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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

SYSTEM ANALYSES AND AUTOPILOT DESIGN FOR AUTOMATIC ROLL
STABILIZATION OF A SUPERSONIC PILOTLESS AIRCRAFT

By Jacob Zarovsky

SUMMARY

System analyses and autopilot design procedure have been carried
out for a supersonic pilotless aircraft with twin jet engines. The
antopilots investigated were a gyro-actuated. control, a gyro-actuated
control with a rate-sensing device (to provide edditional damping), and
an electronic-hydraulic autopilot. The electronic-hydraulic autopllot
with a passive electrical lead network esnd suitsble gein ad justment was
found to provide acceptable system characteristics and appears to be a
practicel meens of providing roll stabilization.

The graphical methods employed in the analysis indicate a direct
approach to autopilot design.

INTRODUCTION

The maneuvering characteristics of many pllotless aircraft result
in stringent roll-stabilization requirements. Flight at simulteneous
angles of attack and sideslip may induce large rolling moments due to
cross-coupling between pitching and yawing of the aircraft. (See ref-
erence 1.)

The factors in supersonic pilotless alrcraft design that contribute
to efficient structures and desirable 1ift and drag characteristics,
such as low-aspect-ratio wings and swept, tapered, thin wings, generally
result in poor roll damping and undesirsble roll-control-surface charac-
teristics. The roll autopilot must compensate for the undesirable air-
frame characteristics if roll stabilization of an airframe is required.

The purpose of this paper is to present the system analysis and
the detailed design procedure conducted in connectlon with roll posi-
tion stebilization of & supersonic pilotless aircraft with twin Jet
engines. A sketch of this airframe is shown in figure 1. The wing
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efficiency has been compromised somewhat in favor of effective, low-
hinge-moment wing-tip allerons. (See reference 2.) Compensation for
the low serodynemic demping assoclated with the low-aspect-ratio delts
wing must depend on autopilot design. The only performence specifi-~
cations imposed on the roll stabilization systems are that roll-angle
changes (due to the expected disturbing roll torques) were not to exceed”
10° from the reference roll attitude, and that the autopilots considered
have proportional static characteristics. All other performence charac-
teristics are Jjudged on a comperative basis. Maximum control-surfsce
deflections were limited to ¥10° on each alleron.

Since the alrframe requires roll stabilization only and the auto-
pilot is not to be & control element, the airframe-sutopilot system:dcts
as a regulator, and was analyzed accordingly. The analysis was conducted
and a satisfactory roll-autopilot design determined analytically on the
basis of estimated airframe aerodynamic and inertia characteristics,
evailable experimental sutopilot data, and calculated autopilot compo-
nent cheracteristics. Effects of varlations in the gérodynamic damping
and rolling inertis were considered in the analysis. System operation
at two altitudes and Mach numbers was determined. In genersal form the
methods of analysis and design presented herein apply alsc to pitch and
yaw stabilization. :

SYMBOLS

& total differential ailleron deflection, degrees

L¢ rolling-moment variation with rolling velocity, foot-pounds
per radien/second (JL/3¥)

Ly rolling-moment variation with aileron deflection, foot-pounds
per radisn (aL/BSa)

q dyramic pressure, pounds per square foot

n

wing area, square feet z
b wing span, feet : L _ . -
velocity, feet per second

roll attitude, degrees ' -

| v <<

rate of roll, radians per second (d@/dt)

1.
|

q!.ll i

ani
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#, system roll-position output, degrees

K control gearing ratio; value of da/@(Jw) at o = 0; static
autopilot gain

K, rate-gyro static sensitivity; value of Sa/¢(jw) at @ = 0j
degrees per degree per second

C1 roll damping-coefficient derivative <L¢ aSb %%)

control moment-coefficient derivative G‘S /qST?
. a,

Ly moment due to a roll disturbance in equivalent degrees of Bg
L

Bg,

unit Ld = 37?§

w frequency, radlans per second

D differential operator (d/dt)

M Mach number

Ix moment of Inertis about the bedy center line, slug-feet square

3=V

DESCRIPTION OF ATRFRAME-AUTOPILOT SYSTEMS CONSIDERED

Alrframe

The eirframe requiring sutomatic roll stabilization is shown in
figure 1. The jet engines provide thrust for the "cruising” portion
of the flight. The wing-tip control surfaces are to be used ag
ailerons only. The canard fins are to provide pitch and yaw control.

Alrfreme-Autopilot Systems

Gyro-dctuated roll stabllization system.- The initisl autopilot
choice was one of maximum simplicity that had been found capable of
stabilizing another pilotless alrcraft with similar stgbilization
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requirements. Whille it would not be expected that the same autopilot
would give satisfactory performence "as is" in a new alrframe and under
differing flight conditions, minor adjustments might adapt the auto- B
pilot to the new system. The autopilot described in reference 2 was _
investigated first. This system couples a position gyroscope outer
gimbal directly to the ailerons through a simple linkaege. Thus the
aileron deflections are proportional to the roll attitude change mesas-
ured by the gyroscope.

Gyro-actuated control with rate.- This system includes the gyro-
actuated control and a rate-sensing device. In figure 11 of reference 3,
an experimentally determined response of a rate gyro-pneumstic servo-
motor combination is presented. The pneumstic servomotor valve is
positioned by the rate gyroscope glmbal and a feedback linkage from the
servo shaft. The servo output therefore is .proportionsl to angular
velocity sensed by the rate gyro, when ® = O.

Since symmetrical alleron motion is desired, the outputs of the
position- and rate-sensing elements must be added and then differentislly
applied to the ailerons. Thils system is seen to require a complex
mechanical linkage to retain symmetry of alleron motion.

