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ABSTRACT

A mathematical model is formulated for the ship/FLOLS/
pilot/aircraft system, considering deck motions and air
turbulence inputs. Performance of this model in terms of
terminal conditions in the vertical plane (ramp clearance,
impact velocity, dispersion of the touchdown point) and
aircraft longitudinal motions in the groove prior to touch-
down is consistent with and validated by actual performance.
The terminal dispersions are statistically combined to yield
probabilities of potential ramp strikes, landing gear fail-
ures, and bolters, which, when put through a simplified
pilot/1SO decision model, yield probabilities of successful
pass, bolter rate, and accident rate. Again, these rates
are consistent with actual experience and are used as
criteria for evaluating various competing systems.

The effects on landing performance of variations in
piloting technique, FLOLS stabilization methods, intensity
and spectral form of ship motions, and gust inputs are com-
puted. The variations tested and their resulting relative
performance are described. Tentative conclusions are drawn
from the analysis relating to possible improvements to the
present operational recovery system.
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FLOLS

NOMENCLATURE

Range~dependent beam vertical translation due to ship motion, qg

Range-independent beam vertical translation due to ship motion, qg

Generalized constant

Attack carrier class

Decibel = 20 log, g | | ; ab (power) = 10 108,y ||

Function of

Fresnel lens optical landing system

Altitude

Beam height

Beam height with compensated-meatball system

Pilot-interpreted altitude error using FLOLS (see Fig. 1, p. 3)
Vertical motion of the ramp

Aircraft's height error when passing the ramp (see Eq A-9, p. 77)
Vertical motion of the touchdown point

Aircraft's height error when passing the nominal touchdown point
(see Eq A-10, p. T7)

\/—1
Open-loop gain; the frequency-invariant portion of a transfer
function as s—+0, particularized by subscript

_Pilot'ls gain

Pilot's gain in q—=3% loop
Ship dimension (see Fig. A-L4, p. 78)
Ianding safety officer

Without heave compensation
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Numerator of q;/8, or q /GT transfer function, particular-
ized by substituting mo%ion quantity involved for Q3

Numerator of gust transfer function, particularized by
substituting motion quantity involved for Qi

Coupling numerator, particularized by substituting motion
quantities involved for Qs 9

Probability function, particularized by subscript
Generalized motion quantity

Range

Root mean square value

Laplace operator, o + jw

Time

Linear perturbed velocity along the X axis

Linear steady-state velocity along X axis

Ground speed of approaching aircraft (see Eq A-12, p. 79)
Ship's forward speed

Impact velocity

Aircraft's impact velocity in excess of nominal (see
Eq A-11, p. 77)

Linear perturbed velocity along Z axis
Natural wind speed

Wind-over-deck speed

With heave compensation

White noise

Distance along angled deck

Distance from FLOIS to apparent meatball (see Fig. 1, p. 3)
Aircraft's error along the angled deck at impact

Pilot's describing function (see Eq 1, p. 7)



Ship dimension (see Fig. A-4, p. 75
Ship dimension (see Fig. A-4, p. 77)

Generalized variable

Angle of attack

FIOLS beam angle relative to the deck
Flight path angle

Control deflection

Incremental change

Denominator of airframe transfer functionsj; characteristic
equation when set equal to zero

Error

Damping ratio

Pitch angle

Real part of laplace operator, s

Standard deviation, root mean square value

Time constant

Roll angle

Power spectral density

Deck angle to ship centerline (see Fig. A-4, p. 7-)

Frequency, rad/sec

Pertaining to control of the variable indicated, as in Ap, Kph, =GCh

Indicates partial derivative, e.g., My = OM/OW, Zgpn = JZ/36p
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Special Subscripts

a Aircraft M Margin

B Beam o Nominal, at t = O
c Command P Phugoid

e Elevator R Ramp

€ Error REF Reference

g Gust s Ship

L Lens or FLOIS T Throttle

min Minimum TD Touchdown

Mathematical 8igns

° Degree
o Partial derivative
= Approximately equals
(") Time derivative
) Mean, nominal
| | Magnitude
¥ Angle
Groove The space envelope defined by the FLOLS beam
SPN-10 A radar-controlled automatic carrier landing system

Meatball Image of the FLOLS source light as seen by the pilot of the
approaching aircraft

Pass An attempted landing

Bolter Missed landing resulting from failure to engage an arresting
wire (similar to a touch-and-go landing on a fixed field)

Waveoff A landing attempt which is aborted prior to deck contact

xii



BECTION I
STATIMENT OF THE PROBLEM AND BASIC APPROACE

Carrier landings are generally regarded as the most exacting of all
routine airplane operations. The small dimensions of the carrier deck,
its heaving, pitching, and rolling motions, and the rapid closure rates
associated with the high landing speeds of contemporary high-performarnce
aircraft combine to place an exceptional burden on the pilot. The penal-
ties for error are high in terms of both human life and the cost of air-
craft. The accident rate for carrier landings is excessive when compared
to operations on fixed fields, and too often landings are limited by
unfavorable environmental conditions. There is, then, a strong need for
improved carrier landing aids and a concomitant need for some systematic
way of ccnfidently assessing the many proposed improvements without having
to undertake long and costly developmental programs, build hardware, and

conduct sea trials for each proposal.

