Spamapf

PRIV PN

=

SE__C—URH'Y INF'ORMATIOL\I Lo
i 5

m - .. Com
' BM T.R2A2

NACA BM 152430

----$E82msz

— i ———— - —— e

oo
il NAC

% —?w—.—___

RESEARCH MEMORANDUM

SOME FACTORS AFFECTING AUTOMATIC CONTROL OF AIRPLANES
By Charles W, Mathews .. .

Langley Aeronautical Laboratory
Langley Field, Va.

CLASSHAZATION CAE\!CELLED

Thix material containa informstion affecting the Mational Defenze of the Urlted Staies withis the meaning
olunaapmpm Tios 18, US.C., Sucs mmm the transmisafon or revelation of which in any
person s

NATIONAL ADVISORY COMMITTEE
FOR AERONAUTICS

WASHINGTON
February 20, 1952

R, A TERARY
.-_'.f.*! THY AR WA T A L ABORATONY
Loy et Yo




iX

echnical

gl i

NACA RM I52A30 : | SAmET— 176 0

" NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

'RESEARCH MEMORANDUM

SOME FACTORS AFFECTING-AUTOMATIC CONTROL OF ATRPLANES
By Charles W, Mathews

In seronsutics autopilots are receiving widespread attention because
the human pilot is becoming inadequate &8 a controller for certain £light
operations. As is well-known the airplane-autopilot combinetion is a
closed system, the operatlion of which depends on the characteristics
of Both airplene and sutopillot. In one widely used method of snalysis
of such coupled systems, the dynamics of the alrplane and the autopilot
are individually defined by operatlonal expressions known as transfer
functions. Although factors other than automatic control usually dictate
the character of the airplane transfer functions, these transfer func-
tions must be known in order to afford the autopilot designer a basis
for determining the requirements of the autopilot.

At the outset of this discussion, the determination of airplane
trensfer functlons from messured responses to control trarnsients are
discussed briefly in order to provide & background for subsequent
discussion of factors aeffecting the airplane transfer functions and
gsome iniplications of these factors with respect to autopilot design.
Initial discussion 1s concerned with longitudinal control while the
latter part is concerned with leteral and directionsl control.
Although it is recogrnized that there are a number of slrplane transfer
functions of importance in sutopliot design, for the purpose of illus-
tration of the longitudinal case, the transfer function relating pitching
velocity to elevator deflection is used.

Many of the available methods for deriving transfer functions from
transient data in no way stipulate the type of control input to be used.
Transfer functions obtained from the pitching-velocity response of the
FOF airplane to various types of elevator inputs through use of the
method of Donegan and Pearson (reference 1) are presented in figure 1
for the flight conditions of Mach number 0.6 and 10,000-foot altitude.
The differences between resulis for the various types of inputs are
small throughout the range of frequencies shown. A frequency response
obtelned directly from sinuscidal control inputs 1s also presented.

The oscillations were induced manuslly by the pilot, and although the
wave form was not perfect, a fairing was adequately defined which agrees
well with the results from the transients. It eppears, therefore, that
for the range of frequenciles presented, a sine-weve generator is not
needed to use the forced-oscillation technique. The exact character of
the very low frequency portion of the transfer function 1s usually not
established from the flight data uynless the test is specifically set up
to examine the phugoid mode. The phugoid mode produces a sharp peak
almost at zero frequency, and the amplitude then sbruptly decreases to
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zero at zero frequency. The phugoid motion is important in the regu-
lator type of autopilot, but it generally is not of any great importance
from the standpoint . of command response cha.racteristics.

Insight as to the importance of the differences between the
frequency-response curves ohtained from the. transient inputs may be
gained by reference to figure 2 which presents predicted airplane
responses in pitching velocity to the elevator input shown. These
responses were predlicted from the various. transfer-function curves

presented in figure 1. The designations of the corresponding curves in T

the two figures are the same. The differences in the transient responses
are negligible for practical purposes. A comparison of several methods
(references 1 and 2) of determining transfer functions from transient
flight data is presented in figure 3, and the results sre shown to be
in good agreement. Experience has shown thet the repeatability of a
glven test alsoc is good. .