Electronic-hydrgulic autopilot.- An autopilot consisting of a
dlrect-current smplifier, solenoid~operated hydrsulic valve, and
hydraulic servomotor was avallable for bench testing. This amplifier-
servomotor combination may be used with any type of motion-sensing
device which will relay a suitable signal to the amplifier. Motion
sensing devices would include position and rate gyroscopes, angular and
lineer accelerometers, and altitude and angle-of-attack sensing instru-
ments. A position gyroscope was chosen as the sensing instrument to be
used in this autoplilot because of availability and because position
stebilization of the airframe is desired.

The electronic-hydraulic autopilot is more complex than the systems
previously consldered and 1s st an additionsl disadvantage when compared
to the gyro-actuated control because of the hydraulic pover supply
required. The outstanding advantage of this electronic-hydraulic auto-
pilot is that 1ts characteristics may be altered readily by use of pas-
slve electricel networks, thereby adepting it to wide ranges of operation.
The hydraulic servomotor is also adaptable to wide ranges of force
output.
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SYSTEM ANALYSIS PROCEDURE

Combination of Airframe and Autopilot

In meny applications, pilotless aircraft must be roll-stabilized
in order to allow proper operation of control components governing the
pitching and yewing motions. The function of the roll stabilizsastion
system is to counteract rolling torques applied to the ailrframe and to
maintein a reference within acceptable limits. Rolling torques may
arise because of construction asymmetry and thrust misslinement, gusts,
or gerodynamic coupling between pitching snd vewing motions. In system
analyses, then, the motlon to be lIlnvestlgated is the response of the
system to rolling torques applied to the airframe. The manner of appli-
catlon of the disturbance is important to the analysis since the system
response would differ with the method of disturbance. A "co " input,
¢i, to the autopilot, for instance, might produce a different system

response than an spplied roll torque, even though both disturbances are
applied to the system with the same time variation and are of equivalent
magnitudes, '

The following block diagram describes the system in its most simple
form as a servomechanlism:

Disturbing
roll torque, Lg
¢i ¢i - ¢o 5& Ld - 8a. ¢o
Autopilot | | Alrframe [—3——

Since the complete roll stabillization system may be activated prior to
flight and there is to be no ¢i ("commend" input to the autopilot),
but roll torque disturbances are expected, the system acts as a regu-
lator according to the definitions of reference k.
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For @y = 0, the block diagram may be redrawn:

L Ig - & '
d a 2 - Alrframe —— ¢° -

Auntopilot —

System analyses would be valid using either of the two block dia- _
grams., However, the latter dlsgram polnts out that the autopilot will
be, effectively, In the feedback loop when the system roll-position

response to an applied roll torque @,/Lg 1is considered. System S

frequency responses ¢0/Ld(jw) were determined in accordesnce with these

disgrams, and transient responses to the anticipated disturbing roll
torques Ly were determined from the ¢O/Ld(jm) responses by a Fouriler

serles technique. — S - -

Determination of Airframe Frequency Responses

Frequency response.- The single-degree-of-freedom roll equation

Iy D°¢ - Ly Df = Ls,Ba

was assumed to define the airframe rolling characteristics.

The precedling equation may be rewritten as:

Le,, _
C) p— -
& D - + 1
g
Ix

In this form, the frequency response may be plotted directly by
substituting D = j» and employing the graphical method given in
article 3, chapter 8, of reference L. Frequency-response calculations
for a specific subsonic airframe are described in some deteil in
reference 5.

i ||'i
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An airfreme frequency responde as plotted from the @/5;(jw)

response equation is shown in figure 2. Figure 3 presents the frequency
responses determined (for the conditions listed in table I) in the form
of Nyquist disgrams. The Nyquist disgrams wlll be discussed later.

Derivatives and flight conditions.- The airframe requiring auto-
" metic roll stabilization is shown in figure 1. Aerodynamic rolling
derivatives and inertia of the airframe were estimated. The values of

the aileron-control-effe e C’S were estimated by
extrapolation of dats found ip referenceg 2 agg 6. The varistion of the

damping derivative C; of the horizontel wings with Mach number was
D

assumed to be the same as that of the wings of references 2 and 6 and
their damping was estimated by extrapolation of the data found in these
references. The vertical wings include jet engines and the engine
supports, and are assumed to contribute less demping then the horizontal
wings. The damping of the horizontal wings was arbitrarily increased
by 75 percent to allow for the contribution of the vertical wings. The
estimated Inertia and aerodynamic parameters for the chosen flight con-
ditions are listed in table I, and are discussed in the following

paragrephs.

Some variations in the constants appearing in the preceding equa-
tion were investigated to determine the effect of these variations on
the airframe frequency response.

The conditions listed in table I assumed that the pilotless air-
craft mey operate at Mach numbers increasing from 2 to 2.5 at altitudes
from 20,000 feet to hO 000 feet. The two flight conditions chosen
(M =2 at 20,000 feet, and M = 2.5 at 40,000 feet) were assumed to
be the extreme operating limits for this analysis.

The alrframe inertis was varied from the estimated maximum to the
estimated minimum to determine its effect on the airframe response char-
acteristics. The effect of this variation may be seen in the Nyquist
diagram of figure 3(a). In the system analyses that follow, the air-
frame response for the 20,000-foot flight condition was calculated
using the lower value of Iy, and the 40,000-foot response with the

higher Iy value.

