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Report 1B-31253

FOREWORD

This report is the final report of a fixed-base simulator
study of direct lift control in carrier landing spproaches
as a means of improving glide path control precision. The
study was initiated in 1960 as a part of the Douglas Aircraft
Company research program and continued in 1961 under U, 8.
Ravy Bureau of Weapons Contract NOw 61-04OL-t, Task Order
No. 61-8. The cognizent BuWepe engineers were Mr. William
Koven and Mr. Harold Andrews, Stabiliity and Control Unit,
Airfrasme Design Branch, Aireraft Division. El Segundo
Bureau of Naval Weapons Representativas were particularly
cooperative and valuable as a source of experienced carrier
pilot subjects. Their contributions were of immeasurable
value to the program.
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1.0 SUMMARY

The Combat Aircraft Division of the Douglas Aircraft Company, under coantract to the
Bureau of Naval Weapons, conducted fixed-base simulator tests of direct lift control
during carrier landing approaches as a means of increasing flight path control
precision.

The direct 1ift control system that was tested consists of controlling the trailing-
edge flaps of a Model A-3 ¥ 10 degrees from the normal 35-degree deflection at normal
f£light control ratee. Control of the flaps was achieved through a three-position
svitch on the control stick, operating in the same sense as the basic longitudinal
control and trim, The system was designed to supplement and not replece normal longi-
tudinal control.

During the course of the sibject investigation, the effectiveness of direct lift
control wvas evaluated over & wide range of asrodynemics charscteristics veriations,
including phugoid and short-period mode frequency and damping,and operation on the
backside of the power-required curve.

Direct lift control provided nominal improvements in landing approach, flight path
control precision in those cases with good handling gqualities or stability and control
characteristics and considerable improvements in those cases with substandard handling
qualities. Pilot opinion was strongly favorable to direct 1lift cqntrol although the
quantitative effects were in some cases only nominal. Although the effects of direct
1ift control on minimum usable approach speed were not evaluated directly, improve-
ments in flight path control precision and apparent handling qualities can reasonably
be expected to permit reductions in minimum usable approach speed.

Installation and flight tests of direct 1lift control in appropriate carrier-type air-
craft are recommended. The flight test program should include the following consider-
ations:

l. Direct 1ift control system suathority.

2. Munipum usable approach speed effects,

3. PFeasibility and effectiveness of an integrating trim function
in the direct 1ift control system.

k, Direct 1lift control system effectiveness in combination with
an automatic throttle compensation systen.

5. Operational procedures.
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2.3 List of 8ymbols

A}, Acceleration normal to flight path - ft./sec.?
A.XN.D. Airplane nose down

AXN.U. Alrplane nose up

¢p Drag coefficient %ﬁ

(CD)CL Drag coefficient as & function of 1ift coefficient

Ach Increment of drag coefficient due to direct lift control
Acpa Increment of drag coefficient due to angle of attack
e "Lift coefficient %-53
(Cpla Lift coefficient as a function of angle of attack
ACI.,, Increment of 1lift coefficlent due to direct 1ift control
CI'J.' Rate of change of 1ift coefficleant due ¢ rate of
. deflection of trim surface -~ L/sm:.
D Airplane drag ~ 1lb.
g8 Acceleration of graviky ~ £5./sex.”
h Vertical distance of alrplene above plane of carrier deck - fi.
18 Refecrence glide augle - rudisns
K Coefficient or cunstegt (wite subwordipt s, b, ¢, 1, 2, or 3)
K Speed dependent coefficient or simsTant {vith subscript b or 5)

L.W.D. Left wing down

m Mass of airplane - slugs

P Period - sec.

q Dynamic pressure - 1b./ft

R Range - horizontal distance of sirplane to reference

contact point -~ ft.

R/C Rate of climb - ft./sec.
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RPM/RPMMAX Ratio of engine speed to maximum engine speed

RM.D. Right wing down

s La Place operator - l/sec.

8 Wing area =- £12

T Time constant (with subscript a or f) - sec.

T Speed dependent time constant {with subscript b, ¢, d,
1, 2, or 3) - sec.

v Velocity of airplane - ft/sec.

Vo Velocity of caerrier - ft/sec.

VRe Velocity with respect to carrier

Wp Distance on oscilloscope between mirror reference lights - inches

X Distance on airplane from reference contact point - ft.

XpMs Root-mean«square altitude error

Y latersal distance from airplane to reference glide path - ft.

17, lateral distance on oscilloscope of center of meatball
from ‘center of scope -~ inches

AV Vertical distance between airplane and reference glide path - ft.

20 Verticel distance on oscilloscope of horizon above center of
scope -« inches

Zq, Vertical distuxce on nscilloscope of mirror reference lights
above center of scope - inches

g Vertical distence on oscilloscope of meatball above mirror
reference light on scope - inches

a Angle of attack of fuselage reference line - deg.

fae M Cha:nge in angle of attgck due to control stick deflection - deg.

20 Change in angle of att;.a.\ck due to trim surface deflection - deg.

A Flight path angle - cdeg.

8, Alleron deflection - deg.
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Elevator deflection - deg.

