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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM 

LABORATORY INVESTIGATION OF AN AUTOPILOT 'UTILIZING 

A MECHANICAL IINL4IE WITH A DEAD SPOT TO 

OBTAIN AN EBECTD/E RATE SIGNAL 

By Ernest C. Seaberg 

StJWARY 

The automatic pilot investigd. QpCrate on. q. nonlinear principle, 
termed the frontlash principle, whereby a dead spot Is incorporated in 
the servomotor feedback linkage to reduce the phase lag of the servo-
motor. By application of the frontlash princ'iple, the servomotor feed-
back linkage improves the servomotor phase response in a manner similar 
to that which would be obtained with the use of a rate gyroscope. How-
ever, the servomotor travel resulting from a given gyroscope displace-
ment is decreased when the frontlash feedback linkage Is used. 

The results of this investigation indicate that the frontlash 
automatic 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 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 In connection 
with the roll-simulator tests indicate that there are limitations In 
applying linear methods of theoretical analysis to systems having non-
linQar 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 
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operate on 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 inv-estigatio'n is to determine the effect of frontlash 
on the amplitude and phase respons3s 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 

B	 servomotor movement, inches 

e	 oscillating-table displacement, degrees 

K	 control-amplitude ratio, inches per degree (K = 

phase angle, degrees (positive indicates lead. of B ahead of 0) 

angular frepiencyofoscillatioñ, radians per second 

Ba	 total aileron displacement, degrees 

angle of roll-simulator displacement, degrees 

rolling angular velocity, radians per second (d/dt) 

LBa	 rolling moment due to aileron deflection, foot-pounds per 
radian (L/Ba) 

14	 damping moment due to rolling velocity, foot-pounds per radian 
per second (L/) 

ix	 moment of inertia about longitudinal body axis, slug-feet2 

SC	 stability coefficient, a measure of the degree of stability as 
defined in reference 2 (The value of this coefficient is 
unity for a highly dnped (dead-beat) oscillation, zero for 
a steady-state oscillation, and negative for an unstable 
oscillation. An inset in figure ]A shows the method used to 
evaluate the stability coefficient.) 
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APPARATUS

Autopilot 

The fronflash autopilot system used in this investigation consists 
of the two-gimbal air-driven displacement gyroscope from a German V-i 
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, a-j air jet, which is linked, to the outer 
gimbal of the gyroscope by means of a cain, 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 
slide valve on the servo in such a manner that a differential pressure 
on the diaphragm actuates the slide valve which, in turn, causes move-
ait of the servo piston for corrective control. A block dia'am of 
the autopilot system is shown in figure 1. The autopiio., 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 building 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 asystem 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 ô against e In figure 3(b). 
Although the curves contained in figures 2(b) and 3(b) show the static 
relation between b and 6, different relations are obtained under 
dynamic conditions. Photographs of the two frontlash autopilot systems 
are shown In figure 4.

Equipment 

An oscillating table capable of producing sinusoidal oscillations 
up to 5 cycles per second and with amplitude adjustments up to ±150 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 motion 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 
stabilization. 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: 

L 8	 rolling moment due to aileron deflection 

14	 damping moment due to rolling velocity 

Ix I	 moment of inertia about the longitudinal body axis 

RESULTS AND DISCUSSION 

Preliminary Considerations 

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 a 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 ±10 . On this basis, the jet-pressure settings obtained for this 
investigation were 3 . 5 psi for the loose-link syetem 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 is 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, it 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 Ii. . The range of pivot ratios investigated, was 
as follows: 

Loose-link system ......................3.86 to 14.9 
Spring system ........................2.88 to 9.33 

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 damping was imposed on the jet-plckoff 

motion by using an adjustable prin rore to produce a variable 	 - 
amount of friction on the block containing the pickoff holas. This 
arrangement made It possible to use larger dead spots and jet pressures. 	 - 

The results of the preliminary investigation on the foregoing 
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 0 to 5 cycles per second 
and for a range of table-oscillation amplitudes of ±10 to ±110. 

The German V-1 displacement gyroscope was first tested without 
deed 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 
of ±3.110 and ±7.340 w

i
th 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 jet picicoffs. 