The aerodynamilc damping was reduced to 50 percent of the estimated
values of L¢ to determine the effect on the airframe frequency

responses of a possible large over-estimate of Lj. The Nyquist
@ Jq

diagrams of figure 3(b) show the effect of decreased damping on the air-
freme frequency response. The estimated values of L¢ were used 1n the

s i

following system analyses.
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Figure 3(c) shows the Nyquist plots for the chosén flight con- _ _
ditione and are the alrframe fregquency responses used” in system o
anslyses. T ’

For the single-degree-of-freedom airframe rolling characteristics,
the semi-log plots similar to figure 2 may alsoc be used in lieu of
Nyquist diagrams, When the significance of the Nyquist diagrem is under-
stood, the useful features of the polar plot are easily recognized on
the semi -log plot. Geain changes desired and comparison of airframe
response veriations with altitude, Mach number, and other parameter . -
changes may be determined directly wlthout recourse to additional polar
plotting. — )

Autopilot-Frequency-Response Determination

Gyro-actuated control.- The frequency response of the gyro-actuated
autopilot has been shown by bench and flight tests (see reference 2) to
be a constant amplitude ratio and constant (0°) phase angle over the
frequency range of interest. The amplitude ratio of this autopilot may
be adjusted by changing the mechanical gearing between the gyro and
allerons. The frequency response of the gyro-actuated control is
described by the constant K which may assume any value consistent
with the limitstions lmposed by the mechanical linkage.

Gyro-actuated control with rate.- The system block diagram
including the rate servo may be drawn as follows:

Ld Ld - 53 Ld. - 88. - Sa(ra.te) ] ’ ¢O
- Alirframe o=

6a(rate)

Rate servo = |jeg—-

Autopilot —

The diagrem indicates that for purposes of analysis the autopilot
and rate-servo frequency responses are introduced separately. The rate- ¢
servo frequency response was determined experimentslly for Kgr = 0.1.

The system frequency response mey be adjusted by varying either X

or Kg.

Lo
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Electronic-hydraulic sutopilot.- The experimentally determined
frequency response of this autopllot is shown in figure 4, The calcu-
lated effect on the frequency response of adding a passive electrical
lead network in cascade with the autopllot is also shown in the figure.
'The lead network is described in a subsequent section of this paper.

The gain of this autopilot méy ﬁé varied by changing the level of
the voltage applied to the amplifier. The autopilot frequency response
may be varied by changing the lead network.

System Frequency Responses

Combination of airframe and sutopilot.- The next step in the analy-
sis procedure 1s the determinstion of the complete system frequency
response of roll position to & roll torque disturbance @,/Ly(Jw). This

response is related to the frequency responses of the sirframe and suto-

pilot, as follows:
a jairframe

3]
14 |2 :
’ [Sa'( J‘D):( airframe [ia-( J(Dj autopilot

A graphical maneuver simplifies the computation of ¢0/Ld(jw). The M-N

contour chart, which is & Lm-angle chart with M-N contours superimposed,
and of which figure 5 1s an example, allows the closed-loop function
§E/Ld(jm) to be read directly from the curved contours when the product

of [?/Sa(Jb] airframe and [ﬁa/¢(3milautopilot’ the open-loop fre-

quency response, is plotted on the rectangular:coordinates. (Further
information on the use of the M-N contour chart masy be found in chap-
ter 8 of reference 4.) The function @,/Lj(jw) may then be determined

iE(J(D) =

. Since the amplitude responses of

from %%(Jm)

1
-
Be _)]
f\l\’\";a—(ib autoEflot
8g/Lg ( Jo) and Ea/fzf(jm sutopiloy °T€ expressed in decibels (db),

both the amplitude and phase of EF/¢(JD[]autopilot may be subtracted

from the amplitude and phase of Sa/Ld(Jn) to determine the roll posi-
tion frequency response to a roll torque disturbance ¢°/Ld(jw). Sev-
eral plots of @o/La(Jjw) are presented in figure 6(c) in connection
with the system analysis.

SR

?
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The response of Ba/Ld(jw) is also of interest; i1t is the control-

surface dynemic response to the roll torgue disturbance, and must be
considered so that meximum available control-surface deflections may be
set on the basis of the deflections required to correct for the expected
disturbance and out-of-trim moments. Meximum hinge-moment estimates
may be based on these deflections.

System including the gyro-actuated control.- Frequency responsés
were determined for the airframe and gyro-actuated control system
according to the procedure outlined in the precedimg section.

Open-loop frequency responses of the alrframe and gyro-actuated
control with K =1 as determined on the semi-log graph paper are
shown in figure 6(a). Figure 6(b) shows the system open-loop frequency
responses for verious velues of control gearing ratio, K. Figure 6(c)
shows the closed-loop frequency responses corresporiding to the open-
loop responses of figure 6(b).

System including the gyro-actuated control and rate.- The analysis
of this system requires that the closed-loop frequency response of the
inner loop (consisting of the airframe and the rate- servo) be determined;
the method previously presented for the determination of over-all system
frequency responses is applicable. The over-all system response may
then be determined by the use of the inner-loop closed-loop freqpency-
response characteristics to represent the dotted box in the following
block diagram: '

- T
ta ta - % ;,. --Airfreme e ; ¢°
‘ | r
r Rate-Servo :
o I
Se,
Autopilot -

) "'11'|
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The system closed-loop response @$o/Lg(Jo) may then be determined
from
fo

oy . T
La o (1) 22(10)
1+ Ld_ - 83, Jo -¢- Jo

which is of the same form as the previously discussed closed-loop system
responses.

Open-loop fregquency responses of the inner loop are shown on the
M-N contour chart of figure T(a). The curves of figure T(b) corre-
sponding to K =1 (no gain adjustment) represent the closed-loop
frequency responses of the inner loop, as well as the system open-loop
frequency responses. Figure T(c) presents the closed-loop frequency
responses corresponding to the open-loop curves of figure T(b) with a
gain adjustment of 6.5 decibels (K = 2.1).

