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Report LB-31253

FORWORD

This report is the final report of a fixed-base simulator
study of direct lift control in carrier landing approaches
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. S.
Navy Bureau of Weapons Contract NOw 61-0404-t, Task Order
No. 61-8. The cognizant BuWeps engineers were Mr. William
Koven and Mr. Harold Andrews, Stability and Control Unit,
Airframe Design Branch, Aircraft Division. E1 Segundo
Bureau of Naval Weapons Representatives 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 SUM4ARY

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

The direct lift control system that was tested consists of controlling the trailing-
edge flaps of a Model A-3 ± 10 degrees from the uormal 35-degree deflection at normal
flight control rates. Control of the flaps was achieved through a three-position
switch on the control stick, operating in the same sense as the basic longitudinal
control and trim. The system was designed to supplement and not replace normal longi-
tudinal control.

During the course of the subJect investigation, the effectiveness of direct lift
control was evaluated over a wide range of aerodynamics characteristics variations,
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 qualities or stability and control
characteristics and considerable improvements in those cases with substandard handling
qualities. Pilot opinion was strongly favorable to direct lift cgntrol although the
quantitative effects were in some cases only nominal. Although the effects of direct
lift 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 lift control in appropriate carrier-type air-
craft are recommended. 7he flight test program should include the following consider-
ations:

1. Direct lift control system authority.

2. Minimum usable approach speed effects.

3. Feasibility and effectiveness of an integratIng trim function
in the direct lift control system.

4. Direct lift control system effectiveness in combination with
an automatic throttle compensation system.

5. Operational procedures.
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2.3 List of Pimbols

AZ Acceleration normal to flight path - ft./sec. 2

A.N.D. Airplane nose down

A.N.U. Airplane nose up

OD Drag coefficient

(CD)CL Drag coefficient ns a fu=.c4ion of lift coefficient

,aCDc Increment of drag coefficient due to direct lift control

SIncrement of drag coefficient due to angle of atta ck

CL Lift coefficient Lift

(CL)Q Lift coefficient as a function of angle of attack

CI~c~ Increment of lift coefficient due to direct lift control

CLT Rate of change of lift zoeffici!ent due .c rate of
deflection of trim surface - I!A.

D Airplane drag - lb.

g Acceleration of graviky ft./se .2

h Vertical distance of airplane above plane of carrier deck - ft.

ig Refezence glide &agle - redl.us

K Coefficient or cn.,stat ýýut •.h•Lipt a, b, c, 1, 2, or 3)

K Speed dependent coefficient nr roý;-:;ant (vith subscript 4 or 5)

L.W.D. Left wing down

m Mss of airplane - slugs

P Period - sec.

q Dynamic pressure - lb./ft 2

R Range - horizontal distanc~e of airp.lmae to reference
contact point - ft.

R/C Rate of climb - ft./see.
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RPM/RPLaX Ratio of engine speed to maximum engine speed

R.W.D. Rigit wing down

a La Place operator - 1/sec.

S Wing area - ft 2

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

T Speed dependent time constant (with subscript b, c, d,
li 2, or 3) - sec.

V Velocity of airplane - ft/sec.

Vc Velocity of carrier - ft/sec.

VRC Velocity with respect to carrier

Wp Distance on oscilloscope between mirror reference lights - inches

X Distance on airplane from reference contact point - ft.

XRMS Root-mean-square altitude error

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

YL Lateral distance on oscilloscope of center of meatball
from center of scope - inches

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

Zh Vertical distance on oscilloscope of horizon above center of
scope - inches

ZL Vertical distingue on oscilloscope of mirror reference lights
above center of scope - inches

ZMB Vertical distance on oszilloscope of meatball above mirror
reference light on scope - inches

a Angle of attack of fuselage reference line - deg.

WIs Change in angle of attack due to control stick deflection - deg.

Lai Change in angle of attack due to trim surface deflection - deg.

Flight path angle - deg.

b5a Aileron deflection - deg.
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be Elevator deflection - deg.