Flap deflection - deg.

Control stick defiectioa - deg‘.

Control stick deflection with respect to aileron deflection - deg.
Control stick deflection with respect t¢ elevator deflection - deg.
Throttle deflection - deg.

Damping ratio

Line of sight pit.ch angie - deg.

Angle of ba.nk - deg,

Rate of change of bank sngle due to conirol stick deflection ~ deg.
Angle of yaw - ra.diaIns

Analog computer potentliometer numbers

Airplane

With respect to the earth
).I.ong-period characteristics
Random disturbance
Short-period characteristics

Initial condition

d
Note: Dot over term represents the derivative with respect to time, ——.

dt
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3.0 INTRODUCTION

Carrier landing approaches have always represented the uitimate in precise flight
control. The precision required during caryier landing approaches has increased
with the landing approach speed to the extent that altitude at the ramp must be
controlled to within 6 Pfeet of the ideal glide path in current high-performance
carrier-based aircraft.

Development of the Mirror Landing System (Mi8) has provided the precise altitude

and glide slope reference required, but unfortunately the means of controlling
altitude and glide slope in current high-performence aircraft leaves much to be
desired. Altitude and rate of descent or climt are controlled by engine thrust on a
long-term or steady-state basis and by longitudinal control on & short-term or
transient basis. In an ideal carrier approach, thte tarottle would be set for the
proper rate of sink at the desired trimmed approach speed, and the minor altitude
corrections made with the lomgitudinal condrel. Lsrger altitule errors would be
corrected through longitudinal and thrust contro.. Continuous control demamrds in

one direction or another would be correxted via trim or tnrust adjustment as necessary.

The relatively slow response of jet engines, the large thrust changes required to
initiate rapid changes in the rate of descent or aititude, and the pcssibly adverse
pitching moments due to power effects detract from the effectiveness of altitude
control through power alone. The ralatively high induced drag of higbly swept, low-
aspect-ratio wings of current high-performance air:raft at approach speeds and the
introduection of longitudinai dyramics with cusracterizii: jags and possiblie poor
damping detract from altitude control effactivenese vy lcngitudinal control.

The desire for increased flight pail contrul precizicn and coansideration of the
deficiencles of available coantrcis iead to ~omsideration of direct 1ift contrcl.
Preliminary feasibility studies and a ¢lmple simulalor test ¢f direct 1ift control
were conducted by the El Segundo Division of the-Duugias Airuraft Company in 1960.
The similation was relatively crude, and the axthority of the direct 11ft control
somewhat large, but the resuits cleurly indicahed that direct 1i1ft control through
trailing-edge~flap control was feasini® and effative,

On the basis of these resulte and the expressed irderest and encoursgement from the
Bureau of Naval Weapons, the simulistion was rerined in preparation for a more complete
study of direct 1lift control with & more realletlec muthoity, The current study was
sponpsored by the Bureau of Naval Weapous agad concuuhed unier BuWeps Contract

NOw 61-04Ok4-t, Task Order No. 61-8.

oo adt St
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4,0 DISCUSSION

4,1 Description of Equipment and Tests

4,1,1 B8imlator

A fixed-base simulator was used for the subject investigation., Pho%ographs of the
simulator and instrument peanel are shown in Figures 1 and 2. A sketch of the instrument
panel and simulated Mirror Landing System (ML8) is stown in Figure 3. The aerodynamic
similation included complete nonlineuar simulation of the “hree longltudinal degrees of
freedom and a simplified simulation of the two Lateral degrees of freedom (roll and yaw).
The lateral degrees of freedom were included to provide an additioral task end make the
similation somevhat more realistic. No lateral maneuvering was permitted other than
maintaining heading and keeping the wings level, BlLork dlagrame of the control system
equations of motion, and simulated mirror lending system dlsplay are shown in Figures 4,
5, and'6, reapectively. The equations used in the similstion are sumnarized in Table I.
Vertical displacement of the "meatball" is primarily an indication of angular error
frpm'the desired glide path. As a concequence, its sengitivity to linear altitude
errors 1s increased with reduced range. This phenomenon was included in the simulation.

The basic conflguration, represented by test condition &, was representative of a
Model A-3B aircraft. The basic aerodynamic characteristice are summarized in Table II.
Note that although 1ift and drag curve slopes are guosad Iin Table JI, nonlinear

1lift and drasg characteristics were used in the simuletlon., The quoted sinpes are the
gradlients at the trimmed approach condition. Albhough Model A-3 aircraft have a control
wheel, a Model A-4 control stick was used in the simulator. See Figares 1 and 2. The
stick deflection range was 25 degrees aft, 13 degrees Jorvward, end % 36 degrees
laterally. Linear springs with force gradients of 1.2 pounis per degree longitudinsl
stick deflection and 0.55 pounds per degree lateral stick deflection were used for
control feel. A throttle or power level was provided for thrust or power comtrol. No
directional control was provided. The direct 1if% comt»n. system was actuated through
an additional thumb switch on the shick grip.