System includling the electronic-hydrsullc autopilot.- The system
(no lead network) open-lcop frequency response for the 40,000-foot
flight condition is shown on the M-N contour chexrt of figure 8(a). The
corresponding closed-loop frequency response is shown in figure 8(Db).
A discussion on inclusion of a lead network 1n the system frequency
response is gilven in the section entitled "DETAILED DESIGN PROCEDURE."

Traensient-Response Determination

The remaining step in the analysis procedure is to determine the
system response to an input disturbance as a function of time. A
method of transfer from the frequency domain to the time domein is given
in reference 7. This method requires the Ilnput to be expressed as a
Fourier series. Each term in the seriles is then modified by the ampli-
tude and phase characteristics of the system closed-loop frequency
response at & frequency corresponding to the term. The most commonly
used input is the step, or square-wave form. Any other form of input
may be used, provided the lnput 1s expressed as a Fourier series, and
the method is properly applied.

A "ramp" function (input magnitude proportional to time) was chosen
as the type of input best describing the roll-torque disturbances (due
to the build-up of angle of attack and/or sideslip when maneuvering)
expected to be applied to thls system. The "ramp" function wave form

GEETITERT AL
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1s sketched below:

R

c

¥ °/

2c
ﬁ‘ a | - 'b ——tpd i - N .

The seriles describing this wave form is: . _ : - _

£(t) = oc Z.o E + b (anata. ) -l)nﬂjsin(a ot ‘ _ -

n=1,2 anex®

where o, b, and c¢, are defined In the sketch, time is measured from

the polnt 0O, and n is the number of the term, or harmonic, in the _
series. The vealues of a used are rYepreésentative of the build-up time .
of angle of attack or sideslip that may be expected to induce rolling -
moments for the respective flight conditions. The velue of b was o
varied with the system response considered. The value of ¢ chosen

was 0.5 (2¢ = 1) for all inputs. The number of harmonics (equal to

the number of terms) was fixed at 2k for all transient-response calcu-
lations presented in this peper because a Fourier synthesizer incorpo-
rating components for 24 harmonics was avallable for automatic summation
of the series. The input curves as determined from the synthesizer

for the two flight conditions are shown in figure 9, S =

When the form of the input had been established, the system char-
acteristics were superimposed on the input serles by inserting the
amplitude ratloc R and the phase angle PA in the series expression
as follows:

ol (_l)n+l

— a'+ b nrs, nnt
f(t) = 2¢ ) 5.2 sin(a T 1) + o R sin ( + b + PA)
n= ’2 ) - - : -

where the amplitude ratio and phase angle were read from the system
cloged-loop frequency response at the frequency nﬁ radians per

second. Co- : - . ¥
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The system response to the abrupt step portion of the input wave
form is of interest as the most taxing disturbance that may be applied
to the system. While such a dlsturbance is not expected, the possi-
bility exists that gust conditions or irregularities in the autopilot
components mey give rise to an sbrupt rolling moment.

The following conditions or characteristics which are spparent
from the transient motlon are desired of the airframe-autopilot system:

(a) A fast, well-damped transient response to a disturbing roll
torque.

(b) A relatively high control gearing ratio B5,/¢ in the steady-

state (o = 0) condition, which is equivalent to a small roll position
change due to a disturbing roll torque.

(c) The preceding conditions must hold for the entire range of
flight conditions to be encountered.

DETAITED DESIGN PROCEDURE

The purpose of this portion of the paper is to present the pro-
cedures employed 1in attempts to adapt the existing asutopilot equipment
previously discussed to the present roll stebilization requirements.

The design procedure leans heavily on an understanding of the
significance of the graphical analyeis procedures. The effects of
adjustments to the system open-loop plots on the M-N contour charts in
terms of the resulting changes in the closed-~loop responses may readily
be approximsted without determinetion of the entire closed-loop
responses. The system transient characteristics may also be deduced
from careful examingtion of the system closed-loop freguency responses.

Airframe and gyro-actuated control.- The analysis of this system
showed that, for unit static control gearing, an oscillatory system
response might be expected. The only autopilot adjustment that would
affect the system response characteristics is a change in gein K.

The value of galn was, therefore, reduced from unity to 0.1. The
system dynamlc response was improved somewhat, but the static control
gearing was too low to be tolerated. System responses were also deter-
mined for X = 2, to ascertain the system dynemic characteristics with
a desirable value of static control gearing. The system closed-loop
frequency responses for the three values of gain may be compared in
figure 6(c). These closed-loop responses all indicate oscillatory
transient characteristics. Although the shape of the closed-loop

BRI AT —
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frequency-response curves may be Iimproved thereby, further galn reduc-
tion below K = 0.1 would result in unacceptable statlic characteristics.
The conclusion 1s reached that the gyro-actuated control is not adaptable
to roll stabilizetion of the alrframe under the expected flight
conditions, -

Alrframe, gyro-actuated control and rate-servo.- The addltion of
the rate-servo to the airframe and gyro-actuated autopilot system
changed the shape of the system open-loop frequency response curves
(see figure T(b)). A rate-gyro semsitivity K, of 0.1 was found to

result in satisfactory system response charscteristics when the gyro-
actuated autopilot gain was adjusted 6.5 decibels (K = 2.1). The
adjusted system closed-loop frequency-response curves for the extreme
flight conditions are shown in figure T(c).