B5F Flap deflection - deg.

be Control stick deflection - deg.

(8s)a Control stick deflection with respect to aileron deflection - deg.

(5s)e Control stick deflection with respect to elevator deflection - deg.

Throttle deflection - deg.

Demping ratio

0 Line of sight pitch angle - deg.

4 Angle of bank - deg.

Rate of change of bank angle due to control stick deflection - deg.

Angle of yaw - radians

-- • Analog pomputer potentlometer numbers

Subscripts

a Airplane

e With respect to 'the earth

L 'Long-period characteristics

R Random disturbance

S Short-period characteristics

o Initial condition

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

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

Development of the Mirror Landing System (MLS) has provided the precise altitude
and glide slope reference required, but unfortunately the means of controlling
altitude and glide slope in current high-perfonance aircraft leaves much to be
desired. Altitude and rate of descent or climt are controlled by engine thrust on a
log-term or steady-state basis and by longitudinal control on a short-term or
transient basis. In an ideal carrier approach; z'te throttle would be set for the
proper rate of sink at the desired trimmed approac:h speel, and the minor altitude
corrections made with the longitudinal control'. LArger altitude errors would be
corrected through longitudinal and thrust control. Continuous control demands in
one direction or another would be correc!ted via trim or thrust 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 altitude, and the possibly adverse
pitching moments due to power effects detract from the effectiveness of altitude
control through power alone. "The relatively high induced drag of higbhy swept, low-
aspect-ratio wings of current high-performance airýra•t at approach speeds and the
introduction of longitudinal dyramics with -cha:acteri• i. lags and possible poor
damping detract from altitude control effectivene,. by lcngitudinal control.

The desire for increased flight path cont-mL precieicn arid cosideration of the
deficiencies of available controls lead to oas eration of direct lift control.
Preliminary feasibility studies and a fimpl- selx waý;,r test cf direct lift control
were conducted by the El Segundo Divisior of" t'h--1 _:i as Air' ,aft Company in 1960.
The simulation was relatively crude, and the ai."•-iurity :t the dairect lift control
somewhat large, but the results clearly indica'e;ed that d:.reot; lift control through
trailing-edge-flap control was fear-fin_ ara. fffet tiv'.

On the basis of these results and the expressed "t:tesrest rw,! e.c:ouragement from the
Bureau of Naval Weapons, the simulation, was rerin`i In pr-eparation for a more complete
study of direct lift control with a moT- reallst'r e-ut K:1.ty. The current study was
sponsored by the Bureau of Naval Weaparis and •:,,. td un,ter RuWeps Contract
NOw 61-o4o4-t, Task Order No. 6a-..8.
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4.0 DISCUSSION

4.1 Description of Equipment and Tests

4.1.1 Simulator

A fixed-base simulator was used for the subje:t invetigation. Photographs of the
simulator and instrument panel are shown in Figures 1 ond 2. A sketch of the instrument
panel and simulated Mirror Landing System (MLS) is ahovn in Figure 3. The aerodynamic
simulation included complete nonlir:ear simulation of the three longitudinal 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 i'. additional task and make the
simulation somewhat more realistic. No lateral maneuvering was permitted other than
maintaining heading and keeping the wings level. Block diagrams of the control system,
equations of motion, and simulated mirror landing system display are shown in Figures 1,
5, and 6, respectively. The equations used in the simulation are snummarized in Table I.
Vertical displacement of the "meatball" is primarily an indication of angular error
from the desired glide path. As a concequence, its sensitivity to linear altitude
errors is increased with reduced range. This phenomenon was included in the simulation.

