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NATTONAL ADVISORY COMMITTIEE FOR AEROHAUTICS

RESEARCH MEMORANDUM

for the
Bureau of Aeronautics, Navy Dejartment
DYNAMIC RESPONSE OF CONTROL SERVO SYSTEM INSTALLED IN
NAES-EQUIPFED SB2C—5 AIRPIANE (BUAER NO..83135)

By Louis H, Sunus and Elwood C. Stewart
SUMMARY

namic-response measurements for various conditions of displace-
ment and rate sipgnael iuput, sensitivity setting, and simulated hinge
moment were made of the three control-surface servo systems of an
MAES—equipped remote-controlled airplane while on the ground. The
basic components of the servo systems are those of the General Electric
Company type G-l autopilot using electrical signal sources, solenoid—
operated valves, and hydraulic pistons. The test procedures and
difficulties are discussed, Both frequency and transient—~response data
are presemted and comparisons are made. The constants describing the
servo system, the undemped natural frequency. and the damping ratio,are
determined by several methods. The response »f the system with the
addition of ajirframe rate signal is calculated. The transfer function
of the elevator surface, linkage, and cable system is obtained. The
agreement between various methods of measurement and calculation is
considered very good. The data are complete enough and in such form
that they may be used directly with the frequency-response data of an
airplane to predict the stability of the autopilot—airplane combination.

INTRODUCTION

A radio-remote—controlled SB2C-5 airplane, Bufer No. 83135, has
been loaned by the Bureau of Aeronautics, Navy Department, to the Awmes
Aeronautical Laboratory of the NACA for an intensive evaluation of the
control system. The radio-control and stabilization equipment was

developed and installed by the Naval Air Experimental Station,
Philadelphia, Pa, ‘

The airplane is stabilized by an automatic pilot sensitive to
airplane attitude and rate of change of attitude. Command signals
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transmitted to the airplane by radio act to introduce voltages into the
servo signal circuits to cause the airplene, through the automatic pilot,
to assume the desired attitudes. For satisfactory performance under
remote control, the servo systems of the autopilot must provide stable
conbrol of the airplane for all flight conditions and maneuvers includ—
ing take—off and landing,

In evaluating the performsnce and stability of the system, it has
been planned to determine the responses of the autopilot and of the
airplane separately, to combine them mathematically, and to compare the
result with the measured response of the autopilot—airpleane cembination,
This report is concerned with the detailed measurements and calculations
for the autopilot system only, with the airplane on the ground.

Static measurements of the various autopilot compenents were first
made to obtain their values for use in later calculatiens and to deter—
mine the linear operating range of the system.

Frequency and transient-response measurements for various condi~
tions of input signal amplitude, sensitivity setting, and hinge moment
were then made and the effect of the control surface, linkage, and
cable system, hereinafter referred to as the linkage system, was deter—
mined. The effect of airframe rate signal, in addition to the displace—
ment signal, also was experimentally determined,

From these data it was then possible to make numerous calculations
which either simplified the test procedure, afforded a check of the
results, or defined the system in terms of constants, Where these cal—
culations are not covered in servo literature, the necessary equations
are fully derived in the text. In all cases the application of servo
theory to a practical case is clearly shown.

The value of error voltage at which the servo-system operation
becomes nonlinear was determined from the static measurements, A
method for calculating the error voltage as a function of frequency for
a given input signal amplitude is given. Thus, it was possible to
utilize an input signal for which the servo remained in the linear range
of operation, which is a necessary requirement for linear theory calcula-

tions. No attempt is made in this report to analyze effects of nen—
linearity.

The open—loop transfer function of the servo was determined and it
was found that the system is closely represented by a second—order
differential equation. Thus, it may be defined in terms of two constants,
the undamped natural frequency and the damping ratio, Methods are given
for the determination of these constants from which the equation of the
system is written. This not only affords a useful method of systen
analysis but, since the equation represents values of a practical and
existing servo, it is also useful for theoretical studies of airframe—
autopilot stability. Comparisons of the frequency-response curves are
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made for (1) the theoretical second~order system, (2) the system as
installed in the airplane, and (3) the bench setup in which control—
surface linkage is absent., A useful formula for determining the fre~
quency response for any desired value of sensitivity from the
measured response at a particular sensitivity setting is given.

A method is developed for calculating the frequency responses
with various amounts of airframe rate signal from the measured
response of the system with sine—wave input and from the dynamic
response of the rate gyro. .

Finally, the frequency response of the control—surface linkage
system was determined. Thus, the response of the surface to the

servo—system input signal may be calculated dlrectly from the basic
servo—system response,

SYMBOLS
(Refer to fig, 1.)

A vector transfer function, output over input

Ag  vector transfer function of amplifier

Ap  vector transfer function of servo valve and actuator

vector transfer function of rate gyro for meximum excitation
e base for natural logorithm system (2,718 . . .)

f freqﬁency, cycles per second |

I algebraic sum of servo-transfer-valve currents

i A

kg amplifier—static~gain constant, millismperes per volt

ke  follow-up comnstent, volts per inch of servo displacement for
full excitation

kg gyro constant, volts per degree

kp  servo-valve and actuatornstatlc~ga1n constant, inches per second
per milliampere ,
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rate~gyro constant, volts per cycle per second per degree
oscilletion

amplifier—servo—velocity constant, second™*

linkage—system constant, surface deflectlon per unit servo travel,
degrees per inch

peak-amplitude ratio of frequency response

attenuation of amplifier attenuator, dimensionless

attenustion of follow—up voltage, percent (actual sensitivity)

rate attenuation, percent (actual rate)

general symbol for dimensionless gmplitude ratio; absence of
subscript denotes amplitude ratio of servo response {:%f)

amplitude ratio of servo response with the addition of input
rate signal

time constant of serveo systenm

error signal of servo system, input to amplifier attemuator,
volts

error signal of servo system with addition of rate s1gnal,
volts

follow—up selsyn output modified by sensitivity setting, volts

follow—up selsyn output modified by sensitivity setting with
addition of rate signal, volts

displacement—gyro output, volts

test input signal, volts

rate—gyreo output modified by rate setting, volts
contfol—surface deflection, degrees

servo displacement, inches

phase angle of v, relative to v;, degrees
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€p phase angle of vy relative to vy, degrees

€py phase angle of vy, relative to vy, degrees

€, phase angle of rate gyro, vy relative to vj, degrees
4 damping ratio

] angle of pitch, degrees

2 angular frequency, radians per second

o3y, angular frequency at which the break between —6 and —12 decibel
per octave slopes occurs on an open—loop frequency-response plot

-~y angular frequency of peak-amplitude ratio, M
v vundamped natural angulaf frequency

oy angular frequency of tfansient oscillations
DESCRIFTION OF SYSTEM

The components of the servo system are basically those of the
General Electric Company type G—1 autopilot consisting of electrically
driven displacement and rate gyros, selsyn—~type pickoffs to provide
Loo-cycle signals, a three—chennel electronic amplifier, solsnoid—
operated valves, and hydraulic piston servos operated at 160 pounds
Per square inch, The meximum output force available at -this pressure
is about 250 pounds. The servos are attached to the control—surface
cebles at points quite far removed from the surfaces themselves, A
block diagram of one channel of the system (less remote control and
trim components) is shown in figure 1.-

The signal circuit is shown schematically in figure 2, The ampli—
fier delivers a balanced output current to the two coils of the
control-valve solenoid under static operation. Changes of input signal
vary the ratio of current in the two coils causing the valve stem to
move proportionally in one direction or the other. The follow—up selsyn
is attached directly to the servo output shaft and its excitation is
varied by means of a potentiometer labeled "Sensitivity" and graduated
from O to 100. High sensitivity (high-scale reading) implies a large
excitation voltage and a resultant small surface and serve movement to
cancel out any given gyro-input voltage.

A signal derived from airplane rate of pitch, roll, or yaw by
means of & rate gyro is available in the appropriate channel, A
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potentiemeter labeled "Rate” controls the amount of rate signal used and
is graduated from O to 100, defining the percent of excitation Yoltage
used on the pickoff (a transducer whieh produces an electrical signal
proportional to a mechanicel movement).

The "Speed" and "Trim" signals shown in figure 2 were not used in
these tests.

CALIBRATION OF SYSTEM COMPONENTS
Displacement Gyros

The vertical (pitch and roll) and directional (yaw) displacement
gyros were calibrated in terms of volt output from the selsyn pickoffs
per degree displacement. The gyros were mounted on rotatable tables
vhich could be set within 0,1°, The voltage was read with a Ballantine
vacuun-tube voltmeter., As was to be expected, readings much below 1°
were meaningless due to the presence of s gquadrature voltage. It is to
be noted that this quadrature voltage has little effect on the copera-—
tion of the servo since the amplifier is responsive only to signals in
phase or 180° out of phase with the primery 400-cycles—per—sccond supply.

It was particularly difficult to obtain good data from the pitch
pickoff of the vertical gyro because of small random oscillations of
the gyro in pitch and electrical noise apparently originating in the
gyro motor. The measurements of the gyro in pitch were made with a
0.5 microfarad condenser across the output as is normelly used in the
NAES system for phese correction.

It is well tonote at this point that the gyro constants, as well as
all other pickoff constants, are materially affected by the value of
condensers placed across their output., These condensers are usually
added after the autopilot installation has been made in order to correct
the phose of ths 400-cps voltage and therefore are usually neglected in
the iritial design of the system. In the case of the pitch~gyro pickoff,
the adced condenser approximately doubled the output voltage. Hence it
is very important that the final calibration of pickoffs be mede in the

system as installed in the airplene with all components connected for
normal operation.