The physical inclusion of the rate-servo in the system is an
integral part of the system design. To retein symmetry of ailleron
motion, it is necessary to add the outputs of the gyro-actuated auto-
pllot and the rate-servo and to deliver these outputs to the ailerons
as equal differential displacements. This may be accomplished with a
relatively complex mechenical linksge. o - . T

Airfreme and electronic-hydreulic autopilot.- The open-loop fre-
quency response of the alrframe and electronic-hydraulic autopllot
system for the L40,000-foot flight condition is shown in figure 8(a).
Obviously, some phase lead must be introduced in order to produce a
satisfactory sirframe-asutopilot system response. Phase lead may be
built into this system by modifying the electrical signals in the asuto-
pilot with suitable networks. There are many passive electrical net-
works described in electronics literature that may be used with an
electrical system to Introduce phase lead or lag, signal gain changes,
and corresponding operating frequency changes. One such network is
shown in figure 22, p. 268 of reference 4. This network is simple,
consisting of two resistors and a condenser, and is extremely versatile.
Variations of the value of the components of this network will adjust
phase lead, amplitudes, and frequencies at which the network is most
effective.

An examination of the airframe-plus-autopilot (no lead network)
response on the M-N contour graph paper, figure 8(&), and of the pre-
viously discussed graphical procedure involved in determining the system
closed-loop frequency response to a disturbing roll torque, indicate
that excessive increases in galn end phase lead would be undeslrable.
That is, the graphical procedure involves determination of the frequency
response of aileron deflection to a roll torque disturbance 84/Lz(Jw),

and then division of the Ba/Ld(Jn) response by the frequency response
of elleron deflection to rell sttitude change, Sa/¢(jm). Since

= CONF TOENT AL
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8a/@(J0) 1included the characteristics of the lead network as well as
those of the autopilot,

L, Ly -5 ¢
d d & =>4 Alrframe o °

S e S —
= Autopilot ' Lead network .

excessive phase lead and increased gain in this response will result

in an overdamped, low-frequency-range closed-loop frequency response,
indicating a slow transient response. An example of this is illustrated
in figure 10. Figure 10(a) shows the open-loop response of the system
including an experimentally determined (asutopilot and lead network)
frequency response. The system stability appears satisfactory, but the
closed-loop frequency response shown in figure 10(b) is not satisfactory,
since a slow transient response is indicated. 1In order to improve the
system response, 1t is necessary to change the autopllot characteristics
such that the end response 1s as desired with only secondary consider-
ation for the amount of system stability. That 1s, the degree of system
stability is not apparent from en examinstion of the system open-loop
frequency response. An examination of figure 10(a) shows one effect

of excessive phase lead. §Shifting the locus to the right on the figure
results in & decreased emplitude response of Sa/Ld(jm) regad from the

closed-loop contours on the filgure, A further excessive decrease results

when the large phase-lead and corresponding amplitude characteristics
of the autopilot with lead network are removed from the &, /Lp(Jwo)

regponse as previously described to yield the closed-loop frequency
response characteristics.

From the sgbove discussion, it mey be seen that the response of
Sa/Ld(jw) must appear rather underdaemped, so that the resulting closed- .

loop system frequency response will not be overdamped. The character-
-istics of the lead network should be such that the Sa/Ld(Jm) peak

must be greater (by a rule-of-thumb factor of 1 to 1.3 times the ® = O
system closed-loop amplitude response ¢o/Ld) than the autopilot and
lead network emplitude response Sa/¢ at the frequency corresponding

to the Sa/Ld frequency-response peak. Compliance with this require-
ment 1s not too difficult for a given condition; the lead network may
readily be changed in a manner to produce the desired characteristics.

G TIENTTAL
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Difficulty does arise in meeting this requirement (and the other desired
characteristics previously listed) simultaneously for both extreme
flight conditions considered. . . _ .

. It is desirable from the standpoint of simplicity to fix the auto-
pllot characteristics 8y/@(Jjw) for all flight conditions. A com-

promise in the system responses for various flight conditions was reached_ -

so that a fixed autopllot characteristic, while not capable of producing
an optimum response for sll flight conditions, produced an acceptable
response under all flight conditions and a near-optimum response over
a large portion of the expected flight path. However, large variations
in flight conditions may require that the autopilot characteristics be
changed with Mach number or sltitude, or both, Usually changes in
autopilot gain will suffice to adjust the system response for various
conditions encountered along an expected flight path., Auxiliary auto-
pilot equipment mey be installed in the sirframe if it should become
necessery to provide continuous or incremental gain adjustment as
flight conditions change.

The preceding considerations resulted in the choice of a lead
network that does not contribute an excessive asmount of phase lead.
Figure 11(a) shows the system open-loop frequency responses calculated
for the two extreme flight condltions using s lead network in cascade
with the autopilot. The lead network is defined by o =3 and w; = 5,

Ry + Rp 1 _
vhere o = R and al BC in the following sketch:
2 l : . - o

| | | o
mAMWIA—L “

@

Ro 2

-

€

[

The celculated effect of this lead network on the autopilot frequency
response mey be seen in figure k4.

The autopilot galn was assumed to be edjusted to give the equiv-
lent of a lead network response of unity at o = 0. This may be
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accomplished physically by increasing the voltage at the gyro potenti-
ometer pickoff by a factor equal to «. The network response is then:

Figure 11(c) shows the system transient responses (corresponding
to the closed-loop frequency responses of figure ll(b» to the ramp
inputs for both flight conditions. The response to the step portion
of the input is seen to be somewhat slow. The autopilot control-
gearing ratio 8,/¢ in the steady-state (® = 0) condition is unity

for the system of figure 11. It is desirable to increase both the
speed of the system response and the ratio Ba/¢ at o = 0.