Having examined the ablility to deteérmine a longitudinal transfer
function, the effects of altitude and Mach number on this transfer
function are now illustrated and discussed. The effect of an
altitude change from 10,000 feet to 30,000 feet on the FIF transfer
function is shown in figure-4. Both the low-and the high-frequency
responses are sharply reduced at the higher altitude. The larger ratio
of peak amplitude to the statlc value is indicative of reduced damping
while the lower frequency at the peak reflects a reduction in the _-
natural frequency of the airplane. These effects qualitatively agree
with those to be expected from theoretical consideratlions and are
discussed in relation. to automstic control subsequent to the presenta-
tion of Mach number effects.

Mach number effects on the piltching-veloclty transfer functions
are shown in figure 5 for the F-86 airplane (reference 3) which was
chosen becesuse 1t sffords flight data in the transonic range. At sub-
sonlc gpeeds where no large changes in the longitudinal-stability
derivatives occur, the expected effect of increase in Mach number would
be simply to stretch the frequency-response curves in the direction of
the frequency axes reflecting an increase in natural frequency of the air-
Plane proportional to the Mach number increase. This expectancy i1s borne

out by the F-86 data in that the low frequency end pesk value of amplitude _ '~

ratic are not dppreciably changed by the increase in Mach number, while
the frequencies at which the peak occurs and at which the bhase curves
cross zero gradually increase resulting in ﬁuprovement in the hlgh—
frequency amplitude and phase regsponse. As the transonic range is
entered, the general decrease in scale of the amplitude ratio is indica—'
tive of a decrease in the effechtiveness of the elevator, while the_mqre"
rapld outward shift of the peak smplitude ratio and phase curves and

the large decrease in amplitude ratio at low frequencies is indicative

o
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of a large increase in the statlc 8tability of the airplane; at the
higher Mach numbers the com@aratiVely large ratio of pesk amplitude to
the low-frequency value and large leading phase angles denote an
sppreciable loss in damping.

The effect of the variations in transfer function produced by the
changes in Mach number and sltitude Just discussed on the requirements
of a pitch~attitude autopilot are examined briefly in figure 6. The
measured response characteristics of an actusl autopilot were used.
Pitch rate fee&back was incorporated in order to obtain a good command
response. )

The upper time history in figure 6 shows the response of the .
airplane-sutopilot combingtlon to approximately & step command in atti-
tude at a Mach number of 0.7 and an altitude of 35,000 feet when the
various gains in the system were adjusted to provide the lowest response
time. With this adjustment the autopilot gains were very high, producing
about 20° of elevator deflectlon for 1° of sttitude error. In the
practical situation these galns might very well be limited by other
considerations such as servo power, loads, saturation, or the possibility
of exciting high-frequency chatter. Based on the limlited considerations
involved in the analysis, however, it was possible to obtain a very
rapid response with a good degree of stability. The autopilot gains,
of course, could be relaxed at the expense of the response if it were
established that a poorer response could be tolerated.

The effect of holding the autdpilot gain settlings constant and
changing the flight condition is shown by the time histories in the
middle of figure 6. With altitude reduction the system becomes violently
unstable while with the ihcrease in Mach number the degree of stabillity
1s very low. As shown by the time histories in the lower part of fig-
ure 6, a response on a par with that for the original condition mey be
obtained for the other cases by gain adjustments.

At Mach numbers near or sliightly sbove unity, it was not possible
to obtaln as good a low-frequency response for the airplane-autopilot
combination by gain adjustment and &s a result, the command response
was more sluggish.

Date from full-scale flight tests for determination of transfer.
functions are not available in the supersonic-speed range. Such data
have been obtalned using the rocket-model technique. In order to scale
up the mass characteristics and alter the operating altitude, however, it
is necessary first to reduce the data to stabllity derivatives and then
recompute the transfer function. Such computstions have been made for
three different configurations having widely differing mass:charscter-
istics. Results for a delta-wing configurstion are presented in fig-
ure 7, and results for sn unswepi-wing configuration and & swept-wing
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configuration are presented in figures 8 and 9. Posslble differences
between the model and full-scalée data due to elastic effects were not
considered. The results presented In figure 7 for a Mach number of
unity and below were computed at an altitude of 50,000 feet, and the
results for the superSonic Mach numbers were computed at an altitude
of 60,000 feet.