The basic configuration. represented by test condition 2, was representative of a
Model A-3B aircraft. The basic aerodynamic characteristics are sutmiarized in Table II.
Note that although lift and drag curve slopes are qaoited in Table I1, nonlinear
lift and drag characteristics were used in the simleat•o.i. 7The quoted slopes are the
gradients at the trimmed approach condition. Altho;rg.h WLIdl A-3 aircraft have a control
wheel, a Model A-4 control stick was used in t'he simulato:-. See Figures 1 and 2. The
stick deflection range was 25 degrees aft, 15 degreeF, forward. and t 36 degrees
laterally. Linear springs with force gradients of 1.2 pounds per degree longitudinal
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 control. No
directional control was provided. The direct Lift c.ornt-ol system was actuated through
an additional thumb switch on the stick grip.

4.1.2 Direct Lift Control System

The direct lift control system consisted of rontrp of t& e flaps at high rates over a
small range (t 10 degrees) about the nominal flap ,-, cn (<• degrees). A flap
deflection rate consistent with c.onventional control.-s.-.:rface -ues, 40 degrees per
second, was used over the 10-degree, direct lifx "oitr,. rauge. The lO-degree range
was selected on the basis that this would le all that miglt be afforded on the Model
A-3 because of aircraft performance and stall proximity considerations. In general,
the authority of such a system would depend on the flap effectiveness, the desired
approach speed, stall margin, and approach attitude. Tbe authority of the tested
system provided lift coefficient control of * 0.14, which ;orresponds to j 0.14 g's
and approximately 30 percent of the lift margin fron 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 Hta12. Thus, the direct lift control
system had an authority of about 75 percent of that a p1lot will normally use in
landing approaches. The direct lift control syste' waj ccnaidered to be a supplementary

" vernier control and not a replacement for conventional controliz. The net pitching-
"moment change due to the flaps in the direct lift coxtrvol authority range chosen is
negligible in the Model A-3 and was assumed to be zero in the simulation.



Report No. LB-31253
Page 9

O 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 lift switch provided instantaneous direct lift
control. The lift switch operated in the conventional longitudinal control and trim
sense; pushing forward decreased the flap setting and lift, and pulling back increased
the flap setting.

4.1.3 Tests

A series of tests was established to evaluate direct lift control over a wide range
of basic longitudinal aerodynamic characteristics. These tests are summarized
in Table 11 and include variations of phugold and short-period frequency and damping,
as well as operation on the backside of the tbrust-required curve with conventional
and exaggerated drag due to lift. The desired variations 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 tube tests was 130 knots. This speed,
as shown in Figure 7, correspomds 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 drag curve. The induced drag of test 11 was arbitrarily increased by intro-
ducing a Wn, term. The resulting power-required curve with this term included is
also shown in Figure 7. A total of 18 carrier-qualifie& pilot subjects were utilized
during the test program. The assigned task was to make good carrier-landing approaches.
No 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. Longitudinal trim, thrust, and altitude were automatically
reset at the beginning of each approach for the p-oper trim apeed and rate of descent.
Each pilot subject flew each of the tests six times, three using direct lift control
and three without direct lift contro2. Each test was initiated at a range of 6000 feet
from the carrier at an altitude of 475 feet above the deck. Each flight was terminated
at the ramp or about 300 feet from touchdown. In those tests in which the speeds
were changed, tests 10 through 12P the carrier speed was adjusted to maintain the
same relative speeds as in the first nine tests. Each test lasted approximately
30 seconds.

Random disturbances were introduced into the picL, ru,1, and yaw channels by
Gaussian noise networks with the high frequencies f-ltered out. The low-frequency
disturbances were then adjusted to provide a maximum gust velocity of 10 feet per
second based on studies of References I and 2. Calibration of the random noise net-
work indicated the following angular-rate disturban-ces:

A - 1.9 degrees per sec-ond

A4 - 1.0 degrees per second
- 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 fact, although the gust magnitudes
were based on apparently valid over-water gust surveys, some pilots also felt the
disturbances to be unrealistically high. No attempt was made to simulate specific
flow disturbances such as stackwash or downwash aft cf the carrier.
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4.1.4 Data

Data were obtained from the simulator in two forma:

1. RKAC 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 alao ;btained in each týet -o determine whether the pilot felt
that direct lift control increased, had no effect. or decreased his ability to make a
good approach.