Previous experience with the system has shown that increased gein
in the open loop increases the system operating frequency. Increased
gain is a direct result of increasing the control-gearing ratio. Thus
the basic requirements for the desired improvements in the system
response are compatible, However, the system response with the a = 3,
w; =5 lead network 1s not well-adapted to changes in gain. The

"pucket" (low-frequency range amplitude response less than the w =0
amplitude response) shown in the curves of figure 11(b) contributes to
the slow system response. Rough checks at a few frequency points of
the adJjusted open-loop response curve indicated that the desired gain
adjustment slone would not remove the bucket. Examination of the
autopilot-airframe (no lead network) closed-loop frequency response
shown in figure 8(b) indicates that the bucket is caused by the lesd
network. A change 1n the network in the frequency range up to the
system operating frequency would probably reduce or eliminste the
bucket. Increasing the value of w; was found to result in a change

in the.desired direction. Figure 12{a) shows the system open-loop
responses with the lead network a = 3 and o = 50. Figure 12(a)

also shows the curves for the open-loop responses with a gain adjustment
of 12 decibels. The closed-loop responses of the system with the .
adjusted gain are shown in figure 12(b). (The 12-db gain corresponds

to a control-gearing ratio 8./¢ of 3.98, which is desirable.) How-

ever, the a =3, & = 50 network represents an over-correction of the

previously discussed bucket condition; the high (compared to the @ = 0
amplitude) values of the closed-loop peak amplitude responses of fig-
ure 12(b) indiceste oscillatory transient responses for both flight
conditions. Some additional increase in system gain would tend to
reduce the magnitudes of the pesks in the ¢O/Ld(jw) responses, would

Increase the speed of the system transient responses, and would increase
@OTIENTEAL |
P T
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the control-gearing ratio, Unfortunately, there are physical limitations

to discourage extremely high gains. Chief among these limitations is .
the possibility of sutopilot amplifier saturation. Another limitation
(dependent on the lead-network effect and the gain adjustment) is in

the resulting control-surface deflections. As stated previously, the

response read from the closed-loop contours of the M-N contour graph

1s the response of 8,/Lz(Jv). Examination of figure 12(a) (gain

adjusted 12 db) shows a pesk in the 8,/L3(Jo) response of 11 decibels

for the 40,000-foot flight condition. This peak is indicative of a
large over-shoot 1ln the transient response of aileron deflection to a
disturbing roll torque and a large control-surface deflection means.
more stringent sutopllot servomotor requirements.

It is apparent that characteristics spproaching those desired of
the system may be realized with a lead network between the o = 3,
Wy = 5 network and the o = 3, = 50 network.

System frequency responses are shown in figures 13 and 1k, with

lead networks described by o =3, o =15 and o = 3, aj = 20,

respectively. The system of figure 13 has a gain adjustment of

8 decibels, while that of figure 1l has a gain sdjustment of 13 decibels. =
A comparison of figures 13(b) and 14(b) shows that while either pair -
of closed-loop responses represents a good compromise of gain adjust-

ment over the expected range. of flight conditions, the system with the

a = 3, w3 =20 network results in higher operating frequencies and ¢

higher static control gearing. As previously stated, difficulties may

be encountered in adjusting the autopilot to high values of gain. The |
13-decibel gain adjustment required to produce the responses of fig- '
ure 14 may not be physically realizeble. The system of figure 13 is
physicelly realizable. It may be concluded that either the more
desirable system of figure 14 or the satisfactory system of figure 13
will result in satisfactory roll-stabilizetion characteristics with

fixed gain over the range of flight conditions.

RESULTS AND DISCUSSION

Alrframe and gyro-actuated control system.- The proved cepabilities
and simplicity of the gyro-actuated autopilot point out the advanteges
of this system where a no-lag roll-stabilization autopilot is adequate.
Unfortunately, the gyro-actuated control is also a no-lead autopilot;
that is, the frequency resgonse of this autoplilot i1s a constent ampli-
tude ratio and constant (0°) phase angle for the frequency range in
vhich 1t has been tested, and its physicel meke-up is such that only the
static gain (ratio of B8,/f at o = 0) may be adjusted. Maximum gains

are limited by autopllot physical characteristics such as cam slope

ST IDENTIAL,
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(mechanical adventage) and force output available. Minimum gains are
limited by the allowable veriation in roll position of the airframe
under consideration.

In the course of the design procedure, it was seen that the auto-
pilot gain would have to be reduced to K = 0.1 to improve the degree
of system stability noticeably. This gain reduction means that g/¢

in the steady state 1s 0.1, or that the airframe must roll 10° to enable
the autopilot to produce 1% of correcting aileron deflection. The maxi-
mum disturbing roll torque to be encountered by this sirframe is est-
mated to be equivalent to 4° of aileron deflection. Maximum out-of-
trim rolling moment due to construction assymetry is estimated to be
equivalent to 2° of aileron deflection. The sum of these two rolling
moments would cause the imperfectly stebilized airframe to roll to an
angle of 60° in the steady-state condition. This change in roll posi-
tion 1s excessive. For this airframe, roll-position varistions of

less than *10° are desired. In addition to poor static characteristics,
the responses of figure 6(c) indicate undesirable dynsmics for the
system with K = 0.1 as well. The resonant frequencies are low, indi-
cating low system operating frequencies and the peak amplitudes indi-
cate that even with this low X, the system responses would be some-
what oscillsatory.