The alterstion of the transfer function of the delta-wing con-
figuration betweer M = 0.8 and M = 0.9 ig typical of the subsonic
effects previously described for the F-86. The change occurring
between M = 0.9 and M = 1.0 is indicative of an appreciable, incresase
in static stebility. In going to a Mach number of 1.2 at 60,000 feet,
the alterations in the transfer function do not indicamte any sppreclable
change in stability derivatives but result primarily from the altitude
change. The small differences between the tramsfer functiomns for M = 1.2
and M = 1.7 are surprising consldering the large Mach number change
involved. This result would indicste a genersl reduction In the values
of all of the stabillity derivatives between these two Mach numbers.

Comparison of results for the delta-wing configuration and the
other two configurations shows that there are pronounced differences in
the trends of the transfer functions of the three, and different handling
would be required in each case such as different programming of the
avtopilot gains. Some important characteristics of the transfer func-
tions, however, are common to all three configurations. These character-
istics are the very poor low-frequency resp0nse afid the very large peak
megnification. The most predominant factor in producing these charac-
teristics is the basic one of high-altitude operation, but generally
the effect of Mach number in increasing the static stability end reducing
the control effectlveness and damping serves to increase these trends. ’

Turning now to the lateral-transfer functions of airplanes, some
features of these transfer functions will be discussed 1n relation to
the analysis of airplane-autopilot combinations. First, let us examine
the character of s transfer function of the FOF airplene (flg. 10)
relating rolling velocliy tc aileron deflection. Neglecting the sharp
peak, the amplitude-ratio and phase-sngle varistions appear to be those
for a viscous or first-order lag which is to be expected since the air-
plene has no static stability in roll. The presence of the splke, of
course, 1s indicative of the existence of a lightly demped Dutch roll
oscillation, and thils mode 1s present 1n the rolling transfer function
because of the strong coupling between the rolling, yawing, and side-
slipping motions of the airplane. '

The remarks made previously relastive tO'the.phugoid motibn in the

longitudinal case generally apply slsc to the spiral mode which exists
in the lateral case. When the spiral mode 1s included, the amplitude
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response is zero at zero frequency but incresses almost immediately
to the value shown.

The importance of the Dutch roll mode on the response in rolling
velocity to a unit step in aileron deflectibn is shown in figure 11.
Although the oscillation is poorly damped it is not excited greatly by
Bileron deflectlon.

The foregoing characteristics of the FOF alrplane suggest the possi-
bility of simplifying lateral transfer functions under some conditions.
This possibility may be examined through use of the snalytical expres-
sion for the transfer function which relates rolling velocity to aileron
deflection (3/85). This expression is presented in figure 12 in terms
of the imsginary frequency variable Jw. The quadrstic factor in the
denominator which defines the period and dasmping of the Dutch roll mode
may be found in some instsnces to be almost the same @s the quadratic
factor in the numerator, and the linear factor representing the splrsl
mode as implied previously is important only at very low frequenciles.
In view of these characteristics on some occasions 1t may be adequate
to approximate the rolling-velocity transfer functions by an equivalent

single-degree-of-freedom system defined by the expression Ky 32;5535.

Because of the coupling which exists between the rolling and
yawing motions of. the alrplene, 1t is necessary to consider the effect on
the roll transfer function of an automatic control loop in the yaw
channel. Calculations indicaete that systems of the yaw-dsmper type
which apply yawing moments proportional to yawing velocity and systems
of the regulator type which apply yawing moments proportilonsel to side-
slip or latersal acceleration would strengthen the possibilities for use
of the approximation provided the natural frequency of the autopilot is
high. .