4.2 Results

The results of the subject investigation are pretnted in two forms:

(a) The percentages of the approaches waved off 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 display had a meatball acquisition cone angle of 4.75
degrees. Actual MES has a cone angle of ± 0.75 degrees. The simulated
meatball acquisition cone angle was large by design to avoid damage to the
equipment.

(b) Root-mean-square (rms) altitude error' is p-se htd as a function of time
in Figures 8 through 12. Mean altitade error is not shown since 'it is of
no consequence and would approach zero with no bias and a sufficient number
of samples. A digital computer prog:.e. *,aa used to obtain these results
from the magnetic tape aLd IBM card ddtao The altitude-error data are
presented only for those approachres not waved off for loss of meatball. As
a consequence, each test has a different swriple bLize varying from 28 to 85
percent of the total approacbes. T1he vw:'ation (f the sample size is of no
particular consequernoe. The relationthcp of the rms altitude error with direct
lift control to that without direct lift .xntx•l ii preserved in all cases as
the sample size is reduced to as low as 20 percent of the total runs by
arbitrarily reducing meatball acquisLtion angle and discarding those runs that
exceed the tightened tolezances. ALthoughn these data are presented as a
function of time, they are not time bistc,'res. Tne rms altitude error from
all the approaches of eachi est with eand tacut direct lift cotrol was
evaluated at discrete time intetvas •,rid -z.ue• presented as a function of time.

4.2.1 Wave-Off Percentages

The effects of aerodynamic characteristics variations and direct lift control on the
percentage of wave-offs because of loss of the meatball are summarized in Table IV.
Even with the enlarged meatball acquisition angle (+ 4.75 degrees), as compared with
that of actual mirror landing systems (t 0.75 degre7e), the percentage of wave-offs
is considerably higher than that in actual carrier operation. The simulator was
considerably more difficult to fly precisely than an actual airplane. The disparity
is understandable since five degrees of freedom were b-ing simulated, and the pilots
had only basic flight instruments and the simulated mirror landing system for
reference. The inability to fly simulated carrier 1niding approaches with the
precision possible in actual operations is attribzt d primarily to the lack of full
motion and visual cues. Full-scale gust-disturbhince simulation may also have been
excessively severe for fixed-base simulation and certainly contributed to the inability
to maintain flight control precision. No significance is attached to wave-off
percentage changes less than 5 percent.
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Phugoid Period

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

142.6 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 increased from 30 to 40

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 and

sluggish phugoid if altitude control were derived pri:a.!ily from throst control, but

thrust was adjusted only as necessary to maiatain speed as altitude errors were
corrected by longitudinal control. As a consaquexce of the manner in which altitude

errors were corrected, one would not expect to ses any appreciable effect of phugoid
period. The same trend is apparent with iiect lift control, but to a lesser degree.
Direct lift control had no particular effe.rt ou the wave-off percentages at the
shorter phugoid periods but reduced the wave-offs considerably at the longer phugoid
period.

Fnugc id Damping

As indicated by the data of Table TV, phugoid dampirg variations had no particular
effect on the wave-off variation; wlthout direct lift cont.rol.. Except where the

phugoid was very lightly damped, direct lift control bad no effect on the wave-off
percentages or the variation of wave-off percentage with phugoid damping. Direct
lift control did, however, reduce the wave-off percentage from 35 percent to 15
percent where the phugoid damping was very light (3 - 0.05). A reduction in wave-
offs would be expected where the phugoid is ;*ý,.ily dibtL.rbed and. not well damped,
but the fact that the improvement is so murked, where. the:e is little variation in
wave-off percentages with phugoid damplrg va i•nti.ns without direct lift control,
is surprising and somewhat of a mystery.