The system transient responses @,/Lg(t) were determined from the
Fourler synthesizer for the airframe and gyro-actuated control system.
Responses with K =1 s&and K = 2, more practical values of control
gearing, are shown in figure 15. These responses confirm the conclu-
sions based on the closed-loop frequency responses. The poor system
static characteristics with greatly reduced gain and the oscillatory
transient responses for all practical values of control gearing K
combine to meke this autopilot unsatisfactory for all values of gain.

Alrframe, gyro-actuated control, and rate servo.- The rate servo
was added to the airframe and gyro-actuated control system to introduce
additional damping, thereby improving the system response character-
istics. Transient responses of this system corresponding to the
closed-loop frequency responses of figure 6(c), are shown in figure 16.
These transient responses are satisfactory. The 6.5-decibel gain
adjustment corresponds to a control gearing ratio of 2.1, so'system
gstatic characteristics are satisfactory. The pesks in the Ba/Ldjw

responses do not exceed 2 decibels, indicating that aileron deflections
would be held to small values.

There are several features of this system that must be considered
in addition to the characteristics Jjust discussed. The sensitivity
adjustment of the rate-servo requires a considerable amount of time
and skill, The linkage required to perform the addition of the rate

CaMETENT I
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and position outputs and to transform these outputs into differential
aileron deflections would be of a complex design and difficulties +
would certainly be encountered 1In assembly. These mechanical difficul-
ties, while not insurmountable, contribute to render this an undesirable
system.

Airframe and electronic-hydraulic autopilot.- Because of the
mechanical difficulties discussed in the previous section, the advan-
tages of the electronic-hydraulic autopilot are more easily appreciated.
Effective damping may be introduced into this system readily, and the
linkage between the hydraulic servomotor and the control surfaces may
be quite simple.

Figures 17 and 18 show the system transient responses to the ramp
inputs corresponding to the closed-loop frequency responses of fig-
ures 13(b) and 14(b), respectively. Either of the two systems is
acceptable from the standpolnt of response characteristics. The
detalled design sectlon of this paper pointed out that the gain adjust-
ment of 13 decibels applied to the system of figure 18 is the more .
desirable from the standpoint of static control gearing, but the required
gain may not be physically realizable fo¥ the existing eutoplilot and
the lead network. The 8-decibels gain sdjustment gpplied to the system
of figure 17 is physically realizable and the resulting control gearing
is acceptable. The peaks in the Ga/Ldjw response of figure 13(a)

for the o = 3, wy =15 system do not exceed 6.5 decibels, which is a
ratio of 2.1. For the a =3, vy = 20 system, the Sa/Ld(Jw) peaks

(fig. 14(a)), do not exceed 7.5 decibels, which is a ratioc of 2.4, On
the basis of the previously mentioned estimates of out-of-trim moments
and applied rolling disturbances, the maximum control-surface deflec-
tions required for the systems of figures 11 and 12 would be less than
10.4° and 11. 60 respectively. Original estimates of maximum control-
surface deflections for the airfreme used 1n preliminary hinge-moment
estimates were *20°, so either of these two systems would allow a
large margin of safety over initial estimates.

In spite of the uncertainty comnected with the high gain corres-
ponding to the system characteristics shown in figure 18, these
responses remain an important part of the anelysis. In the building
and subsequent testing of the two networks, it may be found that the
networks will not have exactly the characteristics described by the
methematical representation presented earlier. Decreased amounts of
phase lead in the experimentally determined network response character-
istlcs mey cause the a = 3, w; = 15 network to have an effect on the

system response similar to that computed for the a = 3, w; =5 network;

the o = 3, wp = 20 network may, by the same token, require a smaller
system gain adjustment than the analysis indicates.

AENE TDENTTAS,
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Availability of network components msy result in a network described
by o = 3.1, perhaps. A suitgble gain adjustment might then be made to
produce acceptable system responses. The addition to the autopilot of
one of these two networks with suitable gain adjustment will result in
8 satisfactory roll eutopilot for the airframe, under the expected flight
conditions.

Contribution of method of analysis to system design.- The design
procedures employed in the choice of a suitable lead network to be used
with the electronic-hydraulic autopilot illustrate the value of the
graphical methods of analysis. While an initilal trial-and-error
gpproach is required, the effects of parsmeter changes on the curve
shapes soon lead to "educated guesses" and finally result in a direct
approach to the design required to produce the desired system responses.
The graphs are especilally useful in simultaneous design for two flight
conditions; the effect of parameter changes on both curves may be
checked quickly and unsuitable combinations discarded without wasted
effort.

CONCLUSIONS

The system anslyses and autopllot design considerations presented
lead to the following conclusions:

l. The electronic~hydraulic autopilot with a suitable passive
electrical lead network will provide satisfactory system response char-
acteristics over the expected range of flight conditions with fixed
gain. No difficulties are anticipated in adding the lead network to
the autopilot. This autopilot appears to meet all the requirements for
roll stabilization of the airframe and is considered suitaeble for flight
testing.

2. The graphical procedures employed in system analyses provide
an insight into the effect of paremeter varilations on the system char-
acteristics and indicate a direct approach to system design.

3. The airframe rolling characteristics under the expected flight
conditions require autopilot characteristics beyond the range of adjust-
ments that may be made to the gyro-actuated control. The gyro-actuated
control is not a satisfactory autopilot for the alrframe under
consideration.

k., The addition of the rate gyro-pneumatic servo to the airframe
and gyro-actuated control allows adjustments of both control components
to be made which result in good system response characteristics for
both extreme flight conditions. However, this autopilot arrangement

WO TOENTIAL —
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is not considered desirable because of the mechanical complexities
involved in adding the outputs of the sutopilot components.