4h,1,2 Direct Lift Control Systenm

The direct 1ift control system consisted of control of %re flaps at high rates over a
small range (i 10 degrees) asbout the nominal flap poai=icn {375 degrees). A flap
deflection rate consistent with conventional contmel.surfase zales, 40 degrees per
second, was used over the l0-degree, direct 1175 ~oubre raige. The 10-degree range
was selected on the basis thaet this would te all +the’ migtt be afforded on the Model
A-3 because of aircraft performasnce and steli proximity considerations. In genersl,
the authority of such a system would depend on the flap effectiveness, the desired
approach speed, stall margin, and approach attitude. The suthority of the tested
system provided 1ift coefficient control of &+ 0.1, which zorresponds to # 0.1h g's
and approximately 30 percent of the lift margin frum stall, Normally, a pilot will
use no more than about 50 percent of the lift margin for control purposes with a
20-percent approach-speed margin above the stall, Thue, the direct 1ift control
system had an authority of about 75 percent of theh a pilcet will normally use in
landing approaches. The direct 11ft control systex wasz considered to be a supplementary
vernier control and not a replacement for conventinasl controlz. The net pitching-
moment change due to the flaps in the direct 1lift vortrol sutnority range chosen is
negligible in the Model A-3 and was assumed to be zzsro in tne simulation.
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Actuation of the flaps was achieved through a spring-centered, three-position toggle
switch on the stick grip, that was referred to as the "lift switch." Except for the
lag in control surface motion, the 1ift switch provided instentaneous direct 1ift
control. The 1lift switch operated in the conventioral longitudinal control and trim
sense; pushing forward decreased the flap setting and 1lift, and pulling back increased
the flap setting.

k,1,3 Tests

A series of tests was established to evaluate dirsct 1ift corntrol over a wide range

of basic longitudinal aserodynamic characteristics, These teste are summarized

in Table III and include variations of phugold snd short-period frequency and demping,
as well as operation on the backside of the thrust-required curve with conventional
and exaggerated dreg due to 1lift. The desired variatiorns of the aerodynamic character-
istics were obtained through adjustment of potentiometers 30 through 36, shown in
Figures 4 and 5. The basic approach speed for the tests was 130 knots. This speed,

as shown in Figure 7, corresponds to the minimum drag speed. An approach speed of

120 knots was used for tests 10, 11, and 12 to represent approaches on the backside

of the drsg curve. The induced drag of test 11 was arbiltrarily increased by intro-
ducing a Acna term. The resulting power-required curve with this term included 1s

also shown ih Pigure 7. A total of 18 carrier-qualified pilot subjects were utilized
during the test program. The assigned task was %4c make good carrier-landing approaches.
Ro specific speed or glide-slope holding tasks other than keeping the speed within
reasonable limits, avoiding the stall, and remaining as close to the ideal glide path
as possible were given. ILongitudinal trim, thrus:, and aititude were automatically
reset at the beginning of each approach for the proper trim speed and rate of descent.
Each pilot subject flew each of the tests six times, three using direct 1ift control
and three without direct lift control. Each test was initiated at a range of 6000 feet
from the carrier at an altitude of 475 feet above the deck. EBach flight was terminated
at the ramp or about 300 feet from touchdown. In thcse tests in which the speeds

were changed, tests 10 through 12, the carrier speed was adjusted to maintein the

seme relative speeds as in the first nine tests. Each test lasted approximately

30 seconds.

Random disturbances were introduced into the piltecl, roll, and yaw channels by
Gaussian noise networks with the high frequencies tiltered cut., The low-frequency
disturbances were then adjusted to provide a maximm gust velocity of 10 feet per
second based on studies of References 1 and 2, Calibration of the random noise net-
work indlcated the following angular-rute disturban-es:

AY = 1.9 degrees per serond
Aq = 1,0 degrees per second
Ay} = 0.6 degrees per second

Vertical gusts with a duration of six seconds or greater were frequently encountered,
and some pilots felt these to be unrealistic. In fect, although the gust magnitudes
were based on apparently valid over-water gust surveys, some pilots also felt the
disturbances to be unrealistically high. Ko sttempt was made tc simulate specific
flow disturbances such as stackwash or downwash aft <f the carrier,
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k,1.4 Data

Data were obtained from the simulator in two forma:

1. REAC Brush Recording time histories of altitude error, rate of
descent, angle of attack, elevator deflection, and flap deflection.

2. Magnetic tape recordings of altitude error and rate of descent from
which IBM cards were punched for the data at one second intervals.

Pilot opinion data were aliso ~cbtalned in each feet 7o determine whether the pilot felt
that direct 1lift control increased, had no effect, or decreased his ability to make a
good approech.

4,2 Results
The results of the subject investigation are presented in two forms:

(a) The percentages of the approaches waved otf because of loss of meatball are
presented in Table IV. Although no provisions were made for wave-offs in the
simulator, those approaches in which the pilot actually two-blocked the meat-
ball in the oscilloscope were eliminated from consideration. The simulated
mirror landing system displey had & meatball acquisition cone angle of 4,75
degrees. Actual MLS has a cone angle of i 0.7% degrees., The simulated
meatball acquisition cone angle wes large by design to avoid damage to the
equipment.