Shcrt-Pertod Mod5e Priod

Without direct lift control, the percentage of wave-off i:Lacreased from 31.5 percent
to 37.0 percent as the period cf the shcrt-perioý mode increased from 6.5 seconds to
12 seconds and to 72 percent as the shor,-period. -ide became aperiodic (5-percent
MAC unstable). This increase in the ve-os as the airplane became less stable and
unstable is quite reasonable. D!re't lift contMol ehd ntt improve the wave-off
percentage where the stability va, goo4i bu-J%, .id ce the wave-offs considerably
vhere the stability was low and wbere the airp1we was statecally unstable. The

improvement due to direct lift cont'7o with low stati•- stability and static instability
would be expected, but the redu.-tior in wav.-o-,f per•entage with low static stability
to less than that with higher static stability is surprising.

Short-Period Mode Dam-i.i

Reduction in damping of the short-period mode fi-om Wý-percent critically damped
to U1-percent critically damped and to i!•e:gece •esulted in an appreciable increase
in wave-off percentages. It is somewhat str ie Ing that the wave-off percentage was

not increased more in the divergent sit&at..a., b;it cA;herwiee the variation with
short-period damping is reasoLable. Direct l• i o ' had no significant effect on

S the wave-off percentage with good shcr,-.period damping or where the short-period mode

was divergent. It did reduce the wave-offs where the short-period was only lightly
damped and, in effect, tended to smooth out the variation due to short..period
damping variations.
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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 increasing 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 lift
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
lift control at 120 knots was lost when additional excess thrust was provided. It
would appear that in this case the pilots may have been too busy concentrating on use
of throttle to use direct lift 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 aerodynamic characteristics variations and direct lift control on the
root-mean-square altitude error are shown in Figures 8 through 12 in which rms 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 initiated with zero altitude error 30 seconds from the ramp. Only
the last 24 seconds are shown in Figures 8 through 12. The fact that the approaches
were all initiated with no altitude error accounts for the relatively low error during
the initial stages of the approaches where large errors would be expected.

The reduction in altitude error during the last 8 to 10 seconds 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 lift control, indicated in this time period, is dissipated
at the ramp. This dissipation is not necessarily considered to be significant for
two reasons:

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

2. There was a tendency among the pilots to focus on a goal of
arriving at the ramp with a minimum altitude error. Altitude
errors did not receive 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 and direct lift
control on rms altitude error. Direct lift control reduced the rms altitude error over
the last 8 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 lift control. The improvement was main-
tained to the ramp with the longer period, however.
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Using the rms altitude error at t a 20 seconds as an index, the effects of phugoid
period and direct lift control on altitude error are summarized as follows:

Altitude Error
ugo2id Period (feet)

Test (seconds) Basic DLI

1 20 20.0 14.0
2 30 28.5 18.5

3 40 26.5 22.5

The basic altitude-error variation wvith 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 lift
control provides a nominal improvement in flight path control precision at all reason-
able phugoid periods.

Phugoid Damping

The effects of phugoid-damping variations and direct lift 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 DLC

4 =.04 17.5 21.0

2 = .08 28.5 18.5

5 3 .12 22.5 21.5

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

Short-Period Mode Period

The effects of static longitudinal stability or period variations of the short-period
longitudinal mode and direct lift control on rms altitude error are shown in Figure 10
and are simnarized briefly as follows:



Report No. LB-31253
Page 14

Altitude Error at t = 20
Period (feet)

Test (se cons) Basic DLC

2 6.5 28.5 18.5

6 12.0 24.0 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 lift control reduced the
altitude error from 5 to 10 feet over the range of periods tested. Note that although
the altitude error is not reduced as 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
and wave-off percentage it is concluded that direct lift control provides a nominal
improvement in flight path control precision with normal static stability levels and
a greater improvement as static stability is reduced.