- Over the raonges tested the output voltage varied linearly with
displacement. The ranges covered for pitch, roll, and yaw axes were,

respectively, #30°, #16°, and #9°, Values of the gyro constants are
as follows:
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Pitch - 0.51 volt per degree

Roll - .56 volt per degree
Yaw - .50 volt per degree

Rate Gyros

Dynamic measurements.— The frequency responses for the rate gyros
were determined by oscillating the gyros sinusoidally on a table driven
by a relatively long crank arm and a variable-speed transmission. This
nmechanical apparatus is shown in figure 3. An input of *1° was used up
to a frequency of 2 cps, the region of primary interest. Slightly
beyond 2 cps, for this input, the gyro gimbal hit its mechanical stops.
The resonant frequency of the oscillating table was found to be around
13 cps so that its effect at 2 cps was negligible. The amplitude
measurements were made by comporing the peak of the modulated 400-cps
selsyn pickoff woltage on an oscilloscope to that from a comstant
LOO—cps voltage source. The phase was found from an oscillograph
record of the modulated 4OO~cps voltage output, the zero phase refer—
ence coming from a contactor, mounted on the oscillating table, which

provided a mark on the oscillograph record when the table was at zero
position.

The frequency-response data for the rate gyros are presented in
figures 4(a), (b), and (¢). Ths vhase engle of only the pitch-rate
gyro was messured and it should be noted that this angle was not quite
90°, Since the gyros are slightly unsymmetrical, two amplitude curves
are given for the two directions of motion,

The frequency response of a rate gyro over a wider range is of
some interest and is shown in figure 5 for the roll-rate gyro. This
curve was obtained with the rocking table apparatus using a very
small input amplitude of the order of approximately 0.1°, The gyro
is extremely underdamped and has its resonant frequency at 4.5 cps.
It will be noted that the response does not fall off as sharply os
might be expected at 5 cps and above. This phenomencn was caused by
the effect of the table resonance mentioned previously.

Steady—state measuvrements.— The pitch- and roll-rate gyros were
also calibrated on a rotating table with variable-speed sclections.
The output-voltage characteristics are shown in figures 6(a) and (D).
A slight difference in absolute output will be noted for opposite
directions of rotation although the slopes, which are the only concern
here, are very nearly alike, In addition, the calibrations are not
verfectly straight lines,
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Obviously, it is possible to predict the frequency response from
the steady-state data, neglecting the effect of resonance, This was
done, taking into aeccount the nonlinear steady—-state curves by using
the steady—-state calibration value corresponding to the peak rate of
pitch at each frequency considered., The peak rate of pitch was used
since the peak value of voltage was measured in determining the fre—
quency response experimentally. The nonlinearity of the steady—state
calibration means that the output voltage will not be exactly sinusoi~
dal and that the calculated frequency response will not be quite linear.
Agreement of experimental and calculated results is shown in figures
h(2a) and (b) and is fairly good up to the higher frequencies where reso—
nance effects occur,

Amplifier Gain

The amplifier gain for each of the three channels was determined
by reading the differences between output currents to the valve sole—
noids for various input voltages. Plots for the three channels are
shown in figure 7. For each channel the slope of the linear portion of
the curve represents the goain of the amplifier, the average value of
which is, to two significant figures, 350 milliamperes por volt. The
linear range of the amplifier is of paramount interest., Inspection of
these curves shows that the amplifier is linear within 10 percent over
a ronge of approximately #0.10 volt. The sbove values apply when the
amplifier goin control is set at moximum. In genersl, the system is
operated with the gain at minimum which introduces an attenuation
factor of 0.29. Thus, with minimum goin setting, an input signal of
#0.35 volt moy be used without exceeding the linear range of the smpli-
fier. As will be seen from the next paragraph, the amplifier is the
first olement to saturate and thus becomes the Limiting component of the
servo system with respect to linearity.

Servo Gain

The goin of the valve—servo combination was obtained in terms of
the servo speed versus solenoid umbalonce current. The speed was
determined by recording, on a Brush oscillograph, the output of a pick—
off attached to the servo piston shaft. Pen position on the oscillo-
graph was calibrated against servo position. Unbalance currents were
applicd to the solenoids and the servo allowed to assume a steady speed.
A plot of the results is shown in figure 8, The gain 1s linear over
the maximum available range of unbalance currents from C to 50 milliam—
peres and has a value of 0.050 inch per second per milliampere. The
maximum available stroke ef the piston is approximetely *2 inches.
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Sensitivity and Rate Potentiometers

The sensitivity (follow-up) and rate potentiometers in the adjust~—
ment unit on the SB2C~5 airplane were calibrated by measuring the out—
put voltage as a function of dial setting for 112 volis excitation.

The voltage values were reduced to percentages of full excitobtion and
defincd as cctual sensitivities or rates, The relationship of dial
setting to actual sensitivity is shown in figure 9 for the sensitive
ity potentiomcters. As can be seen, this relationship is not line=zr
over the range considered, The rate potentiometers were somewhat more
linear and thoilr calibrations are shown in figure 10. The sensitivie
tics and rotes which will be referred to throughout this report are the

actual values, that is, percen“' of full excitation (112 volts) rather
than dial settings.

The relationship between the follow-—up selsyn output voltage for
full excitation and the servo motion is defined as - and was found
to be 14.0 volts per inch. The linkage system constant k., expressed
as the static ratio of surface deflection to serveo displacement for
each of the channels was found to be

Elevator - 15.6° per inch
Aileron - 13.7° (total) per inch

Rudder —  14,7° per inch

FREQUENCY-~RESPONSE CHARACTERISTICS OF CONTROL SERVC SYSTEM

Frequency-Response Measurements Using a Sinusoidal-
Voltage. Input

Equipment.~ For frequency—-response tests of the servo system a
400—~cps signal voltege, the amplitude of which varied sinusoidally, was
introduced in series with the follow-up selsyn and the amplifier input
with the remsining signal sources shorted out., This is equivalent to
breaking (and electrically grounding) the system at point (a) in fig—
ure 2, With this comnection, the closed~loop response is obtained.

The sine—wave signal generator consisted of s precision autosyn
driven by a constant-~speed motor through a ball-disc variable—speed
drive mechanism. A cam-operated switch was provided and adjusted to
make contact at a point of zero autosyn output voltage once cvery
cycle to serve as a phase reference mark.
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Selsyn pickoffs of the type used in the autopilot were mounted on
the servo piston shaft (in tandem with the follow-up sclsyn) at point
(a) of figure 1 and ot the control surface, point (b) of figure 1. The
400—cps output voltage of each selsyn pickoff was rectified by a bridge
circuit comprised of two INULB germeonium diodes and two resistors, passed
through a low—pass filter and fed to a Brush direct-current amplifier
and. oscillograph. Tt was found necessary, for recording purposes, to
replace the Holtzer-Cabot 40O-cycle, 3~phase, 750-VA inverter used in
the SB2C~5 airplanc with one having better wave form. A Leland inverter
of the ssme rating was used., This change of inverters had negligible
effect on the frequency response of the autopilot although, when an
inverter with still poorer wave form was used, the servo response was
observed to be definitely sluggish by comparison.

The device used to simulate hinge moment consisted of a lever act—
ing on a rod in torsion. A 3/8-inch steel rod was rigidly clamped at
one end. At another point along the rod, depending on the load to be
simlated, onc cnd of the lever arm was clomped., Ball-beering supports
were then moved to either side of the lever arm to support the rod. The
other end of the lever arm was coupled to the control surface through a
connceting rod in such a mommer that the latter was essentially ot right
angles to both the lever orm and the chord of the control surfacs, thus
minimizing any nonlineority between rod ond control-surface deflection.
This resulted in a smooth and linear relation between load and surface
deflection with negligible increase in inertia of the control systenm
and with no dcad spot at zero loading. A photograph of the apparctus is
shown in figure 11, :

Accuracy of dato,—~ The sccuracy of amplitude measurements is depend—
ert on both the pickoff circuit and the recording circuit. For the
first factor, the servo nnd surface~position pickoffs, in combination
with their rectifiers and filters, were calibrated in terms of surface
position., The filter direct—current output, in volts, was read with a
Rhodes potentiometer voltmeter (accuracy of 1/4 percent) while the
surface position was measured with a bubble protractor to within 0,10,
Linearity within 1 percent was obtained over the working range, which
was limited to small angles of pickoff rotation (several degrees of sur—
face deflection). Tests made of the Brush amplifier and oscillograph
showed an accuracy of *2 percent in amplitude for 90 percent of the
readings; this figure includes effects of gain change and drift in the
oscillograph amplifier and resolution of the oscillograph trace. Thus,
an over—all accuracy of the pickoff and oscillograph combination better
than 3 percent was achieved for the amplitude measurenments.

The accuracy of phase measurements cannot be stated in simple per-
centage terms since it depends on several factors, such as oscillograoph~
paper speed, sine-wove frequency, end the magnitude of the phase angle.
It is possible to set the phase reference marker in the sine—wave genere-
tor to within #1°, There is a possible error of *2° at the lowest fre—
quencies, which diminishes to less than *1° at 1 cps and above as a
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result of choosing the zero amplitude line which determines the zero
point on the output sine wavc to be compared with the phase marker.
Finally, there is nn error due to the limiting accuracy with which it
is possible to measure. It was found to be best expressed as approxi-
mately +2° per cycle per second up to o frequency of nearly 1 cps.
Beyond this frequency, because of change in paper specd and increasing
phase—lag angle, the percent error in phase—angle measurement rapidly
decreases., Thus, at 0.1 cps the moximum total error in phase angle
might be *3° znd at 1.0 cps, £4.0°,

It is difficult to assess the accuracy with which large quantitics
of data are recad, but the possibility of errors resulting from this
process must be considered in the final accuracy. Many of the above
crrors, however, including those incurred in reading the data, are of a
random nature and hence the accurncy of the curves, which have been
faired through experimental points, should be reasonably close to the
values given above. The general accuracy of data is shown by the small

dispersion of experimental points in several of the frequency-rosponse
CUrves.