(b) Root-mesn-square (rms} sl:itude error is presented as a function of time
in Figures 8 through 12. Mean altitude error is not shown since it is of
no consequence and would approach zere with no blas and a sufficient number
of samples. A digital computer program wa3s used to obtain these results
from the magnetic tuape ard IBM card duta. The aititude-error data are
presented only for those approacres nut waved c¢ff for loss of meatball. As
a consequence, each test has a different sample nize varying from 28 to 85
percent of the total approactes. The varlatlion ¢t the sample size is of no
particular consequerce. The relationsuip of the rms altitude error with direct
1ift control to that withoud direct 12t »ontiel 13 preserved in all cases as
the sample size 1s reduced to as low as 20 percent of the total runs by
arbitrarily reducing mestball acquisition angie and discarding those runs that
exceed the tightered tolerances. Althougn these data are presented as a
function of time, they are not time bistcrles. The rms altltude error from
all the spproaches of each *est with and witacud direct 1ift coutrol was
evaluated at discrete time lntervals und tuew presented as a funchtion of time.

4.2.1 Wave-Off Percentages

The effects of aserodynamic characteristics veriations and direect 1ift control on the
percentage of wave-offs because of loss of the meatvall are summarized in Teble IV,
Bven with the enlarged meatball acquisition angle (I k.75 degrees), as compared with
that of actual mirror landing systems (% 0.75 degree), ihe percentage of wave-offs
is considerably higher than that in actual carrier uperation. The simuiator was
considerably more difficult to fly precisely thLan an actual airplane. The disparity
is understandable since five degrees of freedom were b=’ng simulated, and the pilots
had only basic flight instruments and the simmiated mirvor landing system for
reference. The inability to fly simulated carrier lundlng spproaches with the
precision possible in actual operations is attribiut-=d primarily to the lack of full
motion and visual cues. Full-scale gust-disturbance slmuletion may also have been
excessively severe for fixed-base simulation and certainly contributed to the inability
t0o meintain flight control precision. No significance is attached to wave-off
percentage changes less than 5 percent,
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Phugo id Period

As indicated by the data of Table IV, the percentage of wave-offs decreased from

42.6 percent to 31.5 percent as the phugoid period increased from 20 to 30 seconds,
and then increased sharply to 55.6 percent as the period incressed from 30 to 4o
seconds. The indicated variation of wave-off percentage with phugoid period is very
difficult to explain. Poorer control precision might be expected with a very slow apd
sluggish phugoid if altitude control were derived primarlly from thrust comtrol, but
thrust was adjusted only ae necessary to malutaln speed as eititude errors were
corrected by longitudinal control. As a consgguernce of the manner in whilch altitude
errors were corrected, one would not expect to ses any sppreclable effect of phugoid

. period. The seme trend is apparent with dire~t 1ift control, but to a lesser degree.

Direct 1ift control had no particular effe.t on tus wave-off percentages at the
shorter phugoid periods but reduced the wave-ofrs considerably at the longer phugoid
period.

Pnugc 1d Damping

As indiceted by the data of Table IV, phugold damping veristions had no particular
effect on the wave-off varlations wilthsut dlrect 11ift cenirol. Except where the
phugoid was very lightly damped, direct 1ift control hed no effech on the wave-off
percentages or the variation of wave-off percentage with phugold damping. Direct
1ift control did, however, reduce the wave-off percentage from 35 percent to 15
percent where the phugoid demping was very iight {§ = 0.05). A reduction in wave-
offs would be expected whers ths phugeld ie =aaeily dishurbed and not well damped,
but the fact that the improvement is so murked, whers there 18 litile veriation in
wave-off percentages with phugoid dempirg varisticne withoa® dlrect 1ift control,
is surprising and somewhat of a mystery.

Shert-Pericd Mode Period

Without direct 1ift control, *+4e percventage of wave-offe ifucreased from 31.5 percent
to 37.0 percent as the period cf the sherh-period mede lncressed from 6.5 seconds to
12 seconds and to T2 percent as the grorb-period wwede became aperlodic (5-percent

MAC unsteble}. This increase in “he wuve-offs 8s the airplene became less stable and
unstable is quite reasonsbie. Dires 1L1ft sonbrol dld nut luprove the wave-off
percentage where the stability was geod bu’s &l¢ reduce the wave-offs considerably
wvhere the stability wes low and wbere the alrplans was steblcally unsteble. The
improvement due to direct 1ift corntowl with lLow statie stablility and static instability
would be expected, but the reductior in wev--olf percentage with low static stability
to less than that with higher static stabiiity is surprising.

Short -Periocd Mode Damping

Reduction in damping of the shtort-period mode Zrom #48-percent critically damped

to 11-percent critically damped and to aivergence mzsulied in an apprecleble increase
in wave-off percentages. It is somewhat surpriziug thet the wave-off percentage was
not increased more in the divergen® gituailon, buk o"herwliee the varlation with
short-period demping is reasousble. Direct 1if :omrmui had no significant effect on
the wave-off percentage with good shcri-pericd dsmping or where the short-period mode
was divergent. It did reduce the wave-offs whers the short-period was only lightly
demped and, in effect, tended to smooth ou’ the varistion due tc short-period
damping variations.