A point worth noting is that 1t may be advisable to eliminate the
possibility of using a simplified form of the transfer function in order
to teke advaentage of certain couwpling effects. For example, calcula-
tlons have shown that an avtomatic control which effectively applies a
Yawing moment proportional to rolling velocity lmproves the dsmping of
the Dutch roll oscillation and improves the rolling response to an
aileron deflection. .

The transfer function relsting yawing velocity to rudder deflec~
tion @ /5p) sometimes affords & similar possibility for simplification.
The quadratic factor in the numerator in many instences agrees closely
with a quedratic factor which defines the spiral and rolling modes (see
fig. 12)., The constant term of the linear factor in the numerstor is
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usually small go that in many cases the transfer function may be simpli-
fied to the equivelent single-degree-of-freedom system presented in
figure 12. The linear factor in. the roll approximation and the quadratic
factor in the yaw approximstion are the actual factors of the stability
quartic and as such may contain coupling effects.' Because of this
coupling these factors may differ cansiderably from those obtained by
simply considering the alrplane to have a single degree of freedom in . .
either roll or yaw. ) o

The presence of an automatic control system in the roll channel
may slter the quadratic representing the eguivalent, single degree of
freedom in yaw. Calculations have shown that, for a typical but hypo—
thetical airplane operating at high altitude, the existence of an
unsteble Dutch roll ¢scillation-which doubled swmplitude in 7 seconds
was stebilized to the extent of halving emplitude in 5 seconds by incor-
poration of a roll-attitude system with a gesring of O. E_between aileyon
deflection and bank-sngle error (reference 4). 1In establishing the
coefficients for the equivalent single-degree-cf-freedom spproximation
in yaw, 1t is possible that the roll sutopllot could be considered per—
fect and its effect included in the form of another stdbility
dexrivative. - - - _

In addition to the lateral transfer functions Just discussed,
there exist cross transfer functicns. Possibllities for simplification
of these transfer functions have not been investigated. ~The amplitude
ratio of yawing velociby to alleron deflection is usually small com-
pared to other ldteral transfer functions; however, the amplitude ratic
of rolling velocity to rudder deflection is usually large. In fact the
amplitude in roll of the Dutch roll oscillation induced by rudder
deflection is normally greater than the amplitude in yaw and in some
cases has been calculated to be roughly five times as large. In the
presence of tight roll stabilizstion the 1mportance of rolllng due to
rudder deflection should be diminished, however._"'

Some results whilch afford s comparison between the use of the com-
plete transfer function relating yawing velocity to rudder deflection
and the simplification previously discussed.are presented in fig-
ure 13. The data presented show the effect of variations in the param-
eters which define the transfer function of the autopilot. In the
example the autapilot was used gs a yaw damper and its transfer function
was assumed to be a guadratic lag. The airplane was hypothetical.

These results apply for a given statlc sensitivity of the autopilot.

The damping ratioc and natursl frequency of the autopilot are the ordinate

and abscissa, respectively, and the contours are lines of constant

damping for the sirplane-autopilot combination. The dashed lines are

for the complete aiyplane transfer function while the s01id lines are’ =~ '

for the single-degree-of-freedom approximation,. The difference between
the results is negligible. The value of Tl/ "'of 2.6 is the same as’
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for the airplane alone} the value of 0.73 is.the same as would be
obtained with an autopilot having no lag and & constant ampliitude ratio
at all frequencies; and the value of 0.38 is the maximum obtainable
wilth the type of ‘autopilot investigated. The position of the point of
highest demping indicates thet there is no particular reasson in this
example to increase the natural frequency of the autopilot much beyond
a value of about 10 radlesns per second.

In summary, 1t appears that the avallsble methods for obtaining
airplane trensfer functions from measured transients define the trans-
fer function adequately for use in autopilot design. Flight results
using this technique show that effects of high-sltitude operation are to
reduce severely the low-frequency response in pitching velocity and
increase greatly the pesk magnification. These effects in general
appear to be aggravated by supersonic operation becsuse of trends toward
increased static stability, lower dsmping, and lower control effective-
ness. In addition, the more or less lnconsistent trends in the trans-
fer function resulting from Mach number effects on the stability deriva-
tives are feirly large and vary appreciebly frcm configuration to
configuration.