Electrical and mechanicnl difficulties,~ Numecrous minor difficul-
ties were encountered in determining the autopilot response. In gen—
eral, the over-all performance was not greatly affected by these trou-
bles but measurcments ond analysis werc made difficult. Some of these
troubles are mentioned here to indicate the sort of factors that must
be reckoned with in ordeyr to be certain that the desired performance is
being obtained. Poor wave form of n 4OO—cycle inverter has already
been nmentioned,

It was found that the amplificr performancce was moterially affected
by the tubes uscd. Rendom selection of tubes produced, in some cases,
lorge unbalance currents in the amplifier output. While the trim volt—
nge could be adjusted to compensate for the unbalance, the system was
no longer operabting in the linear range for one direction of motion.
It wns thus necessary to try scveral tubes to achieve on approximately
balanced output. This condition could cause scrious difficulty if the
system were opcrated at close to moximum sensitivity in order to obtain
optimum performance, as will be shown loter,

A smell emount of play exists in the lever mechanism connecting
the follow-up selsyn in the eleovator suto—trim follow-up box to the
servo piston. When the mechanism was replaced by a single lover with
no apporent pley, it was found thot the system could be operated ot a
higher grin (sensitivity setting) than previously without incurring
steady oscillatlon., However, there was negligible difference in tho
frequency responsc at practical sensitivity settings.,

A similar condition was encountered with respect to warm-up time
of the system. The sensitivity could be set progressively higher with—
out oscillation with the passing of time up to sevcral hours. Again,
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however, the difference in the transient and frequency response ot prac—
tical sensitivities was negligible after a brief woarm—up time of, saoy,
30 minutes.

A serious trouble that proved very difficult to find, due to the
smoll motions involved, was encountered in the aileron system. With a
sine-wave signal input to the servo system, the aileron surface pro—
duced a flat~topped sine-wave output. It was found that o flat spot
had been worn on the aileron torque tube where the servo—~driven horn was
attached resulting in appreciable backlash. ' That section of the torgue
tube was reploced, completely eliminating the trouble.

The rudder output was a badly distorted sine wave, The trouble was
dve mainly to the rudder-servo horn linkage and mounting. The deck to
which the horn was attached was strengthened and the whole assembly
tightened, The performance was improved but not to the extent desired.
Some of the remoining difficulty is due to the flexibility of the link—
age system and to the eccentric connection of the servo piston shaft to
the horn, but it was not considered justified in this instance to make
this or other possible improvements,

Measurement of gearing factor.~ For each frequency-response run,
the static values of servo and surface output motions were determined
for the given input electrical signal, The factor relating these quan—
tities is termed the gearing factor and is given in inches per volt and
degrees per volt for servo and surface, respectively. The results of
these measurements are graphed in figures 12(a), (b}, and (c) for the
elevetor, aileron, and rudder channels, respectively. Consideration of
figure 1 indicates that the gearing factor is inversely proportional to
the actual sensitivity, which is borne out in the curves presented.

It may be scen from the plots thst the elevator and rudder-surface
gearing factors in particular are considerably reduced when the surfaces
are subjected to loads simulating hinge moments. Quantitative values of
load for the maximum-load condition are given later. Measurcments of the
servo gearing factors under load were not made, but study of additional
data not presented indicated that most of the difference is due to the
linkage systems. t is important that the changc in gearing factors
under load be taken into consideration when determining gearings for the
avtopilot—girframc conbination.

Frequency response curves.— The frequency-response data presented
in the following sections are shown in the form of phase angles and
nondimensional omplitude ratios plotted against frequency. The phase
angle is the angle by which the output wave lags (or leads) the input
wave, being negebive for lagging angles and positive for leading angles,
The amplitude ratio is the ratio of servo or surfaoce amplitude at any
given frequency to the respective amplitude at zoro frequency for o
constant smplitude sine~wave input signal. Thus, it is a dimensionless
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quantity and must be multiplied by the gearing factor, which is depend—
ent on sensitivity setting, in order to determine the actual output
magnitude. Thus, the actual output magnitude of either servo or sur—
face is the product of the amplitude ratio, the gearing given in

figure 12, and the input voltage.

Bench tests.— One channel of the servo system was set up on a
bench in the laboratory, partly to become familiar with the system
before testing it in the airplane and partly to compare the response
under laboratory conditions with that obtained when instaolled in the
airplane. Control~surface inertia and hinge moment were not simulated.

It was found that the amplifier output currents were somevhat
unequal for zero input signal so that a balancing circuit was added in
one of the cathode circuits to bring the currents to balance. This was
done only on the bench tests since trim potentiometers occomplish the
same result in the airplane.

Fregquency-response runs of the servo ouytput were made for a large
renge of sensitivities and input voltages, These data will not be pre—
sented separately, but typicel runs will be shown in comparison with
the airplane ground-test runs later in the report.

Elevator-system ground tests,~ The elevator system was very
thoroughly investigated in the airplane on the ground in order to deter—
nine the relative importance of several variables, The three varinbles
under investigotion were (1) semsitivity, (2) surfoce loading, and
(3) input signal mognitude. Frequency —response choracteristices of the
servo and elevator surface were mecsured for several values of sensi-—
tivity ranging from 24 to 63 percent for four diffcrent loadings, and
for o number of input signals ronging between 0.115 and 1.56 volts.

Data ere presented in figures 13 to 16, inclusive, ond grouped in o
menner to show the offects of the variables. The nnnlysis of the system
based on these curves is presented later,

For measuring the cffects of sensitivity ond londing, the input
signnl used was of o low enough valuc not to couse any ssturation of the
oamplifier. The cffect of saturation is covered under the section on
variation of input.

1, Effect of seunsitivity.~ Figures 13(a) and (b) show the scrvo
ond surface responses, respectively, to a sine-wave input signnl
to the servo system for actual sensitivities of 24, 33, L2, 52,
and 63 percent. The input signel was *0.115 volt, ceorresponding
to approximately +1/4° of pitch, and the surface was not loaded.
A sensitivity of 76 percent was found to be slightly unstable ot
certain frequencies and is not shown. It msy be noticed that,
while there is a large change in response at the high frequencies
as between different sensitivity settings, therc is an nlmost
negligible chonge below 1 cps. Such difference as doos exist is
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in favor of the highest sensitivity setting because of the slightly
improved response (reduced amplitude raotio and phase lag) in the
latter region.

If figures 13(a) and (b) are compared, it may be noted that the
surface frequency response is guite different from the servo
response, This difference, the effect of elasticity in the cable
connection between servo and surface, is more clearly shown in
figures 14(a), (b), and (c) where the servo and surface responses
are plotted together on the same graph for each of threce sentitiv—
ities, namely, 24, 42, and 63 percent. Again it is seen that the
differences are quite small below 1 cps, but rapidly increase at
higher frequencies. '

The effect of the elevator-control—cable resonance near 5 cps is
shown on both servo and surface response curves., The effect on the
surface response is very great compared to the offect on the servo
response which exhibits only a slight leveling off in the amplitude
curve and a peak in the phase curve. These effects will be dis—
cussed in detail later.

2, Effcct of surface loading.- Frequency-response runs were made
for several values of simulated-surface hinge moment in addition

to the no-load runs. The maximum load used was 20 foot-pounds per
degree elevotor deflection corresponding roughly to an airspeed of
200 knots on the SB2C~5 airplane. Since the differences between
various loadings are not great, figures 15(a), (b), (c), and (4)
compare only the no-load and maximum~load conditions for servo and
surface at sensitivities of 2k and 42 percent =t an input of #0,115
volt. While the difference in amplitude ratio and phase lag is

not very great under the two locding conditions, it may warrant
consideration in opplying the data, depending on the frequency range
of interest. It moy be noticed that the servo response for the
loaded casc does not exhibit the peaking of phase and leveling of
amplitude ot high frequencies as in the no-locd case. For the
surfoce—response curves the application of load couses an increcse
in the frequency ot which the elevator—control-cable system
affects the amplitude and phase. ’

The data for figures 15(a), (b), (c), and (d) were taken at a
lnter time thon the runs presented in figures 13(z) and (b). The
no—load servo responses were nearly identieal for the two sets of
curves, but it should be noted that the surface responses were
somevwhat different because the tension of the elevator-control
-cable had been cltered between these two tests.

3. Effect of input-voltage magnitude.— Figures 16(a), (b), (c),
and (d) show the effect on the frequency response of a variation
of input voltage of $0.20, 0.39, 0.78, and 1,56 volts for sensi—
tivities of 26 and 56 percent at no load. These inputs correspond
to approximately *3/8°, 3/4°, 1-1/29, and 3° of -gyro displacement.
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Figures 16(e) and (f) show the effect under moximum load and at a
sensitivity of 41 percent. This particular range of inputs was
chesen to study the effects of saturation. Partial plots of the
calculated error voltage, or input to the amplifier, are also
shown on the curves for the serveo response only to indicate the
frequency at which the system departs from linearity by 10 percent
due to partial saturation of the amplifier.

It would be expected that the responses for different inputs
should be essentinlly the same in the region where the systenm
remains in the linear operating range; thot is, where the input
to the gain control of the amplifier does not materially exceed
0.35 volt, and should not differ appreciably until the error
voltage has considerably exceeded the nonlincar level, This is
borne out by the curves presented. Thus, for practical purposes
involving calculations for airframe—autopilot stability, the limit
of error voltage moy be extended somewhot.