Report No. 1B-31253
Page 12

Operation on Backside of Power-Required Curve

Reduction of the approach speed from 130 knots to 120 knots to represent operation

on the backside of the power-required curve and arbitrarily incressing the induced-
drag term to represent operation further on the backside of the power-required curve
resulted in an expected increase in wave-off percentages. Providing additional excess
thrust for the 120-knot case had no effect on the wave-off percentage. Direct 1lift
control had no effect at the higher speed basic case but provided a marked improvement
for those on the backside of the power-required curve. The improvement due to direct
1ift control at 120 knots was lost when additional excess thrust was provided. It
would appeer that in this case the pilots may have been too busy concentrating on use
of throttle to use direct 1ift control effectively. Otherwise, the results of the
tests of operation on the backside of the power-required curve are reasonable.

4.2,2 Altitude Error

The effects of eerodynamic characteristics varlations and direct lift control on the
root-mean-square altitude error are shown in Figures 8 through 12 in which mms altitude
error during the last 24 seconds of the approaches is presented as a function of

time. The altitude error permitted by the meatball acquisition cone angle (t 0.75
degree) of actual mirror landing system installations is also shown in Figures 8
through 12 for reference. It should be kept in mind that the simulated cone angle was
+ 4,75 degrees and those approaches in which the simulated meatball was lost or
two-blocked in the oscilloscope were not considered. The function of the meatball

was maintained over the entire acquisition cone.

In actual operation, a very large initial altitude error would be expected. This
error would decrease linearly with range to about 5 feet at the ramp. The simulated
approaches were all initisted with zero altitude error 30 seconds from the remp.  Only
the last 24 seconds are shown in Figures 8 through 12. The fact that the approaches
were ell initiated with no altitude error accounts for the relatively low error during
the initial stapges of the approaches where large errors would be expected.

The reduction in altitude error during the last § to 10 scconds of the approaches is
indicative of increased meatball sensitivity at short ranges, This time range is
considered to be the most significant in evaluation of the data. In some cases an
improvement due to direct 1ift control, indicated in this time period, is dissipated
gt the ramp. This dissipation is not necessarily considered to be significent for
two reasons:

1. Improved performence in the last 8 to 10 seconds reduces the
necessity for undesirable last-second corrections.

2. There was & tendency among the pilots to focus on a goal of
arriving at the ramp with a minimum altitude error. Altitude
errors did not recelve prompt attention until close to the
carrier. The dangers of sloppy approaches with more or less
radical maneuvering near the deck were being neglected in
these cases.

Phugoid Period

The data of Figure 8 indicate the effects of phugoid period variation end direct 1ift
control on rms altitude error. Direct lift control reduced the rms altitude error over
the last & to 10 seconds from 5 to 10 feet at all three phugoid periods. This improve-
ment was lost at the ramp for the two shorter periods where an rms altitude error of 10
to 12 feet is shown with and without direct 1ift control. The improvement was main-
tained to the remp with the longer period, however.
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Using the rms altitude error at t+ = 20 seconds as an index, the effects of phugoid
period and direct 1ift control on altitude error are summarized as follows:

Altitude Error

" Phugoid Period (Teet)
Test 5 seconds ; Basic biC

1 20 20.0 14,0
2 30 28.5 18.5
3 Lo 26.5 22.5

The basic altltude-error variation with phugoid-period variation is inconsistent with

the wave-off-percentage variation, and neither variation is considered to be particularly
characteristic to the phugoid-period variation. The altitude-error reduction due to
direct lift control varies from 4 to 10 feet or 15 to 35 percent. Considering both

the altitude-error and wave-off-percentage reductions, it is concluded that direct 1ift
control provides a nominal improvement in flight path control precision at all reason-
able phugold periods.

Phugoid Damgigg

The effects of phugoid-damping veriations and direct 1ift control on rms altitude
error are shown in Figure 9 and are summarized for a characteristic time (t = 20 seconds)
in the following table:

Altitude Error

(feet)
Test Phugoid Damping Basic DIC
Y= .04 17.5 21.0
2 Y= .08 28.5 18.5
5 §= .12 22.5 21.5

No particular significance 1s attached to the variation in basic altitude error with
phugoid deamping, end there seems to be no particular reason for the indicated variation.
In fact, the altitude error with low phugold damping appears to be unreasonably small.
The altitude error with direct 1ift control with low phugoid damping is greater than
without direct 11ft control, but as indicated in the previous section, direct 1ift
control reduced the wave-offs in this particular test conelderably. There is a con-
siderable altitude-error reduction due %o direct 1lift control with moderate phugoid
damping but almost no improvement with higher phugoid damping. Considering both the
altitude-error and wave-off percentage effects of direct 1ift control, it is concluded
that the improvement in flight path control precision due to direct 1ift control
increases as phugoid damping is reduced.