Short-Period Mode Damping

The effects of short-period mode damping and direct lift control on altitude error
are shown in Figure 11 and summarized briefly as follows:

Altitude Error at t = 20
(feet)

Test D__.n Basic DLC

2 0= .45 28.5 18.5
7 Y= 0.11 22.0 26.5
8 1w- .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 and divergence would be expected. Direct lift control reduced the
altitude error about 10 feet or 35 percent with good short-period damping and
where the short-period mode was divergent. The altitude error was increased with
direct lift control where the short-period mode was lightly damped. Direct lift
control did, however, provide a significant reduction in wave-off percentage in this
condition. It is concluded that in light of the altitude-error and wave-off per-
centage reduction, direct lift control provides a nominal improvement in flight path
control precision that is not affected by short-period damping variations.

Operation on the Backside of the Power-Required Curve

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

Altitude Error at t = 20
(feet)

Test Test Condition Basic DLC

2 V - 130 knots 28.5 18.5

10 V a 120 knots 20.0 18.o

11 V - 120 knots with 24.5 18.0
increased induced drag

12 V - 120 knots with 24.o 20.0
increased excess thrust
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The basic altitude error variation as the approar:h is made farther on the backside of the
pomr-reqiired 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-required carve in-c=eases the difficulty and
pilot effort required to make good approaches withiout detracting significantly from
the altitude control accuracy itself. Direct lift control reduced the altitude error
in all cases. The reduction due to direct lift control is smallest in Test 10, but
the reduction in wave-off percentage in this test "xidition -was quite large.
Considering both the wave-off-percentage and aJ.1.tude-er:ror reductions- it is con-
cluded that direct lift control provides a considerable improvement in flight path
control precision at speeds on the backside of the power-required curve. This
improvement can reasonably be expected to perait :ceduction of the minimum landing
approach speed where the approach speed is lim.ted by s,ch considerations.

4.2.3 Pilot Opinion

Pilots participating in the simulator tests were asked to rate direct lift control
on the basis of whether in their opinion direct lift control increased, had no
effect on, or decreased their ability to make a good landing approach. The results
of these ratings are summarized in Table V, and as indicated by these data pilot
opinion was strongly in favor of direct lift control. The percentage of pilots
that were of the opinion that direct lift control improved their ability to make
a good approach varied from test to test between 61 and 94 percent.

There appears to be no direct correlation between the pilot opinion of direct lift
control as summarized in Table V and the wave-cff perventages summarized in Table IV
or the altitude-error data of Figures 8 through .i2. One exception is the case of
the statically unstable airplane in which 94 percent of the pilots preferred direct
lift control. This configuration is clearly the most difficult to control precisely,
and the pilots were almost unanimous in their preference for direct lift control.
Review of individual pilot performance as indicated by the REAC Brush Recorder time
histories also shows no correlation between performance and the pilot opinion
variation. It appears that pilot opinion was based on four more or less obscure
factors:

(a)- Effort involved or ease with which slight altitade errors could
be corrected by direct lift control..

(b) Ability to co:rrect al'titude eu•'cmr w•"tnut disturbing tne
airplane attitude- or any anstable ,:- poorly dnmped situation.

(c) Tendency of some pilots to base tnei- °udgeietut on final
conditions rather than on over-all per-"ormaaice.

(d) The random nature of the simulated gtit disturbarices.

A two-hour practice period was required of each p'Iot prior to conducting the tests
to insure familiarity with the simulator and the diiect lift control system. All of
the test subjects were experienced carrier pflv,`.

Airspeed data required to asses- the ease or diffifoflty :,f maintaining speed and
*' the effects of direct lift control on speed-holdiIng abl ity were not recorded. Review

of pilot opinion indicated no part icular difftcclty ia main.taining speed except at
speeds on the backside of the drag curve, and direct lift control apparently improved
the ability to maintain speed in these cases.
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4,.2.4, Additional Coments

When the use of direct lift control for increased flight path control precision in
carrier landing approaches was first conceived, it was thought some reduction in drag
changes due to lift changes made for control purposes might be realized through direct
lift control. This would increase the effectiveness of direct lift control. However,
review of the aerodynamics indicates that drag changes due to lift changes through flap
deflection are practically identical to normal drag due to lift changes at normal
approach conditions. Thus, the effectiveness of direct lift 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 lift change due to conventional flaps is less
than the drag change per unit lift change due to angle of attack. Thus, in addition to
the other factors involved, the aerodynamics of the situation are improved through direct
lift control in approaches on the backside of the power-required curve.