It moy be noticed that the values of sensitivity and input
signal used in this investigntion are different from those values
in the two preceding sections. This was due to an apparent change
in gain of the system for these tests. When the data were first
checked it was found that the responses of these runs did not agree
with those of similar runs {taken for other investigations. Analy-
sis of the data by comparing the amplitude and phase responses, the

. frequencics of the amplitude ratio pecks, and the calculated open—
loop responses revealed that the difference between the responses
in all cnses corresponded to an incrcase in gain for the condition
of these runs by a factor of about 1.7. This gain change was
traced to the forward gain circuit (composed of amplifier—gain
potentiometer, amplifier, and servo) since the gain of the feed—
back circuit (composed of the follow-up unit and sensitivity
potentiometer) was found to be identical in all tests. The source
of the trouble was due very probably to the amplifier—gain control
having been accidentally displaced from its normal minimum position.
For comparison purposes, however, it is necessary that the forward
gain be identical in all tests, The response for the system in
which the gain potentiometer was not et its minimum value is iden—
tical to that of the system with a minimum-gain setting and a 1.7
factor increase in values of sensitivity, input-signal amplitude,
and error voltege. This correction has been applied to the values
given in figure 16,

Alleron—system ground tests.— After an examination of the elevator
data it was found that such a complete coverage of the three variables,
soensitivity, loading, and input, was not necessary for the ailleron and
rudder channels. Three sensitivity settings were considered to be
sufficient to cover the range of interest. Because of the small effeccts
found in the elevator channel, it was decided to simulate only two load
conditions. An input-signal value was chosen which did not cause
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soturation below 2 cps (the region of interest for the autopilot—airplane
combination). This was determined by brief tests and calculation of the
error voltage at 2 cps. The calculation of error voltage is described in
the Anelysis section of this report. An additional input of very large
magnitude was also investigated. Since the principal region of interest
lies in the frequency spectrum below 2 cps, many of the aileron runs are
plotted only out to that frequency.

L, Effect of sensitivity.—~ The responses of the aileron channel
for sensitivities of 26, Wk, and 65 percent are shown in figures
17(a) and (b) for the servo and the surface, respectively. The
input signal used was #0.275 volt corresponding to +1/2° of roll.
As was the case with the elevator channel, there is little differ—
ence in results between sensitivities below 1 cps, but such differ-—
ence as there is favors the highest sensitivity setting because ef
its slightly reduced amplitude retio and phase lag. In contrast
with the elevator data already presented, effects of the aileron
linkage system on the servo and surface responses are minor oOver
the frequency range tested (up to 10 cps).

2. Effect of loading.— The effects of surface loading are shown
in Tigures 18(a) and (b) for servo and surface at a sensitivity
setting of Ll percent end an input of #0.275 volt. While two
values of looding were tested, only the maximum-load condition 1s
compared to the no-load data. since there is little effect from the
lond. This maximum load was token as 12 foot—pounds per degree
aileron deflection corresponding roughly to an airspeed of 200 knots
in the SB2C—5 airplanc. Up to a frequency of 2 cps, which is the
upper limit of the loaded curves, the differcuce between no load
and moximum load may be seen to be negligible. The effect was no
greater at other sensitivities.

3. Effect of input~voltage magnitude.— As was stated previously,
it was possible to choose an input voltage that would not saturate
the system in the region below 2 cps; this value was token as
0.275 volt, or cpproximately 1/2°. To show the effect of a large
signal which does saturate the system at low frequencies an ampli-—
tude of 1.65 volts, or approximately 3°, was used. The responses
under these two input conditions are compared in figure 19 for
servo and surface with no load. The error voltage is also plotted
in this figure to indicate the frequency at which the system
becomes nonlinear. The effect of magnitude of input signal with
maximum hinge moment was essentially the same as with no load and
is not presented since it has been shown that the addition of load
has negligible effect up to 2 cps.

. Rudder—-system ground tests.~ As has been discussed previously,

the rudder response was quite distorted from a pure sine wave, thus mak-—
ing analysis of the data difficult. Only part of the data taken are
presented here,
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In general, the same conclusions as were reached on the elevator
and aileron channels regarding effects of sensitivity, load, and input
magnitude are valid for the rudder chamnel. Again, the signal ampli-
tude chosen, +3.25 volt, corresponding to about +1/2°, did not cause
saturation of the system in the region below 2 cps.

1, BEffect of sensitivity.— The responses for sensitivity settings
of 24, 42, and 62 percent are shown in figures 20{a) and (b) for
servo and surfacc, respectively, at an input of £0.25 volt. The
response of the rudder surface at a sensitivity of 62 percent was
so badly distorted that it was not considered worth-while to evalu~—
ate the data. It may be noted that the effects of the rudder—
linkage system are very pronounced. :

2. Effect of Joad.—~ The responses under maximum load are compared
with the no-load dota in figures 21(a) and (b) for the servo and
surface at an input of £0.25 volt. The moximun load was taken as
19 foot-pounds per degree rudder deflection, again corresponding
to an alrspeed of 200 knots. The effect of load is moderate on the
servo response, but is very pronounced on the surface response
above a frequency of 1 cps.,

3. Effect of input-wvoltage megnitude.— The servo responsc for a
large signal input, 1.0 volt or 2°, is compared with that for

0,25 volt input in figure 22 at o sensitivity of 42 percent.

Plots of the error voltage arc also shown to indicate the frequency
at which saturation occurs. The surface response for the large input
signal was too distorted to evaluate the data.

Frequency-Rcsponse Measurements With Oscillating
Vertical and Rate-Gyro Inputs

In order to determine experimentally the response of the system
with both displacement and rate signals, it was necessary to oscillate
mechanically the displacement and rate gyros instead of using a syn—
thetic input signal. These gyros were mounted on the oscillating table
apparatus previously described (fig. 3). The signal circuit was then
the same as in the normal autopilot installation (fig. 2). Tests were
made at actual rate settings of 8, 20, and 31 percent for the elevator
and 7.2, 18, and 27 percent for the aileron chennels which covered the
range of practical settings used in flight.

The frequency range wes restricted from 0.1 ¢ps to 2 eps only for
two reasons. The error voltage reached saturation before 2 cps for the
lowest rate setting used (rate of 8). In addition, as has been pointed
out before, the effect of the table resonance is negligible at 2 cps but
becomes progressively worse for higher frequencies.
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Pitch.— The first test was made with the vertical-gyro—elevator—
channel pickoff fed through its two—phase transformer as the displace~
ment input. With the oscillating table at a standstill, it was noted
that the gyro output was quite unsteady, causing a jittery surface
novement. An overhaul of the gyro showed that the damper used in the
erection system was dirty. Cleaning this damper made a definite
improvement in the gyro behavior. Nevertheless, when the test was tried
again, the surface was still jittery. The difficulty appeared inherent
in the electrical system and was traced to an electrical interaction
between the gyro motor excitation and the servo system. Disconnecting
this excitation (phase 3) stopped the Jittering completely. The test
could have been performed by opening the motor excitation each time
before taking date except for excessive gyro drift with the power off.
Therefore, the vertical gyro was reoriented by 90° and the aileron—
channel pickoff was used in place of the elevator—chamnel pickoff. The
surface response was then quite good and the previous interaction was
absent.

Figures 23(2) and (b) show the resultent experimental responses
for this test for actual rates of 8, 20, and 31 percent. The first
thing to notice is the improvement in the phase-—anglc response which
now shows lend instead of lag over most of the frequency range of inter—
cst. It will also be noticed that the amplitude ratio increases very
rapidly both with increasing ratc potentiometer setting and with fre—
quency, tending to partially neutralize the beneficial effects of leading
phase angle,

Roll.— No difficulties were experienced in the aileron—channel
tests. The results are shown in figure 24 for actual rates of 7.2, 18,
and 27 percent, The same comments as were made with reference to the
pitch channel apply here as well.,

Tronsient Response

In general, transient responses to a step input signal were recorded
for all conditions for which frequency runs were made. The technique
employed was to leave the sine-wave generator in a fixed position at the
desired input voltage and to alternately short and unshort the input
voltage to obtain both polarities of transiemts. A typical set of tran—
sients for the clevator—channel servo and surface is shown in figure 25
for actuel sensitivities of 24, 42, and 63 percent cach for an input
step magnitude of 0,115 volt. Results and analysis of all transient
tosts are presented in a later section.
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ANALYSIS OF DYNAMIC CHARACTERISTICS OF ELEVATOR CHANNEL

Autopilot Frequency and Transient Response
With Displacement Signsl

For purposcs of calculations involving the autopilot, it is desir—
able to know the analytic expressions which represent the system
response and to show how closely these expressions simulate the experi-—
mental tests. 1In this way servo performance is not only put into more
compact form, but operation can be predicted for values of parameters
not specifically tested. The desired expressions, therefore, will be
derived in the following sections.

Calculation of error voltage.— In general, calculations from
frequency-response data are based on linear relationships and the data
must, therefore, be taken over the linear operating range of the system.
As has been previously shown, an error voltage input to the attenuator
of the servo amplifier in excess of 0,35 volt, with the amplifier sct
Tor minimum gain, caused the system to depart from linear operation. It
becomes necessary, then, to calculate this error voltage to determine
the frequency range of linear operation for each condition., This can be
done by using the measured frequency responsec as follows:

With reference to figure 1, the basic input equation for the servo

system alone (in which case vy = vg) is

where v, and vy are vector quantities with phase angles relative to
the vector vy.