Short-Period Mode Period

The effects of static longitudinal stebility or period variations of the short-period
longitudinal mode and direct 1ift control on rms altitude error are shown in Figure 10
and are summarized briefly as follows:
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Altitude Errorat t = 20

Period {feet)

Test (seconds) Basic DLC
2 6.5 28.5 18.5
6 12.0 2k.0 19.0
9 Aperiodic 39.0 28.0

Although less basic altitude error would be expected with a period of 6.5 seconds than
with a period of 12 seconds, the variation of altitude error with static stability or
period of the short-period mode is not unreasonable. Direct 1ift control reduced the
altitude error from 5 to 10 feet over the range of periods tested. Note that although
the 21titude error is not reduced es much with a period of 12 seconds as with a period
of 6.5 seconds or where the short-period mode is aperiodic, there is a large reduction
in wave-offs with direct lift control in these cases. Considering both altitude-error
end wave-off percentage it is concluded that direct 1ift control provides e nominal
improvement in flight path control precision with normal stetic stability levels and
a greater improvement as static stability is reduced.

Short-Period Mode Damping

The effects of short-period mode damping and direct 1ift control on altitude error
sre shown in Figure 1l and summarized briefly as follows:

Altitude Error at t = 20

(feet)

Test Demping Basic DLC
2 Y= 0.45 28,5 18.5
7 ¥Y=o0.11 22,0 26.5
8 Y=-.05 27.0 18.0

The variation of basic altitude error with short-period damping variations does

not correspond to expectations since an increase in altitude error with reduced
damping end divergence would be expected. Direct 1ift control reduced the

altitude error sbout 10 feet or 35 percent with good short-period damping and

where the short-period mode was divergent. The altitude error wes increased with
direct 1ift control where the short-period mode was lightly demped. Direct 1lift
control did, however, provide a significant reduction in weve-off percentege in this
condition. It is concluded that in light of the altitude-error and wave-off per-
centage reduction, direct 1lift control provides a nominel improvement in flight path
control precision that is not affected by short-period demping variations.

Operation on the Backside of the Power-Required Curve

The effects of operating on the backside of the power-required curves and direct 1ift
control on altitude error are shown in Figure 12 and in the following table:

Altitude Error at t = 20

(feet)
Test Test Condition Basic DiLC
2 V = 130 knots 28.5 18.5
10 V = 120 knots 20.0 18.0
11 V = 120 knots with 2k.5 18.0
increased induced drag
12 V = 120 knots with 24,0 20.0

increased excess thrust
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The basic altitude error variation as the approuch is made further on the backside of the
power-required curve appears to be unreasonable, An increase in altitude error corre-
sponding to the increase in wave-off percentages would be expected. It may be that
operating on the backside of the power-requlred curve increases the difficulty and
pilot effort required to make good approaches without detracting significantly from
the altitude control accuracy itself. Direct 1ift control reduced the altitude error
in all ceses. The reduction due to direct 1ift control is smailest in Test 10, but
the reduction in wave-off percertage in tnls test -sndition wes quite large.
Considering both the wave-off-percentage and al:ltude-error reductions. it is con-
ecluded that direct lift control provides a considerable Improvement in flight path
control precision et speeds on the backside of the power-required curve. This
improvement can reasonably be expected to permit reductlon of the minimum landing
epproach speed where the approach speed is limited by such coasiderations.

4,2.3 Pilot Opinion

Pilots participating in the simulator tests were ssked to rate direct 1ift control
on the basis of whether in their opinion direct LIift ¢ontrol increased, had no
effect on, or decreased thelr ability to make a good landing approach. The results
of these ratings are summarized in Teble V, and as indicated by these data pilot
opinion was strongly in favor of direct 1ift combtrol. The pernentage of pilots
that were of the opinion that direct 1ift control improved thelr ability to make

a good approach varied from test to test between 61 and 94 percent.

There appears to be no direet zorrelstion between the pilet opinion of direct 1ift
control as summerized in Tsble V and the wave-cfl pervertuges summsrized in Table IV
or the altitude-error data of Figures 8 through 12. C(ne exception is the case of
the statically unstable airplane in which G4 percent of the pilots preferred direct
1ift control. This configuration 1s clearly the most difficult to control precisely,
and the pllots were almost unanimous in their preference for direct 1ift control.
Review of individual pillot performance as indicated by the REAC Brush Recorder time
histories also shows no correlastion between perfcrmence and the pilot opinion
variation. It appears that pllot opinicn was based on four mere or lesas obscure
factors:

(a) Effort involved ox ease with which slight eltitade errors could

be corrected by direst 1ift control.

(b) Ability to correct sihbitude ercors witnous 2istuzbiog the
alrplane atbitude o> any wastabtle or peorly dsmped situatlon.

(¢) Tendency of some pilots to base tnei~ judgemeut on final
conditions rather than on over-ail periormance.

(d) The random nature of the simulated gust disturbances.

A two-hour practice period wes required of esach pilot pricr %o conducting the tests
to insure famillerity with the simulator and the direct 1ift control system. All of
the test subjects were experienced carrier plictu.