In many of the test conditions, the improvement in altitude error due to direct lift
control is only nominal. In a few other cases, direct lift contrcl apparently increases
the altitude error. Yet in all cases, pilots opinion indicated a preference for direct
lift control. It would thus appear that the increase in ease in making the approach
to any degree of accuracy is a most important factor. In fact, the reduction in pilot
attention and effort required may very well be more important than improvement in
control precision. It is also reasonable to expect that improvements in flight path
control precision or handling qualities achieved through direct lift control can be
translated into a reduction in minimum usable approar-h spee,.

As a consequence of the conclusion that the primary reason for the effectiveness of
direct lift control is not a reduction in drag changes due to lift changes, it
would appear that use of direct lift control in conjunction with an automatic throttle
compensation system would provide a most effec+ive landing approach control system.
Direct lift control alone should provide an improvement in landing approach control
and should be evaluated on its own merits. However, ultimate combination of direct
lift control and an automatic throttle compensation system should be considered.

Devotion of a nominal flap deflection to direct lift control does not necessarily
reduce the margin from stall. The mistaken impression 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 hane, increazing the angle of attack through
nose-up longitudinal control does reduce the sangle-of-attack margin from stall.

During the course of the subject tests, the thought arose that an integrating trim
function could be incorporated in the direct lift 'ontrol operating switch. If the
pilot continually demanded lift changes in one direction or the other, the integrating
trim function would slowly trim the angle of attack in that direction. If more or
less equal increased-lift and decreased-lift comnmnds were made, no change in trim
would occur. Such a function seems to be quite desirable. Tt might be possible to
incorporate the direct lift control function in the normal longitudinal trim switch.
Unfortunately, many existing longitudinal 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

S opportunity arises.

Consideration of the use of direct lift control in landing approaches need not be re-
stricted solely to carrier landing approaches. It could be used in any pilot controlled
approach in which altitude-error information is available to the pilot, such as in ILS,
GCA, and field MLS approaches. Direct lift control might also be adaptable to auto-
matically controlled approaches.
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5.0 CONCLUDING ROL4AMS

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
aerodynamic configuration changes or of direct lift 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 lift control are most noteworthy for the poorest aircraft configurations.

Since the human pilot's adaptability frequently masks tracking performance as a
criterion to Judge 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 lift control improved their
ability to make good landing approaches. This finding is considered to be significant.

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

.Installation of direct lift control systems in appropriate carrier-type airplanes and
flight tests of the system are recommended. The following items should be tested in
this prograni

1. Direct lift control system authority.

2. Minimum usable approach speed effects.

3. Feasibility and effectiveness of an integrating trim function.

4. Direct lift control effectiveness in combination with an
automatic throttle compensation system.

5. Operational procedures.

4.
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TABLE I

SIMULATOR AND OSCILLOSCOPE

EQUATIONS
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SIM•JATOR EQUATIONS (continued)
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TABLE I (con't)

OSCILLOSCOPE EQUATIONS
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TABLE II

S MODEL A-3B

AERODYNAMIC CHARACTERISTICS

Center of Gravity 18.0% MAC
Gross Weight 45,922 Lb.
Rolling Moment of Inertia 165,720 Slug Feet Squared
Pitching Moment of InL!r;L 317,740 Slug Feet Squared
Yawing Moment of Inertia 453,010 Slug Feet Squared
Product of Inertia 9,120 Flug Feet Squared
Wing Span 72.5 Feet
Wing Area 779.0 Square Feet
Wing Mean Aerodynamic Chord .11.68 Feet

Approach Speed 130 Knots
Approach Angle of Attack 5 Degrees

CLa - 5.07 per radian CLIO - 0.85 per radian
cDa = 0.40 per radian CmD = -2.16 per radian