The amplitude ratio and phase angle of the scrvo—-system closed-loop
response may be represented by R ond €g, respectively. As previoualy
defined, then, for a constant input signal

Jep  (Bslep,

Re = - (2)
(Be)s-0
where ©Og 1is the servo motion.

This equation may be put into o more convenient form by two simpli-—
fying relationships, First, since the linear range of thce pickoffs is
never exceeded in these tests, v = k;8g where k; is & constant.
Second, at zero frequency the error voltage is negligible so that
<Vf)f=o % vi. Therefore, equation (2) reduces to
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jeg (vedg=p, i (ve)e=g,

Re = =
(ve)e=o vi
or
Je
ve = V4 Re £ (3)
The phase angle €p 1is defined as positive when vy leads vy and
negative when vpe lags vj.
= Je
Then Ve = vy = vy ReV T
= (vy = v4R cos €p) — j{v{R sin eg) (+)
and
Ve = V§ V1482 — 2R cos €p e’ (5)
where
R sin ¢
€. = e i (6)
b 1-R cos €g

Only the magnitudec of v, 1is of interest herc. Inspection of cque-
tion (5) shows that for = given input signal the error voltage increases
as the closed—loop responsc megnitude and phase sugle increasc. Thus,
for the condition of displacement signol only, the error voltage will be
smell ot very low frequencies and increase to o pecak ncar the resonant
frequency. Ultimately, at high frequencies wherc the response magnitude
diminishes to zcro, the error voltage approaches the input voltage.

The variation of the error voltage is plotted on some frequency-
roesponse curves; whoreas on others wherc no plot is given it may be
assumed that for the entire response the error voltage does not reach
the limiting volue for linearity. '

Calculation of open—loop response.— The order of the differential
equation which governs the response over the frequency range of interest
may be determined from the open—loop characteristic which expresses the
relationship between output and input with the loop opened, that is,
with the follow-up voltage disconnected from the amplifier attenuator
input. This is equivalent to the ratio of output to error vf/ve in
the closed-loop case and hence may be calculated from the closed—loop
frequency-response curves., It is generally not feasible to measure
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the open~loop response directly. This is due to the large and impracti—
cal amplitudes at low frequencies and slso because of inherent drift in
an open~loop~type system. The method of calculation is given subsg--
quently and must be confined to those frequency-response curves entirely
in the linear range.

Referring to the preceding section and dividing equation (3) by
equation (5) zives

Vo RedCf
Ve W 14R2 — DR cos €e eYe
which has an amplitude of
V! R
T == (7)

e | J1+R¢ ~ 2R cos €p

H
i
s

or, in decibels,

S H

| = 20 log,q —meee B (8)
lav | v 1#R% - 2R cos €

and a phase angle of €f ~-€e

From equations (4) and (5),

€ = --5in™t ( B sin €f> (9)
\ V/1+R% = 2R cos €p

Substituting equation (7) in (9) yields
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The phese angle of vg/v, 1is therefore

S ve N .
R S T =1 vf e \
Angle ‘L’\_—Ve /,' = €p + sin < = sin €f> (10)

The e¢levator—channel, open—loop, frequency—response characteristic was
calculated by means of equations (8) and (10) from the closed—loop fre—
quency-response data of figure 13(a) for sensitivities of 24 and 42 per—
cent. The open—loop response is plotted in figure 26, Slopes of -6 db
and 12 db per octave represent, respectively, the effect of terms of
the first and sccond order in the denominator of the transfer function
(reference 1, p. 241). Tt may be seen from these curves that a second—
order differential equation is obeyed fairly closely as shown by the
quite definite slopes of -6 and 12 db per octave. On the basis of this
analysis, second—ordcr differential equations may be used satisfactorily
for calculstions.

" The true position of the two slopes may be difficult to locate proe—
ciscly for several reasons. At low frequencies the accuracy might be
expocted to be poor, since, as may be scen in equation (7), whon R X
and cos’ €p N1, vg/v, is extremely critical to small errors in R or
er. In addition, the slope falls off from the -6 value because the
original closed—loop phase angle did not level off at zero engle, dus to
losding of the servo as described in a later section comparing experi—
mental and thooretical responses. In equation (7), then, it may be secn
that too large a phasc angle €p would causc a falling off of the
response Vf/ve. At high frequencies, on the other hand, where R< <1,
the accuracy may also be oxpected to be poor. As R approaches zero,
log vf/vG (see equation (8)) becomes large negotively and a scatter of
points mny be obecrved because of the difficulty of messuring small
valucs of R accurately. In addition, the reaction of the elevator—
control system on the servo, which becomes appreciable at sensitivity
settings above 42 percent, may cause a departurc from the straight lines
in a narrow frequency band around 5 cps.

Tt mey be noted that the vertical spacing between the gain curves
should equal the ratio of sensitivities cxpressed in decibels. This
spacing should, therefore, be about 4.8 db which is recsonably close to
the actual value of about 4 db. :

Determination of servo system constants.,— Since it has been deter—
mined that the servo system under study behaves as a sccond—order system,
its characteristics can be defined for analytical purposes in terms of
two constants {, +the demping ratio, and w,, the undamped natural
anguler frequency. The actual numerical values can be determined in a
muber of ways which offer excellcent checks agninst each other. Evalua—
tions can be made from ecither the closed—loop fregquency response, from
the open—loop rosponsc, or from transient date. These methods follow
with numerical values tabulated in table I.
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1. Servo-system constants from closed—loop response.— Servo theory
for a second—order equation {(reference 1, p. 107) shows that the
resonant angular frequency wy and the peak height M of the
closed~loop response are given by

M = e 11)
o | (
iy = n 4/1"2§2 (12)

from which the two unknowns ¢ and op may be calculated for given
values of M and wy. Equations (11) and (12) were applied to the
responses for sensitivities 2U through 63 percent shown in figure

13(a).

2. Servo-system constants from open—loop response.~ It is also
possible to find ¢ and ap from the open—loop plots already dis—
cussed, in which case the values ultimately depend upon many points
on the closed~loop frequency-response curve rather than upon the
values at the point of peak response only. It can be shown (refer—
ence 2, p.228) that the intersection of the —12 db per octave slope
with the zero decibel line occurs at «p and that § = op/20,
where wp, is the frequency at which the break between the —6 and
~12 db per octave slope occurs.

As has becn pointed out, portions of the open-loop curve are
subject to appreciable error so that the exact position of the two
slopes is not easy to determine accurately. Hence, the system
values determined from the open—loop curves might be expected to be
inaccurate. The values for € in this case were not too consistent
with those obtained by other methods although the @ values agreed
satisfactorily.

3. Servo-system constants from transient responsc.~ The constants
of this system con also be determined guite simply from the tran—
sient step—~input data. For € <1 it has been shown in servo

literature (reference 1, pp. 48-51) that the basic transient cque~

tion is
~fat
Ve 7 2 N
=2 () = T sin {wtW1-t + o0} (13)
Vi N/1”§2 \ /
where N/__EE
= tan™% Al (1)

g
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Since
ve(t) = vi(t) — ve(t)
then
£ (1) =1-22 ()
'Vi vi
Ve —Qth o/ - N
o (t) =1 - e@ sin Kmnt«/l—{a +o) (15)

For illustrative purposes a transient sketch represented by equa—
tion (15) is shown as follows:
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Ir thé.damping ratios are low enough so that the output tran—
sient consists of several oscillations, equation (15) can be used
directly to evaluate £ and @, since the frequency of the tran—
sient oscillations is
5
Wy T oy 1-6

and the exponential envelope is e“ggnt . Direct measurement

of w; and the determination of Cﬂh from points on the envelope
curve at two different times is then sufficient to find the two
unknowns.,
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Practical sensitivity settings, however, usually do not exhibit
enough oscillations to permit direct measurement of ®; or to
accurately define the envelope. In such cases, @, and @t may
be determined from the peak heights as long as at least one peak
appears. For this purpose it will be necessary to find the times
at which peaks of the oscillations occur by equating the derivative
of equation (15) with respect to wnt to zero.

=\ te—5ont

[ togt ;. 2 / T ]
- e coswt»/l—-ﬁ +c:--—-——-—-——-——sin'0)t»\/l—-§. + O = 0
L \ B / V1,§2 \ n 4
or
// \'\ ,’/ —s
cos | wpt -t o) = S sin @ wpt A/;-Ce + c\‘
\ l-§2 \ /
!"’ N l"“'ce
tan { Opt /16 + c\/ = J (16)
\ y, §
Comparison of equations (16) and (14) indicates that
w ta/1-4% =0, n, 2r, . . . nx (17)

for consccutive maxima and minima. At the values defined by equa—
tion (17), the response of equation (15) is

% (t,n) =1 - e;i_f%; sin (nr + o) (18)

For all values of n (including zero)

12N

sin(nrn + o) = (-—l)n sin o

i

A P
(-—l)n sin{ tan }
\\ g /

(-1)% J1-t2 (19)

I
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Therefore, equation (18) reduces to
Ve n ~tw
W (t,n)»= 1-(-1)" e < nt (20)

Equation (20) may be expressed in terms of only § by substi-
tuting for @t from equation (17). Then, for the upper envelope
of peaks defined by odd values of n,

nx
%; (n) =1l +e ¥ ~é2-l =1 + yy (n odd) | (21)
1
vhere nn
-~ —
yp=e V& (n odd) (22)

from which § can be solved as follows:

it
e .

1
Vi

1 (nﬂ)z + (In yn)2

=

¢= (In yu)?

Znyn_—.-...