Airspeed data required to asgsess the ease or ditticulbty ot maintaining speed and

the effects of direct 1ift control on speed-hoiding sbllity were not recorded. Review
of pilot opinion indicated no partlcular difficuity iu mailntaining speed except at
speeds on the backside of the drag curve, and divect 1if%t control apparently improved
the ability to maintain speed in these cases,
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4,2.4 Additional Comments

When the use of direct 1lift control for increased flight path control precision in
carrier landing approaches was first concelved, it was thought some reduction in drag
changes due to lift changes made for control purposes might be realized through direct
1ift control. This would increase the effectiveness of direct 1ift control. However,
review of the aerodynamics indicates that drag changes due to 1lift changes through flap
deflection are practically identical to normal drag due to 1lift changes at normsal
approach conditions. Thus, the effectiveness of direct 1ift control as a means of im-
proving flight path control precision is primarily the result of other factors, such as
reduction in response time and elimination of the necessity for disturbing the angle of
attack or any characteristic mode that might not be sufficiently stable or well damped.
However, at angles of attack corresponding to speeds well on the backside of the power-
required curve, the drag change per unit 1ift change due to conventional flaps is less
than the drag change per unit 11ft change due to angle of atteck. Thus, in addition to
the other factors involved, the aerodynamics of the situation are improved through direct
1ift control in approaches on the backside of the power-required curve.

In many of the test conditions, the improvement in altltude error due to direct 1lift
control is only nominal. In a few other cases, direct 1ift contr¢l apparently increases
the altitude error. Yet in all cases, pllots opinion indicated a preference for direct
1ift control. It would thus appear that the increase in ease in making the approach

to any degree of accuracy i1s a most lmportant factor. In fact, the reduction in pilot
attention and effort required may very well be more imporiant than improvement in
control precision. It is also reasonsble to expect that improvements in flight path
control precision or handling quelities achieved through direct 1ift control can be
transleted into a reduction in minimum usable approach speed,

As a consequence of the conclusiorn that the primary reason for the effectiveness of
direct 1ift control is not a reduction in drag changes due to 1ift changes, it

would sppear that use of direct 1ift control in zonjanction with an autometic throttle
compensation system would provide a most effective landing spproach control system.
Direct 1ift control elone should provide ar improvement in Landing approach control
and should be evaluated on its own merits. However, uitimate combination of direct
1ift control and an automatic throttle compensatinn system should be considered.

Devotion of a nominal flap deflection to direct 1ift control does not necessarily
reduce the margin from stall. The mistaken lmpression that it does has been expressed
in many quarters. However, changing flap deflection has no significant effect on

the stall angle of attack. On the other hani, iwncreacing the angle of attack through
nose~up longitudinal coatrol dces reduce the angie-of-sttack margin from stell.

During the course of the subject tests, the thought arose that an integrating trim
function could be incorporated in the direct litt contrvl operating switeh. If the
Pilot continually demanded 1ift changes in one direztion or the other, the integrating
trim function would slowly trim the angle of sttack in that direction. If more or
less equal increased-lift and decreased-lift commands were masde, no change in trim
would occur. Such a function seems to be quite desirabie. Tt might be possible to
incorporate the direct 1lift control function in the normal longitudinal trim switch.
Unfortunately, many existing longltudinel trim systems have sufficiently serious
reliability and maintenance problems so that the additional functions and complexity
could not be afforded. The concept should be pursued further, however, if the
opportunity arises.

Consideration of the use of direct 1ift control in landing approaches need not be re-
stricted solely to carrier lending spproaches. It zould be used in any pilot controlled
approach in which altitude-errcr information is avaiisble to the pilot, such as in IIS,
GCA, and field MLS approaches. Direct 1ift control might also be adaptable to auto-
matically controlled approaeches.,
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5.0 CONCLUDING REMARKS

As has been found in numerous other tracking task investigations, there is not always

a consistent variation of pilot tracking performance with the static and dynamic

quality of "goodness" of the controlled element. This is generally attributable to

the extreme adaptability of the human pilot. It is not surprising, therefore, that

the quantitative data presented herein do not indicate conclusively the effects of
serodynamic configuraetion changes or of direct 1lift control. A liberal interpretation

of the data, however, would permit the general observations that the aircraft with
obviously poor flying qualities were most difficult to control precisely and that the
benefits of direct 1ift control are most noteworthy for the poorest aircraft configurations.

8ince the human pilot's adaptability frequently masks tracking performance as a
criterion to Jjudge the advantages or disadvantages of parameter variations, one must
rely heavily on pilot opinion for guidance. In this investigation approximately

75 percent of the pilots were of the opinion that direct 1ift control improved their
ability to make good landing approaches. This finding 1s considered to be significant.

On the basis of the results of this program, use of direct 1ift control as a means of
improving flight path control precision during carrier landing epproaches appears to
be promising. Direct 1lift control appears to be most promising in those cases in which
longitudinal handling qualities at desired approach speeds are deficient to the extent
that approasch precision 1is compromised and Iin those cases that minimum ussble epproach
speed 1s limited by an adverse lift-drag reletionship or excessive induced drag.

_ Ingtallation of direct 1lift control systems in approprlate carrier-type airplanes and

flight tests of the system are recommended. The fcllowing items should be tested in
this programi

1, Direct 1ift control system asuthority.
2. Minimum usable approach speed effects.
3. Feasibllity and effectiveness of an integrating trim function.