( -C = -1.26 per radian

CLq - 4.5 per radian CLbe - 0.259 per radian
ft. = -11.52 per radian Cme = 0.660 per radian

CI = -0.196 per radian CLa, = 0.244 per radian
S= 0.1315 per radian Cnsa = -0.002 per radian
O = -1.06 per radian

Cfp = -0.406 per radian

Cnp = -0.112 per radian

Cyp = 0.518 per radian
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TABLE III

TEST CHARACTERISTICS

Indicated Longitudinal Characteristics
Test Characteristic Airspeed PL rP

NO. Investigated Variable Vo (Knots) (seconds) L (second.) S

1. Phugold PL - 20 see. 130 20 .08 6.5 .45

2. Phugoid(l) PL - 30 sea. 130 30 .08 6.5 .45

3. Phugold PL = 40 sea. 130 40 .08 6.5. .45

4. Phugoid L .0- 4 130 30 .04 6.5 .45

5. Phugoid ýL a .12 130 30 .12 6.5 145

6. Short Period P8 - 12 sea. 130 30 .08 12.00 .41

7. Short Period a8 - .11 130 30 .08 6.5 .11

8. Short Period t8 --. 05 130 30 .08 6.5 -. 05

9. Short Period CkC - + .05 130 30 .08 - -

10. Phugoid (1)(2) ACDa(3) - 0 120 28 .10 8.0 48

11. Phugoid(2) • D(3). 1.0 120 - - 8.0 .48

12. Phugoid(6) (3M 120 28 .10 8.0 .4

III~ Basic 
CaseOperation on Backside of Thrust-Required Curve

Potentiomter Number 314 (See Figure 4)
Excess Thrust Available to Pilot Through Throttle
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TABLE IV

Effect of Direct Lift Control on Wave-off Percentages

Test Variable Wave-off Percentage
Phugoid Period Basic With Direct Lift Control

1 P a 20 seconds 42.6 46.3
2 P - 30 seconds 31.5 35.2
3 P w 40 seconds 55.6 40.7

Phugoid Damping

4 3- .04 35.2 14.8
2 •-.08 31.5 35.2
5 , l.12 38.9 4o0.7

Short-Period Mode Period

2 P -6.5 31.5 35.2
6 P w 12 37.0 22.2
9 P - oO 72.2 53.7

Short-Period Mode Damping

2 1. .45 31.5 35.2
7 ý- .11 40.7 33.3
8 . - -. 05 42.6 38.9

Backside of Power-Reg'd Curve

2 130 kts 31.5 35.2
10 120 kts 44.4 29.6
11 120 kts (increased induced drag) 63 48.1
12 120 kts ýncreased excess thrust) 46.3 42.6

(.
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TABLE V

PILOT OPINION SUMMARY

Category Percentage of Pilots
Test A B C in Category A

1 11 6 1 61

2 12 2 4 67

3 11 5 2 61

4 14 3 1 78

5 13 4 1 72

6 14 4 0 78

7 13 4 1 72

8 15 1 2 83

9 17 0 1 94

10 14 3 1 78

11 11 5 2 61

12 13 4 1 72

A - Number of pilots who felt that direct lift control increased
their ability to make good carrier landing approaches.

B - Number of pilots who felt that direct lift control had no
effect on their ability to make good carrier landing approaches.

C - Number of pilots who felt that direct lift control decreased
their ability to make good carrier landing approaches.
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FIGURE 2
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OIOLA AflRAFT COMPANY, INC. tL UOUNDO DIVISION iL SIGUNDO, CrAUFORIA FIGURE 3
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DOUGLAS ANCRAF, COMPANY, INC. EL SGUNW[ MVIsION III SEOUNDO. CAU.•O•INA FIGURE4
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DOUGLAS AJICaAFl COMPANY, INC. EL SEGUNDO WDIVhsON EL SEGUNDO, CALI"ONIA FIGURE 6
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