(m yy)2

$t S EE e (my? (23)

Thus { can be calculated from equation (23) by measuring y, at
a known—-order peak, It must be remembered that in the previous
transient sketch 1y, is defined as the percentage of overshoot in
terms of the final value since the final value is unity. Then the
value of fy can be found from equation (17) as

fy, = 4 (24)
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Thus § and £ can be found by measuring y, and t, for a
particular valué of n and solving equations ?23) and (24).
Obviously this method is applicable to all sensitivity settings
for which at least one output overshoot exists. It can be applied
to successive peaks of the oscillations although each trial should
give the same values. The spread in these values is indicated in
table I.

In the actual analysis of the transients, several effects caused
unexpected changes in transient response and they will be mentioned
only briefly. First, opposite servo or surface deflections were
found to define inconsistent ¢ values, probably because of
unequal loadings in these two directions., Second, the above incon—
sistency was negligible at low, but not at high, sensitivities. A
study of the relationship defined by equation (23) shows that a
small difference in overshoot for high demping ratios (low sensi—
tivity) has negligible effect on the determination of § compared
to that for low damping ratios where the effect is magnified.
Third, the value of § as evaluated at successive pcaks appears
to decreose, probably because of blacklash.

L, Comparison of constants determined by various methods.— Table I
shows the comparison of system constants as determined by the afore—
mentioned methods. In addition, the values obtained from a "best
Tit" theoretical curve are shown. It is known from servo theory
that ®, is directly proportional to and § is inversely propor—
tional to the square root of the over—all gain factor of the open
loop. 1In this case the gain factor is proportional to Pg so that
ideally € is inversely proportional to V§E end fp 1is

directly proportional to « Pr. On logarithmic plots these relation—
ships are straight lines of slope 1/2. Therefore, log § and

log Ty were plotted as a function of log Py for the various
methods used to evaluate § and fy, and a straight line with the
ideal slope 1/2 was then drawn to give the best fit of the experi—
mental points. The best—fit values given in table I are points on
these lines, the equations for which are

- 0.22 (25)
§ Wi
tp = %71 /Py (26)

Comparison of constants from all methods and the best—fit theo—
retical values show good agreement up to perhaps a sensitivity of
52 percent., At higher sensitivities all the values for §, as
calculated from experimental dats, remain in quite good agreement
but they indicate a definite departure from the theoretical /Py
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relationship. The methods which depend on the closed-loop fre—
quency response cannot be used beyond a sensitivity of 63 percent
because of saturation effects, but even at 63-percent sensitivity

both transient and frequency—response methods indicate a change
from the theoretical, '

The departure at high sensitivities from theoretical behavior
could be caused by either or both of two factors: the reaction of
the elevetor linkage on the servo response, and the backlash and
friction in the piston, valve, and follow-up unit. Both factors
cause a decrease in § below the theoretical value. The effect of
the elevator-control reaction, which becomes important only at high
sensitivities, will be presented in the section comparing bench and
ground tests. The effect of backlash should be approximately the
same at all sensitivities since the amplitude of mechanical motion
at resonant frequency was of the same order of magnitude at all
scnsitivities, any increase in amplitude ratio at higher sensitiv—
ities being approximately offset by the reduced static deflection.

The natural undamped frequencies fj, however, remain in fairly
good and consistent agreement over the entire frequency range.
Evidently the factors which cause a low value of £ at high sensi-
tivity either do not influence f, to an appreciable extent or
tend to compensate for cach other,

Open—loop servo system transfer function.- The servo-system response
under investigation can be expressed mathematically in terms of a second-
order open~loop response equation, or transfer function, as

Ve k,

v, ge(der + 1)

(27)

where Kk, represents the system gain and T the system time constant.

Tt will be shown thet the constants k; and T can be obtaincd
from the constants § and w, which have been determincd previously.
The relationship comes from the equations given in reference 1, pages
45-49. Tt should be noticed that, since each term in these equations
represents a force, the variables should be expressed in units of
motion, such as inches; then, since the same constant msy be chosen
relating motion and voltage for both output and error, the basic equa—
tion may be exprcssed in terms of voltages as shown.

a%v av '
d‘bg * 2ben Ef; = onve
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Letting d/dt = jo, then

Q%
, 2
. ____ % 2 (28)
oo (30)F + Eun(ge) /g N
Jw(2§wn + )
Comparing equations (27) and (28) gives
_%n _Mn
and
1 I
T Sy G, 0

Substitution for values of § and £, from equations (25) and (26)
gives

ky = 61 Py sec ™t

i)

T 0.070 sec

Theoretically the open~loop plot of figure 26 may also be used to
calculate the constants of equation (27). 1In practice, however, T
cannot be found by this method with any degree of accuracy. It may be
easily demonstrated that the break frequency between the two asymptotes
occurs when «T = 1 (reference 1, p. 238) from which T could be cal-—
culated, but as mentioned previously these asymptotes are not determined
sufficiently accurately for this calculation.

The gain constant in equation (27) can be evaluated from the open—

loop response by measuring the decibel gain from the curve at a known
freguency and solving for k, as

S (@2T)2 + o (31)

T
k-v— = ;f'—"
e

Evaluation of equation (31) in terms of a general sensitivity gave

k, = Th Pp

A check may also be made on k, using the static calibrations pre—
viously presented. Its walue can be obtained from the relation
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which has dimensions of sec™, The values of the first three factors
were found previously to be

P

il

g = 0.29 for minimum gain

kg = 350 milliamperes per volt
h/second
ky = 0.05 inch/second

nilliampere

14.0 volts/inch

ke

Substituting these values in equation (32) gave a value of
k, = 71.1 Pp

The resultant open—loop response for equation (27) for a minimum
amplifier gain setting and based on the best—fit theoretical values
would then be

61 P
g £ (33)
Ve  jo(j0.0Tw + 1)

The complete range of k, depends then upon actual sensitivity
and the amplifier gain setting. At minimum gain (P = 0.29) and with
o sensitivity of 24 percent (Pr = 0.24), ky = 15 sec”™t., At a high
sensitivity of 63 percent, kv = 38 sec™,

Comparison of experimental and theoretical response curves.— For
purposes of comparison, an ideal response for a second—order equation
corresponding to the damping ratio and natural frequency calculated in
table T has been plotted in figure 27 with the actual ground-test
experimental curves for a sensitivity of 33 percent. These ideal curves
may be calculated or taken from nondimensional curves given in many
toxts. Two ground runs taken at different times are presented to indi-

cate the repeatebility of the system. General agreement may be seen to
be quite good.

Two definite effects should be noted, however. First, the reaction
of the elevator-control—-cable system on the servo response causes the
experimental values to deviate appreciably from the theoretical at high
frequencies. Second, the low—frequency phase shift for ground tests
always approaches a constant value of 6° to 10°, as may be scen also in
the curves previously presented. This merely means that 6° to 10° lag
between input and follow-up voltage is required to produce a small error
signal before the output will move. This minimum error voltage required
to move the output is equal to the value of input voltage when the
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output is zero, that is, vi sin €p. For an input of +0.115 volt and
phase angle of 8%, this minimum voltage is 0.016 velt. Friction in
the valve and piston is a probable source of this phenomenon.

Experimental response curves at other semsitivities have been com~
pared to the theoretical responses with similar corrslation as above.
Agreement was found to depart at a sensitivity of 63 percent which would
be cxpected because it has already been shown that the basic system cen—

stants § and o, do not obey the second—order equation theory at this
and higher sensitivities. '

Comparison of bench and ground tests.~ In general, the comparison
of ground and bench tests might be expected to show slight differences
since a different set of servo—-system components was used for the bench
tests. In addition, in contrast to the ground tests, no control linkage
system was attached to the servo during the bench tests. Figure 28(a)
shows the comparison of bench and ground tests for a sensitivity of
24 percent. Several effects are readily apparent. The amplitude curves
are slightly different, which could be caused by a slight difference in
the gain factor., The dip of amplitude for the ground tests around 5 cps
is the reaction of the elevator controls as mentioned previously.

Purely on the basis of the comparative amplitude curves, the phase

curve for ground tests should be nesrly equal or slightly below that for
bench tests in midfrequencies. However, the ground curves have the
greater lag, which may be the effect of a greater loading of the servo
in ground tests. Elevator—control reaction, again, causes the peaking
effect around 5 cps on the phase curves which is absent in bench tests.

A very informative comparison is shown in figure 28(b) for the high
sensitivity of 63 percent. As was pointed out in a previous section,
the ground tests departed from theory at this sensitivity and this set
of curves indicates several causes. Table I shows that the damping
ratio § should be sbout 0.31, but that the value actually obtained for
the ground tests was 0.17., Application of preceding methods to the bench—
test data revealed that § = 0.31, which is in agreement with the theo—
retical value, Thus the explanation of the departure from the theoreti-
cal value in ground tests at high sensitivities may be found in the dif-—-
ference between ground and bench tests. Two possible causes are differ—
ences in backlash of pistons, valves, or follow-up units, and the reac—
tion of the elevator linkage systemn.

Backlash in the piston, valve, or follow—up unit has the effect of
causing o more unstable system or reduced €. As mentioned previously
in the transient section, there was some indication of backlash in valve
or piston. Trouble with follow—up backlash in ground tests and improve-
ments to minimize this have been mentioned under mechanical difficulties.
The follow-up unit in bench tests was coupled directly to the servo
shaft, thus avoiding linkages with consequent backlash.
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The second possible cause of the difference, elevetor-linkage reac—
tion, would appear to be the more important. The oscillations of the
glevator linkage impose mechanical loads back on the servo systen which
may affect the servo output or take up the backlash in the system. At
low sensitivities, the natural frequency of the linkage system is much
higher than that for the servo system so that reactions are negligible.
Thus, at a sensitivity of 24 percent, table I shows that for the servo
system £, is equal to 2.3 ¢ps, which should be compared to a resonant

requency of 4.8 cps for the linkage system as shown later. At high
sensitivities, however, the natural frequency for the servo system
approaches that for the control system and hence reactions are possible.
At a sensitivity of 63 percent, fn for the servo system equals 3.8,
which is reasonably close to the value for the linkage systen.