4, Direct 1ift control effectiveness in combination with an
eutomatic throttle compensation system.

5. Operational procedures.
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TABLE I

SIMUTATOR AND OSCILIOSCOPE
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SIMJLATOR EQUATIONS (continued)
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Center of Gravity
Gross Weight
Rolling Moment of Inertia
Pitching Moment of Inc:uin
Yawing Moment of Inert..

Product of Inertia
Wing Span
Wing Area
Wing Mean Aerodynamic Chord

Approach Speed
Approach Angle of Attack

Cly =

Q
L]

».07
0-,4»0
-1.26

k.5
-11.52

-0.196
0.1315
-1.06

-0 .14-06
-0.112
0.518

per
per
per

per
per

per
per
per
per
per
per

TABLE II

MODEL A-3B
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AERODYNAMIC CHARACTERISTICS

radian
radian
radian

radian
radian

radian
radian
radian

radian
radian
radian

0.85
-2.16

0.259
0.660

0.2k4
-0 t002

18.0% MAC

45,922 Lb,

165,720 Slug Feet Squared

317,740 Slug Feet Squared

453,010 Slug Peet Squared
9,120 Flug Feet Squared

T2.5 Feet
779.0 Square Feet
11.68 Feet
130 Knots
5 Degrees
per radian
per radian
per radian
per radian
per radian
per radian



Test
No.

1.
2.
3.
k.

5
6.

T
8.

9.

10.
11.

i -8

FW N -

Characteristic

Investigsated

Phugoid
Prugota(3)
Phugoid
Phugoid
Phugoid
Short Period
Short Period
Short Period
Short Period

Prugota (1)(2)
Prugoia(?)

Phugoid(a)

Bagic Case

TABLE III

TEST CHARACTERISTICS

Indicated
Alrspeed
Varisble  V_ (Knots)
Pp = 20 sec. 130
Pp = 30 sec. 130
Py, = 40 sec. 130
S, = .0u 130
§y = 12 130
Ps = 12 gec. 130
Sg= .11 130
SB .-005 130
O, =+.05 130
L
Acpa(3) =0 120
AcDa(3) = 1.0 120
anl#)
20
AcDa(3) .0 1
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Dynamic
Longitudinel Characteristics
P t Pg
(Seconds) 'L (8econds)
20 .08 6.5
30 .08 6.5
Lo .08 6.5.
30 .0l 6.5
30 012 605
30 .08 12,00
30 .08 6.5
30 .08 6.5
30 .(B -
29 .10 8.0
- - 8.0
28 .10 8.0

Operation on Backeide of Thrust-Required Curve
Potentiocmeter Number 3k (See Figure 4)
Excess Thrust Available to Pilot Through Throttle

%

45
45
45
k5
]
A1
.1l

© =e05

48
48

48



Report 1LB-31253
Page 24

TABLE IV

Effect of Direct Lift Control on Wave-off Percentages

Test Vériable Wave-off Percentege
Phugold Period Basic With Direct Lift Control

1 P = 20 seconds 42.6 L6.3

2 P = 30 seconds 31.5 35.2

3 P = 40 geconds 55.6 40.7

Phugoid Damping

b $= .04 35.2 14.8
2 $= .08 31.5 35.2
5 Y- .12 38.9 40.7
Short-Period Mode Period
2 P = 605 31.5 35.2
6 P= 12 37.0 22,2
9 P = oo , 72.2 53.7
Short-Period Mode Damping
2 $a 45 31.5 35.2
7 S« ,11 40.7 33.3
8 $=-05 k2.6 38.9
Backgide of Power-Req'd Curve
2 130 kts 31.5 35.2
10 120 kts Ly b 29.6
11 120 kts (increased induced drag) 63 48.1
12 120 kts fincreased excess thrust) 46.3 k2.6
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Test A
1l 11
2 12
3 1
L 14
5 13
6 1k
T 13
8 15
9 17

10 14
11 11
12 13

TABLE V

Categogx

F U W O FF FE WU DO

PILOT OPINION SUMMARY

{e]

H DO OF P OF O M D E e
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Percentage of Pilots
in Category A

61
67
61
78
T2
78
T2
83
9k
78
61
T2

A - Number of pilots who felt that direct 1ift control increased
their ability to make good carrier landing epproaches.,

B « Number of pilots who felt that direct 1ift control had no
effect on their ebility to make good carrier landing epproaches,

C - Number of pilots who felt that direct lift control decreased
their ability to make good carrier landing approaches,
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FIGURE 1
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FIGURE 2
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DOUGLAS ARCRAFT COMPANY, INC. B SEGUNDO DIVISION  EL SEGUNDO, CALIFORNIA FIGURE 3
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DOUGLAS AIRCRAFT COMPANY, INC. EL SEGUNDO DIVISION  EL SEGUNDO, CALIFORNIA FIGURE &
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DOUGLAS ARCRAFT COMPANY, INC. EL SEGUNDO DIVISION €L SEGUNDO, CALIFORNIA FIGURE 6
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