation should occur between an amplitude
of 12.920 and #1.18° because neutral gtability exists at approxi-~

mately +2.92°, and at t1.18° the Nyquist curve encloses the critical
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point (-1, -180°). However, the results of the roll-simulator tests
employing these same conditions did not indicate that an unstable
oscillation existed but that the response of the autopilot-aircraft
combination to a disturbance in roll was highly damped. A possible
explanation for the discrepancy in the results of the two methods of
analysis 1s that the method of evaluating the oscillating-table data,
which is based on approximating the servo response with an equivalent
sine wave, may not be valid when the servo response differs from a sine
wave to the extent that it does with the spring-system autopilot at an
oscillating-table amplitude of approximately +3°. These results give
an indication of what can be expected when using a linear msthod of
analysis such as the Nyquist method for a nonlinear system.

Further roll-simulator tests were conducted for other values.
of Lbdg and L¢- An examination of the results of these tests, which
are presented in table I, indicates that the autopilot-alrcraft combi-
nation tends to become unstable as the value of L8g 1Increases or as
the value of Lgj decreases; thus, the range in which the frontlash
autopilot could be used as a possible means of pllotless-aircraft
stabilization is limited. At values of Lsa = 1063 and Lg = -38,
the stability is marginal, as is indicated by the low value (0.023)
of the stability coefficient. The transient response of the simulator
cradle demped to an erratic +1.5° oscillation after 3.4 seconds. This
steady-state oscillation stopped after 8.5 seconds had elapsed, but a
slight outside disturbance would cause i1t to continue. This type of
instability was predicted for an L®g of L4OT7 foot-pounds per radian,
based on the Nyquist diagrams, and the probable reason for its occurring
at the higher value of Lg, 1s explalned in the preceding paragraph .

A comparison of the calculated transient response of a proportional
autopilot having a control-gearing ratio of 2° total aileron deflection
per degree angle of bank (reference 4) with the response of the spring-
gystem autopilot to a 10° displacement of the roll-simulator cradle,

which gave a servo displacement of approximately % inch, is given in

figure 13. Comparing figures 13(a) and 13(b) on the basis of holding
the value of Lg, constant while varying I@ indicates that the effect
of aerodynamic damping on the response time is not as pronounced with
the use of the frontlash autopilot. The principal reason for the more
rapid response time at the higher values of Id with the nonlinear
autopilot is that the servo receives a stronger initial signal due to
the movement of the Jet pickoffs. It i1s also apparent that the response
of the frontlash autopllot does not become as oscillatory as the
response of the proportional autopilot with decreasing Ld in the range
investigated. Comparing figures 13(a) and 13(c) on the basis of
increasing Lgy for the same value of L¢ indicates that the
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nonlinearities of the frontlash system have magnified the amplitude of
the transient oscillations.

Figure 14 is a presentation of the roll-simulator results giving
the degree of stability as a functlion of the aerodynamic parameters.
The degree of stabllity i1s determined by evaluating the stability-
coefficient equation shown as an inset at the tép of figure 14. Lines
of constant values of stability coefficient are presented as plots
of Id/Ix against LaaIIx. When the values of these two ratios are

known, it is possible to determine the type of transient response and
the degree of stability that will be obtained with the use of the front-

lash autopilot. The reglion of high values of Lsa/Ix to the right of
the SC = 0 1line represents unstable divergent response, a point
falling on or near the SC = 0 1line represeats neutral stability, the
region between SC = 0.3 &and SC = 1 represents stable transient
response, and the region to the left of SC = 1 represents stable but
overdamped transient response. From this figure it can be seen that,
for the same value of Id/lx, gstabilization of pllotless aircraft with
values of Laa/Ix above 130 is more critical with the frontlash auto-

pilot because in the region shown there is a rapid transition from a
stable to an unstable transient response due to an increase in Lsa/Ix.

The accuracy of the upper portion of the lines of constant stability
coefficient is limited because the electrical output of the roll
simulator becomes nonlinear in this range, thus causing increased
inaccuracies in simulation of the aerodynamic parameters. The over-all
accuracy of the roll-simulator results is estimated to be within

20 percent.

CONCILUSIONS

The two automatic-pilot systems tested in this investigation
operate on a nonlinear principle whereby a dead spot is incorporated in
the servomotor feedback linkage. The conclusions arrived at as a
result of the tests conducted on these automatic-pilot systems are as
follows:

Both of the methods of applying the frontlash principle improve the
phase response of the servomotor in a manner similar to that which would
be obtained with the use of a rate gyroscope. However, the servomotor
travel resulting from a given gyroscope displacement is decreased when
the frontlash feedback linkage is used.