Examination of lateral transfer functions indicates that equivelent
. single-degree-of-freedom systems mgy be used to spproximate some of
these. transfer functions in certain cases, but these’ approximations of
the transfer functions are not necessarily the same as would be obtained
in considering the airplane to have-a single degree of freedom in yaw

or roll. The possibility of using a single-degree-of-freedom spproxima-
tion for the rolling case is strengthened when & yaw demper and a side-~ .
sllp regulator are incorporated in the yew channel. The presence of
roll stebilization may affect the equivalent single-degree-of-freedom
approximation in the yawing case. Eliminating the possibility of using
single-degree-of- freedom epproximations may be desireble in order to
take advantage of favorable crOSS—coupling effects in the design of .

the autopilot.

Langley Aeronautical Leboratory
National Advisary Committee for Aeronautics
Langley Field, Va.
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FOF AIRPLANE
15- ~ M=0.6 hp=I0,000FT
AMPL.

8
3
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Figure l.- Effect of type of elevator input on pitching-
velocity transfer function of FOF airplene.

FOF AIRPLANE
M=0.6 hp=I0,000FT

ELEVATOR
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DEG

PITCHING
VELOGITY
RESPONSE,

RAD/SEG

TIME,SEG

Figure 2.- Time histories of pitching-velocity response of
the FOF airplane to elevator input shown as obtalned from
transfer functions presented in figure 1.
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Figure 3:- Comparison of methods of ob¥alning a longitudinal
transfer function from transient flight data.
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Figure 4.- Effect of altitude on pitching-vélocity transfer
' function of F9F airplane. '
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F-86 AIRPLANE

08~  M=69 hp= 35,000 FT
AMPLITUDE X
RATIO,
04-
RAD/SEGC
DEG
P
o
50 -
- PHASE
ANGLE, ©
DEG
..50 -
-100 - 4 ] 1 1 T
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Figure 5.- Effect of Mach number on pltching-velocity trans-
fer function of F-86 airplane.

AIRPLANE - AUTOPILOT GOMBINATION
M=0.7 hp=35,000 FT
PITCH
ATTITUDE, . .
DEG

1l0__ 20 30
TIME, SEG
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2 b
ATTITUDE,  M=07 a ﬁ%os, M=0S9
DEG SEA LEVEL D hp= 35,000 FT

|
UNSTABLE

VARIABLE GAIN
l

0 20 30 L0 20
TIME, SEC TIME, SEC

30
Figure 6.- Effects of altitude and Mach number on the

indicial response of a swept-wing alrplane - autopllot
combination.
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Figure T.- Effect of Mach number on pitching-velocity trans-

fer function of s supersonic airplane configuration
having a delta wing..
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Figure 8.- Effect of Mach number on pitching-velocity trans-

fer function of e supersonic—airplane configuration
having an unswept wing.
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Figure 9.- Effect of Mach number on piltching-velocity trans-
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fer function of a supersonic-airplane_configuratlon

having & swept wing.
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& $
PHASE 8g
ANGLE, 50
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160 ' 3 1 ' 1 1 A
o 2 4 6 8 10 12 i4
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13

Figure 10.- Transfer function of F9F airplane relating
‘folling velocity to aileron deflection.
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08— FOF AIRPLANE v
M=0.9, hpc 12,500 FT
06—
ROLLING
VELOGITY,
RAD/SEC
04—
02—
S NACA " . oz
I i ) ] ] ’
(o] 1 2 3 q 5
TIME,SEC
Figure 11.- Time history of rolling-veloclty response of T -
FOF airplane to.-a unit step in sileron deflection.
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Figure 12.- Analytical expressions for tweo lateral transfer -'f'-_'-_
functions and approximete expressions applicable under e e

limited conditions.
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Figure 13.- The relation of the damping and nstural frequency
of a ysw-damper type of autopilot to.the time to damp to
one-half amplitude of an sirplane-autopillot combinstion.
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