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 ±1.210 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 100 
or less as compared to a lag of 500 or 600 at the corresponding fre-
queicy 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 
servo 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 adjustable stops In the 
linkage from the servo to the jet pickofTh was devised as a means of 
allowing the servo motion to continue after the jet pickoffs have moved 
through the dead. spot. This arrangement mad,e'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 
amplitudes and frequencies. The amplitude-response curves Indicate that 
the servo-effectiveness is about the seine as for the loose-link system, 
although a somewhat smaller jet pressure was used. 

In general, the spring-system phase response shows considerable' 
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 1.180, 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 - 
piOkoff block. 

The phase-response curve at an amplitude of ±2.929 shows lead in - 
the order of 40 0 to 500 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 ±2.92 0, presented. in figure 9, shows that at a low fre-
quency the servo response is nonsinusoidal, becoming smoother and 
losing 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 using the spring system is 
given in figure 10. The curves of this figure show typical examples of' 
the norisinusoldal servo response obtained because of the nonlinearities 
of this system. Rowever, at amplitudes above ±30, except for a slight 
reversal of servo piston travel caused by the movement of the jet 
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 is shown in figure II. 
With the use of this equipment ii.. Is pc1b]e to simulate the aero-
dynamic derivatives and record the closed-loop transient response of all 
aircraft-autopilot combination to a disturbance in roll. 

Roll-siintilator 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: 

Lôa, foot-pounds per radian 

14, foot-pounds per radian per second. 
L , slug-feet2 

These values were obtained from reference ii. from the wind-tunnel data at 
Mach number 0.6 for the test vehicle given therein. 

A frequency-response analysis of the spring-system autopilot for 
oscillating-table amplitudes of ±1.180, ±2.920, and ±6.820 , based on the 
foregoing values of L8, 14, and I and the assumption that inch of 
servo travel is equivalent to 200 total aileron deflection, is presented 
in the form of Nyq .uist diagram 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 oscillation should occur between an amplitude 
of ±2.920 and ±1.180 because neutral stability exists at approxi-
mately ±2.92 0 and at ±1.180 the Nyquist curve encloses the critical

407 
-38 

6.95 
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point (-1, -1800 ). 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 is 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 ±30. These results give. 
an indication of what can be expected when using a linear method of 
analysis such as the Nyqi.iist method for a nonlinear system. 

Further roll-simulator tests were conducted for other values 
of La and. 14. An examination of the results of these tests, which 
are presented in table I, indicates that the autopilot-aircraft combi-
nation tends to become unstable as the value of L8a increases or as 
the value of 14 decreases; thus, the range in which the frontlash 
autopilot could be used asa possible means of pilotless-aircraft 
stabilization is limited.. At values of LB a = 1063 and 14 = 
the stability is marginal, as is 1ndicated. by the low value (0.023) 
of the stability coefficient. The transient response of the simulator 
cradle damped to an erratic ±1.50 oscillation after 3.4 seconds. This 
steady-state oscillation stopped after 8.5 seconds had elapsed, but a 
slight outside disturbance would cause it to continue. This type of 
instability was predicted for an La of 407 foot-pounds per radian, 
based on the Nyquist diagrams, and the probable reason for Its occurring 
at the higher value of L8a is explained in the preceding paragraph. 

A comparison of the calculated transient response of a proportional 
autopilot having a control-gearing ratio of 2 0 total aileron deflection 
per degree angle of bank (reference 11.) with the response of the spring-
system autopilot to a 100 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 Lôa constant while varying 14 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 14 with the. nonlinear 
autopilot is that the servo receives a stronger initial signal due to 
the movement of the jet pickoff a. It is also apparent that the response 
of the frontlash autopilot does not become as oscillatory as the 
response of the proportional autopilot with decreasing 14 in the range 
investigated. Comparing figures 13(a) and 13(c) on the basis of 
Increasing L5a for the seine value of 14 indicates that the 
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nonlineariti es 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 function of the aerodynamic parameters. 
The degree of stability is determined by evaluating the stability-
coefficient equation shown as an inset at the top of figure 114. Lines 
of constant values of stability coefficient are presented. as plots 
of t/I against L5aI1x• When the values of these two ratios are 

known, it is possible to determine the type-of transient response ana 
the degree of stability that will be obtained with the use of the front-
lash autopilot. The region of high values of L/Ix to the right of 
the SC = 0 line represents unstable divergent response, a point 
falling on or near the SC = 0 line representë neutral stability, the 
region between so = 0.3 and SC = 1 represents stable transient 
response, and the region to the left of SC = 1 represents stable but 
overdampea traiiient repon'n. From this figure it can be seen that, 
for .the sane value of ]4/Ix, stabilization or p1lo61es aircraft with 
values of L5a/ 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 L58/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.