Calculation of frequency response for any value of sensitivity.—
While frequency responses were obtained and presented for only a few
different values of sensitivity, it 1s possible to obtain the response,
within the lineasr range of operation, at any particular sensitivity by
direct calculation from a known response. This method is useful for
obtaining intermediate values that may be required for the desired
airplane-autopilot response and for comparing two runs taken at differ—
ent scnsitivities. The method developed is shown subsequently and has
the advantage thet the primary closed-loop frequency-response data can
be used directly to calculate the new frequency response at the new
sensitivity. Thus it is not necessery to convert closed—loop to open—
loop dota, change the sensitivity, and then change back to the new
closed—loop response as in the conventional method.

For the given sensitivity condition 1, servo theory shows that the
closed-loop response or transfer function may be represented by

v‘fl _ Ay
vy 1+ A,

(34)

where A; is the open—loop transfer function derived from the product
of the individual component transfer functions P,A A kePe, for setting
1l of Pp. For the new desired gain condition 2,

2 _fe (35)
Vi - l + Az

It is convenient to define Ap as
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Substituting Ap from equation (36) into equation (35), thus eliminat—

ing Az,

Vf2 ARA 1

From equation (3%),

which, when substituted into equation (37), gives

- Vis AR (ve /v1)

Vi 1- ('V'fl/Vi) + AR(Vfl/Vi)

v

The ratio - is the complex vector RleJefl.
T
i
Vfl
Substituting this expression for —— in equation (38),
V-
i
jef
Ve, AgR,e 1
Vs Jje je
11 omye” TLogpme” T
Je
Ve, AgRae fa

vi 1 +Ry(sg-1) cos g, + JRa(Ap-1) sin ep,

(37)

(38)

(39)



3k - NACA RM SA50J05

Separating into amplitude and phase components,

Ve J
2 e €f2

g )

)

A.PRJ_e 1
- == (ko)

I LT e |
] 1 + Ry(Ap—1) cos efl Lo L Rl(Ale) sin €, !

3 fi

-

where A and B are the real and imaginary perts, respectively, of the
denominator of equation (39).

Autopilot Frequency Response With Displacement and Rate Signals

Calculation of response with rate.~ Experimental data for the
restonse with both displacement and rate signals have already been pre—
sented for a limited number of conditions. The response with rate
signal may also be calculated using the frequency response of the servo
system without rate signal and the frequency response of the rate gyro.
Thus the response can be predicted for any other desired combination of
sensitivity and rate not covered by the experimental data.

Let A represent the complex gain P,A A kePr for the amplifier,
servo, and follow-up unit., The closed—loop amplitude ratio can then be
written as "

ve er
e (41)
Vg

where ve and Vg, are the follow—up voltage and error voltage,
respectively, with combination displacement and rate signal. The Qis—
placement gyro output Ve in this case corresponds to the input sig-
ncl vy

The error voltege Vg, may be expressed ag

Vor = Vg ¥ Vp < Ve (k2)



NACA RM SA50J05 . 35

where v, is the rate signal.

Substituting v from equation (42) into equation (41)

er
v Ay, + v, = vo ) v .
f r f T £
r. 8 L =p+A—=—24
Vg 'Vg Vg Vg
4 v u
=2 14+ (43)
14+A \\ 'Vg

For the situation with no rate, Vr/vg is zero, and

. A (k)
Vg 1+
Combining equations (43) and (4k)
Hr_ve Mp T (45)
Vg Vg N, vg Vi

This gives the rate response vf;[_/vg as o function of the no-rate

response vf/vg and the amount of rate v,. Expanding equation (45)
then gives

7Ty Je P Vel Jleptep) v
—E = Re f+Rg~13-e TP R cos € + R || cos (e +€,) +
v f v r-f
g g g
r v 7
J IR sin €p +R ;2 sin (€, + €p) | (46)
L g\ J ,

from which magnitude and phase arc easily obtainable as shown in pre-—
vious examples if vy, is known.

Determinstion of rate-gyro signal.— The rate—gyro output voltage
and phase, as a function of frequency, were given in figure 4. The rate—
gyro output voltage is essentinlly proportional to rate of change of
angle. Thus, if the pitch rate gyro is assumed to be rocking with a
motion,

6 = emax sin wb
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then
e _
EE = wemax cos wt
= 210y, . cOs wh (47)
and
vy (t) = k£, cos wt (48)

where v, 1s the rate signal before modification by the rate potentiom—

eter. The final rate signal after modificetion by the ratc potentiometer
is

/ = s
Vplt) = Ppk,fO,. . cos wt

wherc P, is the percentage ratc used, or, in vector notation,
je
Yy = PplyfOyy 00T (k9)

rom the dynamic response curves presented in figure 4(a), it can
be seen that k. 1s essentially c constant up to about 1.2 cps, above
which resonance effects begln to appear. At frequencies above the range
for which ky 1is constant, values of kyf moy be obtained conveniently
from figure 4(a ) for use in calculations. The phase angle €, was
constant at 86° leading over the range tested up to 2 cps.

Values of v, from equation (49) were used in cquation (L46), using
values of k,f from figure 4(a). :

Calculation of error voltage with rate signal.—~ Froquency responses
with rate signal calculated by equation (46) assume linear servo charac—
teristics. The calculated responses would be expected to agree with the
experimentally determined responses only so long as the error voltage in
the experimental runs did not exceed the linesr range of the amplifier.

The magnitude of the error voltage with a rate signal present can be cal—
culated as follows:

For the case with rate signal, the basic error expression is given
in equation (42). The value of displacement gyro voltage Vg, Which
corresponds here to the input signal, is known for a given run. The

JIEF
value of W is given bv R T where R and € are the
fy & £y e® fr Ty

amplitude ratio and phase angle, respectively, of the output Ve with
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respect to the input v, when the vertical and rate gyros are oscillated
simultaneously on the rocking table assembly. Substituting values of
v, from above and vy from equation (49) in equation (42) gives

o Jep . Jep
Ver = Vg ~ Bp vge® T + By (kf)oe

i

[ vg ~ Re Vg cos €¢ + Pr(kpf)o cos e, -

3 [BfrVg sin ef, - Pr(kpf)O sin &y ] (50)

The plots of the magnluudc of the error voltage given by equation (50)
are shown in figure 23(a for the three rates, 8, 20, and 31 percent.
Agreemsnt of experimental rate—response curves with theoretical curves
can be cxpected only up to an error voltage, again, of 0.35 volt, above
which saturation effects occur.

Comparison of calculatcd and measured responses.— The above calcu—

lations, of course, depend upon the no—rate response. Sincc the input
signal for the rate tests is obtained from an oscillating gyro, whereas
the no—rate tests were made with a synthetic input signal, it was desir—
able, before attempting any check between calculated and experimentally
d=tbrm1ned responses with rate, to first compare the responses for zero
rate using the rocking table assembly with that using the sine-wave
generator. Agreement was found to be fairly good over the range tested
up to 2 cps so that this comparison is not shown.

By the use of the zero-rate response curve, then, the responscs
with rate were calculated from equation (46) for rotes of 8, 20, and 31
percent, and are shown in figure 23(a) with the e}perlmental results.
The experimental and calculated responses are in very good agreement up
to the nonlinear level of error voltage.

Elevator Control Cable Response

From data previously presented, it is possible to determine the
elevator—linkage~system characteristics. The surface response curves
in figure 14(a), for example, represent the output of the elevator link—
age system; wherecas its input is the servo output as shown in the same
figure. Thus the transfer function for the elevator linkage system may
be computed as the rotio of surface to servo response. This transfer—
function amplitude and phase for the no-load conditicn is shown in
figure 29(a); whereas 29(b) shows the amplitude plotted in decibels
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against frequency. The equation for this type mechanical systenm is
closely represented by a quadratic equation with dimensionless constants
{ and wy with the same meanings as defined for the servo system. The
damping ratio € would appear to be less than 0.1 and f, is about
4.8 cps; high frequencies approach a slope of 12 db per octave which is
consistent with the second~power term of a quadratic factor. It is to
be expected that this characteristic should vary with the surface load—
ing so that the same procedure was applied to a set of maximum-load tests,
The resultant effect, plotted in figure 29(c), shows the characteristic
20 be appreciably altered, its resonant frequency shifting to about

O CPS.

The known transfer function for the elevator—control linkage mey be
used to predict the surface response relative to amplifier input from
the scrvo response for any desired combination of conditions, provided
that reactions of the elevator—control linkage system do not appreciably
alter the servo rcsponse, The surface response is then simply the
product of the servo—- and linkage-system responses.

The interaction of the elevator linkage system on the servo-response
characteristic is appreciable at the higher sensitivities, particularly
in the neighborhood of resonant frequency. (See fig. 28.) However, at
the lower sensitivities and at the lower frequencics, even at 63~percent
sensitivity, the interaction is not great and the asbove procedure for
predicting surfacc responsc is valid.

The measured elevator linkage responsc applies, of course, only so
long as the control-cable tension is unaltered.