The results of the roll-simulator tests indicate that the frontlash
automatic pilot has promise as a pilotless-aircraft stabilization
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gystem. In a certain range of sirmlated aerodynamic parameters, it is
shown that the nonlinear frontlash automatic pilot has a higher degree
of stability than a comparable linear system. However, the transition
from a stable to an unstable autopilot-aircraft combination appears to
be more rapid with the nonlinear system.

The results and applications of the roll-simulator investigation also
indicate that there is a need for study of the methods for handling non-
linear components in an automatic-pilot system. Although it may be useful,
the application of linear methods to systems having nonlinear components
will not usually give the accuracy required for the evaluation of an auto-
matic pilot.

Langley Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va., July T, 1949.
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TABLE T

RESULTS OF ROLL-SIMULATOR TESTS FOR VARIOUS VALUES OF Ly, AND L¢

E}sults based on transient response to 10° displacement in rolgl

Time Amplitude Frequency
Lsg Ly i Stability p to damp of of
(ft-~1b/rad) (ft-1b/rad/sec) (slug-£t°) coefficient, to 0° oscillation oscillation
RG (sec) (deg) (cps)
407 -29 6.95 0T ORCE R == -——
776 -29 6 .95 .199 1.33 | ee--- 1559
890 -29 6.95 167 3.1 | e 2.07
993 -29 6.95 0 -—-- +18 1.87
1063 -29 6.95 0 ---- +26 1.62
Lo7 -38 6.95 .729 55 | —eeee ———
619 -38 6 .95 460 600 S = _—
776 -38 6.95 .307 1.10 | i ee--- 3285
1063 -38 6.95 .023 8.50 +1.5 2.27
1170 -38 6.95 0 -—-- +19 2.18
Lo7 -56 6.95 il 26 | meee- ——
776 -56 6.95 .373 N —==i
1063 -56 6.95 .196 2,50 | 0 -=--- O
1066 -56 6.95 Atz FENTe o il & Seecee 2.29
1108 -56 6.95 0 - +14 .5 2.28
1254 -56 6.95 0 -==- +20 ST
Lo7 -69 6.95 il B _——
776 -69 6.95 .600 B 1) s AR S e ——
1063 -69 6.95 .198 1Ly I R S 2.17
1141 -69 6.95 .087 3.70 | ee=-- 2.56
1254 -69 6.95 0 ——— +19 2107
Lo7 -75 6.95 il B fee e ———
776 ~75 6.95 .605 1 -—--
1063 -75 6.95 .350 1.10 | @ =---- 2.50
1170 -75 6.95 167 3.63 | @ ae=e- 2.65
1254 =75 6.95 0 -—-- 14 2.58

8The value of this coefficient is umity for a highly damped (dead-beat) oscillation, zero for a steady-state
oscillation, and negative for an unstable oscillation.
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Figure 2.- Loose-link system.
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(b) Schematic representation of the static variation of servomotor

position with oscillating-table displacement for the loose-
1link system.

Figure 2.- Concluded.
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(b) Schematic representation of the static variation of servomotor
position with oscillating-table displacement for the spring
system.

Figure 3.- Concluded.
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feedback linkage.

Figure 4.- Oscillating-table installations of the two
frontlash autopilot systems.
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Figure 8.- Amplitude and phase response of frontlash autopilot with spring
in jet-pickoff feedback linkage to various table-oscillation amplitudes
using a dead spot of 0.016 inch and a Jet pressure of 3 psi.
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Figure 9.- Type of response obtailned from frontlash autopilot with
spring in jet-pickoff feedback linkage at various frequenciles,
at a table-oscillation amplitude of #2.92°, jet pressure of 3 psi,
and dead spot of 0.016 inch.
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a Figure 10.- Type of response obtained from frontlash autopilot with a
spring in Jet-pickoff feedback linkage of various amplitudes of
table oscillation, at a frequency of approximately 2 cycles per
second, jet pressure of 3 psi, and dead spot of 0.016 inch.




Figure 11.- Roll-simulator installation of the frontlash autopilot with tension-compression spring and
ad justable stops in the servomotor feedback linkage.
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Filgure 12.- Nyquist diagrams for lateral roll oscillations of $1.18°,
12.929, and #6.82° based on test vehicle with aerodynamic derivatives
3 of Lg, = 4o7 ft-lb/radian,'La = -37.67 ft-1b/radian/sec,
and Iy = 6.95 slug-ft2.
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Figure 13.- Comparison of calculated transient response of proportional
autopilot with the response of the spring-system autopilot to
a 10° displacement of the roll-simulator cradle. Iy = 6.95 slug-f‘te.
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Figure 14.- Results of roll-simulator tests on spring-system autopilot giving the degree of stability
as a function of the aerodynamic parameters.

no
=