CONCLUSIONS 

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 froñtlash 
automatic pilot has promise as a pilotless-aircraft stabilization 
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sys-tem. In a certain range of simulated 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 in connection with the roll-simulator 
investigation indicate that there is a need for study of the methods for 
handling nonlinear 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 automatic pilot. 

Langley Aeronautical Laboratory 
National Advisory Committee for Aeronautics 

Langley Air Force Base, Va. 
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(a) Schematic diagram of servomotor and feedback linkage to jet pickoffs 
showing loose link containing dead spot. 

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-
link system.

Figure 2.-. Concluded..
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CONFIDENTIAL 

- (a) Schematic diagram of servomotor feedback linkage to jet pickoffs 
showing tension-compression spring and adjustable stops for 
setting dead spot.

Figure 3.- Spring system.
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(b) Schematic representation of the static variation of servomotor 
position with oscillating-table displacement for the spring 
system.

Piure 3 . - Concluded.
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CONFIDENTIAL 

(a) Loose link containing dead spot in servomotor feedback linkage. 

(b) Tension-compression spring and adjustable stops in servomotor 
feedback linkage. 

Figure b..- Oscillating-table Installations of the two 
frontlash autopilot systema. T37' 
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Figure 5 .- Effect of varying jet pressure on the response of the 
frontlash autopilot to a table oscillation of ±70 at approx1ately 
1.5 cycles per second with a dead spot of 0.021 inches in the 
jet-pickoff feedback linkage.
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Figure 6.- Amplitude and phase response of the frontlash autopilot to 
table-oscillation amplitudes of ±3.110 and ±7.340 with fixed jet 
pickoffs and a jet pressure of 3.5 psi. 

Ll



CONFIDENTIAL
I	 I	 ,lm,o/itude,dq 

0 ---------35 

Wy- 

-	 --	 ±703	 - 
------±33 

- r-------//j1	 - 
- -

o •r— -s-- - 0- - - - 
--

-0

N.ACARM L9fl5a
	

21 

Jo 

I.o2 

0

,4iqu/a'r /requern'q rQd/uns/see 

Figure 7.- Panplitud.e and phase response of the frontlash autopilot to 
various table-oscillation amplitudes using a dead spot of 0.021 inches 
and a jet pressure of 3.5 psi. 
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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 inches and a jet pressure 
of 3 psi. 
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Figure 9.- Type of response obtained from frontlash autopilot with
spring ii jet-pickoff feedback linkage at various frequencies, 
at a table-oscillation amplitude of ±2.92 0, jet pressure of 3 psi, 
and dead spot of 0.016 inches. 

CONFIDENTIAL

I 



24

.4 

0

NACA RM L9F15a 

.Is1i11IiIl± 

MEMO 
IV, 

U-MEN EMOMEM 
t4) 

0 
()

,iJIiIiUI1AI1_ F &A 
'ME 	 III

0 

--1

in rJV -
6 

ju_amMEE  ir •iMBE_ miiiiii iimrn I_1iUIUIIiU!i p_iiuiiiai a 
£1	 /2'	 /6 

Time, seconds 

Figure 10.- Type of response obtained from frontlash autopilot with a 
spring in jet-pickoff feedback linkage of various anipl.tudes of 
table oscillation, at a frequency of approximately 2 cycles per 
second, jet pressure of 3 psi, and dead spot of 0.016 inches. 
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Figure 13 . - Comparison of calculated transient response of proportional 
autopilot with the response of the spring-system autopilot to 
a 100 displacement of the roll-simulator cradle. I x = 6.95 slug-ft2. 
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