ANALYSES OF ATLERON AND RUDDER CHANNELS

A similar analysis of the aileron and rudder channcls was not under—
toaken. A calculation of crror voltage, as plotted on the corresponding
frequency~response runs, showed the aileron runs to reach saturation on
all sensitivities, thus making the methods of cnlculations, as discussed
previously, invalid. For the prime purposc of these tests it was only
necessary that the error voltage did not exceed the limiting value of
0.35 volt at frequencies bolow 2 cps. If an analysis similar to that
made on the elevator chammel were to be made on the aileron or rudder

channels, the input signal would have to be made low enough to prevent
the crror voltage from reaching its limiting value at any frequency.
The rudder—channel data, in addition, were not as smooth and ceonsistent

ags in the case of the othcr charnels because of the distorted response
of the rudder.
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CONCLUDING REMARKS

Frequency—-response dato of the servo system for various conditions
of opcration are presented in usable form, and the equation for the
servo system with experimentally determined values is given. It is
shown that the frequency response is somewhat better at high values of
sensitivity because of slightly reduced phase lag and amplitude ratio
#t frequencies up to approximately 2 cps. The effect of large input
8ignals is to reduce the amplitude ratio and materially increase the
phase lag, as would be expected when the system becomes nonlinear due
to saturation. The system response measured at the surface exhibits
bhigher smplitude ratios and greater phase lags than at the servo output
shaft dus to resonance of the control-surface linkage system, but again
the difference is not great at frequencies below 2 cps.

Of greater concern when considering the application of the auto-
pilot to an airplane is the effect of the loading from the control-—
surface hings moment. The servo-system frequency rcesponse is not
greatly changed by the addition of load, but the actual output ampli-—-
tude at the surface is materially reduced under these conditions, due
principally to stretch in the control cable, This fact must be taken
into account when determining the required gearing, or static ratio
of autopilot output to input, for airframe—autopilot stability. While
flexibility in the control linkags would generally be considered objec—
tionable, it may be noted that it does have the beneficial effect of
reducing the autopilot gearing at the higher airspeeds where the control
effectivensss is high., This inherent reduction in gearing at high speeds
should aid in maintaining stability of the autopilot—sirplane combination
over o wide speced range.

On the SB2C~5 airplanc, the gearing in terms of control—surface
deflection per degree of gyro inclination is chonged by varying the
sensitivity (follow-up) control. From the data which have been prcsented,
it is obvious that changing the sensitivity alters the autopilot dynamic
characteristics as well as the characteristics of the autopilot—-sirplane
combination. The gearing could also be changed by providing adjustable
cxcitation voltage for the displacement gyro. This arrangement would be
more satisfactory as it would permit adjustment of the gearing independ—
ently of the servo—system response.

The optimun setting of sensitivity or gain of the servo system is
determined in port by the rcesponsc of the system to which it is coupled.
It is known that the response of the SB2C-5 airframe to forced oscilla~—
tions is negligible beyond 2 cps. While servo—systom design usually
calls for a peak~omplitude ratio in the neighborhood of 1.4, this crite—
rion does not necessarily apply in this case., Larger peak values and
correspondingly lower domping ratios are tolerable and even desirable
when the natural frequency of the servo system is several times that of
the short—period oscillation of the airframe because the higher peak
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values are accompanied by less phase lag in the vicinity of the airframe
natural frequency. Thus the sensitivity or gain of the servo system

should be set as high as possible without danger of incurring instabil—
ity.

The servo system in general is considered to be well—designed since
there is a considerable range over which it is stable and the perform—
ance does not change greatly. The gyros, while probably adequate for
the SB2C~5 airplane, are not considered suitable for higher performance
aircraft due to gimbal friction and electrical noise. Also, mechanical
tolerances would have to be held more closely for higher performance
aircraft. For the same reason an amplifier should be obtained that is
not materially affected by changing tubes.

The suitability of this syétem for controlling the SB2C-5 airplane
in flight is the subject of further investigation.

Ames Aeronautical Laboratory,

National Advisory Committee for Aeronautics,
Moffett Field, Calif.
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TABLE I.~ SUMMARY OF CONSTANTS OF ELEVATOR-CHANNEL SERVO
SYSTEM DETERMINED BY VARIOUS METHODS

RN

s

N

\\\\\\\Sensitivity

Damping ratio,

bndamped natural frequency, fn

Method 2 33 k2 32 63 2+ 33 ¥ 32 63
Closed—loop rcsponse 0.50 0.45 0.38 0.31 0.17 2.2 2.8 3.3 3.8 4,0
’ b1 4,2
Open~loop response b7 - - L R — 2.3 ~= 2,9 ~—-— - -
Transient response «
Minimum values 50 K2 b 31,16 2.2 2.6 2.3 3.2 3.5
Maximm values 52 W6 .36 .33 .17 2,3 2.9 2.9 3.8 b1
Best—fit theoretical curve A9 k2 37 .33 .31 2.3 2,7 3.1 3.k 3.8
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FIGURE IEGENDS

Figure 1l.— Block diagram of one channel of autopilot.

Figure 2.~ Schematic diagram of one chamnel of autopilot signal cir-
cuits,

Figure 3.~ Ground test apparatus with oscillating table.

Figure L4.— Frequency response of rate gyros; +1 © input. (a) Pitch.
Figure 4.~ Continued. (b) Roll.

Figure b4,~ Concluded. (c) Yaw.

Figure 5,- Response characteristic of roll rate gyro.<

Figure 6.~ Calibration of rate gyros. (a) Pitch.

Figure 6.- Concluded. (b) Roll.

FPigure 7.~ Amplifier gain characteristics.

Figure 8.~ Valve and servo—actuator gain characteristic,

Figure 9,- Calibration of seﬁsitivity potentiometers.

Figure 10.— Calibration of rate potentiometers.

Figure 1ll.— Surface hinge~moment simulator.

Figure 12.— Autopilot gearing characteristics. (a) Elevator chemnel.
Figure 12.~ Continued. (D) Aileron channel.

Figure 12.— Concluded. (¢) Rudder channel.

Figure 13.-- Effect of sensitivity on elevator—channel frequency
response; no load; *0.115 volt (R#1/4°) input. (a) Servo response.

Figure 13.— Concluded. (b) Surface response.

Figure lb.— Effect of elevator linkage system on elevator-chamnel fre—
quency response for various sensitivities; no load; +0.115 volt
(=*1/4°) input. (a) Sensitivity, 24 percent.

Pigure l4.— Continued. (b) Sensitivity, 42 bercent.

Figure 1h.— Concluded. (c¢) Sensitivity, 63 percent.

Figure 15.— Effect of load on elevabor-channel frequency response;

30,115 volt (X*1/4°) input. (a) Sensitivity, 24 percent; servo
response.,
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Figure 15.— Continued. (b) Sensitivity, 24 percent; surface response.
Figure 15.— Continued. (c¢) Sensitivity, 42 percent; servo response.
Figure 15.— Concluded. (d) Sensitivity, 42 percent; surface response.
Figure 16.— Effcct of input signal amplitude on elevator—channcl
frequency response. (a) Servo responsc; no load; scensitivity,

26 percent.

Figure 15.— Continued. {b) Surface response; no load; sensitivity,
26 percent.

Figure 16.— Continued. (c¢) Servo response; no load; sensitivity,
56 percent.

Pigure 16.— Continued. (d) Surface response; no load; sensitivity,
56 perceitt,

Figure 16.~ Continued. (e) Servo response; maximum load; sensitivity,
41 percent.

Figure 15.— Concluded. (f) Surface response; maximum load; sensitivity,
41 percent.

Figure 17.— Effect of sensitivity on aileron—channel frequency response;
no load; *0.275 volt (a1/2°) input. .(a) Servo response.

Figure 17.— Concluded. (b) Surface response.

Figure 18.— Bffect of load on aileron—channel frequency response;
$0.275 volt (a1/2°) input; sensitivity, 4l percent. (a) Servo response.

Figure 18.— Concluded. (b) Surface response.

Figure 19.— Effect of input signal amplitude on aileron-channel
frequency response; sensitivity, 44 percent; no load.

igure 20.~ Effect of sensitivity on rudder-chamnel frequency responsc;
no load; *0.25 volt (xt1/2°) input. (a) Servo response.

Figurc 20.— Concluded. (b) Surface responsc.

Figure 21 .~ Effect of load on rudder-channel frequency response;
+0.25 volt (m+1/2°) input; sensitivity, 41 percent. (a) Servo
response.

Figure 21.— Concluded. (b) Surfacc response,

Figurc 22,~ Effect of input signal amplitude on rudder-channel
frequency response; no load; sensitivity, 41 percent.
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Figure 23.— Effect of rate signal on elevator—channel frequency response;
30,115 volt (x+1/4°) input; no load; sensitivity, 24 percent.
(a) Servo response; experimental and calculated.
Figure 23.~ Concluded. (b) Surface response; experimental only.
Figure 24.— Effcct of rate signal on aileron—channel frequsncy response;
cxperimental response; *0.275 volt (~#1./2°) input; no load; sensi-—
tivity, 44 porcent,

Figurc 25.~ Transient response of elevator channel. (a) Sensitivity,
ek percent. (b) Sensitivity, 42 percent. (c) Sensitivity, 63 percent.

Figure 26.~ Open—loop servo frequency response of elevator channel.

Figure 27.~ Comparison of experimental ground tests and theoretical
elevator—chamnnel scrvo frequency response; sensitivity, 33 percent.

Figure 28,— Comparison of bench and ground tests of vlevator—channel
scrvo frequency response. (a) Scnsitivity, 24 percent.

Figure 28.~ Concluded. (D) Sensitivity, 63 percent.
Figure 29.~ Transfer function of elevator control linkage. (a) No load.
Figurc 29.- Continued. (b) Decibel amplitude ratio; no load.

Figure 29.~ Concluded. (c) Maximum load.
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