Langley Aeronsutical Laboratory
National Advisory Committee for Aeronsutics
Langley Field, Va.
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TABLE I
ATRFRAME, PARAMETER VARIATIONS
Parameters Considered
Parameter Variation Reason for conslderation
Mach Number 2.0 and 2.5

Altitude, ft

20,000 and 40,000

Expected flight conditions

I, slug-ft2 | 2.5 and 3 Estimated maximum and minimum
values
Estimated values
L¢ and one-half Effect of large overestimste

estimated values

on alrframe characteristics

Values of Parameters Used in System Analyses

Fiight condition  |(r¢ 1b/redian/sec)|(slug-£t2) (£t-1b/radisn)
M=2 st 20,000 ft -6.87 2.5 850
M=2.5 at 40,000 ft -2,99 3.0 . 377.5
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(a) Comparison of airframe @$/8g frequency responses for varying Iy.
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Figure 3.- Nyquist diagrams of alrframe frequency responses for inertia-,
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Figure 3.~ Continued.




NACA RM L51EOT

29

210 190 . 170° 160 150°
150° 160° 170" 180 190° 200* 210*
[
220° 140*
|4°' m.
230° £ 130°
130° L 236
{
-, 5L Ma I )
240° 5 3 ! ; 120°
120° 3 St 240
250° I 110”
170° 1 ! 250°
¥ o
260° G5 100*
100° 260°
27¢° + H Z %0°
%" EE ESS== - SESE 270°
260° 80*
L AN 280*
2 % SR
7 o ! -\ X
29° z ; ; > 0
70° 525 5 20°
< o5
2 w b .
s ' 3
ng:L "::V"/ A / .."(".' } & i 3?“'9.
I e S 1 i PN
34 ‘L, B
P Al 'S
. PRI it oo o
'./’-“ ] ‘<
%% 4 : - >
310° [T % 500
50° r 300
T
X
A L 3
SR Sy
L LAL AR,
“ A
C
3200 40"
40° 320
15 AN
330° 340° 350° 0 10° 20° 30°
3° 27 ie* 350° 340° 330°

(c) Airframe frequency responses for the two extreme conditions chosen
for automatic stabilizatlion analyses using estimated values of Lﬁ.

Figure 3.~ Concluded.

D
SRR



< avicpuot mitt
N fead networ: I P—
3 g

Q.‘ /’#i—‘f

$ P

N 2

D I \Awioo/ot

3 S \
3 T

1S

<

30
P R s T
0 7 —-1-._.__4 _’-_-_-_- N:l:__f:@:r:ull\

@ Autopitot —
&, 50

g ]

\]

Q

L -

g!

L =/

50

T ;"Ay

1
(7] 0 20 X 40 50 6 o 80 90 10

&l radens /sec

Figure 4.~ Experimentelly determined 8g/p frequency response of the
electreonic-hydraulic autopilot and the calculated effect of a lead
network in cascade with the autopllot on the By/P frequency

response. Static (o = Q) gein adjusted to unity.

LOFTLCT WY TOVN

i li# BT |- L | . il .'I- e e : i ] ||-._:§‘:'|'Il. l )




.ﬁﬂﬁiﬁiﬁiﬁlﬁﬂil.l.'

20 I

/
::;7#£;H_‘*‘ﬁ_hf“““*“=515E1>€—ﬁ_‘_ -0 /L“nE!"P

T R i

Q _6db | PR - =30" |

e N N7 e Dy S

NP = = o 2 =it |2

X é§§§§§;§ e ——— -4d. 50

e e e e e e e e

§ 3 <

‘(“’0 \'\ = < ﬁi’g\\ ii———;-/é'db;—?—ﬁ_
\ \\ \\\\ N ~N \\\

-
|~
//
s
P
S
&

\ \ : \\ \\ ~2fdb

O O

50 70 /50 -£50 ~+40 ~£30 -0 ~/10 -0 -G -850
Fhase angle,deq

Figure 5.- Reproduction of M-N contour chart showing open-loop values on
rectangular coordinates and closed-loocp values on curved coordinateas.

LOHETGT WM VOVN

NI

1€



32

t

APagamS, Pt 7o)

&

T

13
P m oA deD

W @ umwa

4o

A W adas

il
by

§/8a alrframe frequency responses comstructed graphically on

semllog graph paper for the assumed extreme conditlons of fiight

| YL RN &
> w o

B 1o v

NACA RM L51EOT

control roll-stabilization system,

- Beries of graphs used to analyze the characteristics of the

alrfreme and gyro-actuated-

Figure 6
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Figure T.- Concluded.
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(b) System closed-loop frequency responses, fo/Lg(Jw).
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Figure 13.- Responges of the system including the airframe and electronic-
hydraulic autopllot with a =3, @ =15

lead network.
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Figure 14.- Responses of the system including the airframe and electronic-

hydraullc autopllot with a =3, o) = 20 lead network. Gain adjusted
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arbitrarily chosen during the Fourler synthesizer cycle.



5k

A, . -EELO EmSe]

NACA RM L51EOT

.6
= Input period=209 se¢ —
PR 20,000 ft
: condiiion
o | .
3 S
S -
\l IR
w
S 0 AN
$
QQ _| I I S | I I |
- [ |
D

L2 6 20 24 28 32
7Time, t, sec

.6
b /noUE period =3. 14 seCc_— — ~
p— 4Q000 ft
N conartion
tl |
F o
b
Q —
J
& 0 k//\‘
Q |
)
o= I I Y Y O T T O )

12 L6 20 24 28 32
Time, t, sec
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autopilot with a = 3, aq = 20 lead network, to the ramp input of Ig

for the extreme flight conditlons., Gain adjusted 13 decibels. Zero
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