The present study is directed to the development of a rmathematical model
capable of such assessments for the complete carrier/FLOLS/pilot/aircraft
system and its environment. This first gross look at the problem is
restricted to the vertical plane, and involves no considerations of
lateral line-up. Further, only dynamic aspects of the problem are treated,
as opposed to static geometry considerations (such as alternate landing
deck arrangements, additional visual aids, etc.). These imposed limita-
tions do not severely restrict the applicability of the present investi-
gation or the possible evaluation of improvements, since approximately
80 percent of all carrier landing accidents (Ref. 1) and 25 percent of
all landing attempts which result in either bolters or waveoffs (Ref. 2)

are attributed to inadequate control in the vertical plane.
The specific approach taken in this study consists of three steps:

1« Formulation of a mathematical model of the elements
and inputs representing the operational carrier land-
ing system, as well as alternate competing dynamic
systems,



2. Computation of terminal flight path landing dispersions
due to separate and combined ship-motion and atmospheric-
turbulence influences.

3« Integration of the measured dispersions into performance

indices to facilitate comparison of the relative merits

of competing systems.
The modeling, computation, and performance-assessment activities performed
in the course of this work are described in the remaining portions of this
section, preparatory to a discussion of results (Sections II and III),
simplified analytic considerations (Section IV), and conclusions (Sec-
tion V). The rudimentary descriptions given in the text to provide an
uninterrupted flow of material are supported by appendices to which the
reader is specifically referred. In spite of this stratagem the casual
reader will perhaps find Sections III and IV too detailed and he should
then skip to Section V.

A. SYSTEN MODELING

The real-life carrier landing operation involves many elements and
inputs. These categorically consist of the snip and its responses to
wave irputs, the optical landing aid providing a steady glide slope
reference (FLOLS), the pilot and his control actions, the aircraft and
its responses to atmospheric turbulence. These elements and their inter-
play are described in Fig. 1« The generic forms of these elements and
evaluation variables are briefly discussed here with reference to Fig. 1,

while their specific forms and numerics are given in Appendix A.

1. Ship and Wave Inputs

Of interest here are total deck vertical motions, which result from
response to sea wave and swell wave excitation. Spectral representations
of ship pitch, 6g, heave, hg, and roll, 95, were used to represent the
combined wave input and ship dynamic characteristics. These motions and
their velocities affect the FLOLS-commended glide slope and directly
contribute to terminal dispersions of aircraft height over the ramp, hg,
height over the intended touchdown point, hqp, and impact velocity, Vi,
as indicated by the beam-motion and terminal-error generic equations.
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Measured motion spectra of the Essex carrier operating in a dominant
swell condition (Ref. 3) were used for the majority of evaluations; the
rms magnitudes of motions involved, o(6g) = 19, o(hg) = 5.5 ft, and
o(ps) = 2.20, correspond to upper limits of normal aircraft launch and
recovery operations. Computed Forrestal motion spectra for Sea State 6
and similar computed spectra for severe swell conditions were also utilized
in separate evaluations. Other variables, such as deck geometry, ship
speed and heading, and wind-over-the-deck, received only limited consider-
ation in evaluations of landing performance (Section III). Maximum per-
formance improvement accruing from pitch stabilization and, separately,

from perfect prediction of ship motions are also considered and discussed

in Section II.

2. TFLO018

The Fresnel lens Optical landing System is used to provide a steady
glide slope reference in the presence of deck motion. Lens pitch, 6,
and roll, @, servos correspondingly rotate and vertically translate the
commanded beam in opposition to measured deck movements according to the
lens logic used. Several forms of logic or stabilization schemes were
investigated, and the characteristics of each in terms of commanded flight
path (i.e., "roger" meatball path) are as follows:

a. Angle-stadbilized. Maintains a constant angle relative to
the horizon; path translates with vertical motion of the
intended touchdown point (heave, plus vertical motion of touch-
down point induced by pitch and roll).

This stabilization method resembles some early visual
glide slope stabilization schemes (Refs. 4 and 5) which proved
inferior to later and presently used methods. Beam translation
control, @, has been added here to synchronize beam motion with
the motion of the touchdown point in an attempt to improve on

previous results.

b. Point-stadbilized. Path translates with heave, and rotates
about a point 2500 ft aft of the ship (FLOLS location) due
to pitch/roll-induced vertical motion of the FLOLS.

The point-stabilized FLOLS is currently in fleet use
(Ref. 6), and usilizes Jjust the pitch servo for stabilization;
the roll servo is used only for static setting of beam tilt angle
to accommodate variations in hook-to-eye distances of different

aircraft types.



c. Line-and-point-stabiliged. Path translates with ship

heave. Ship pitch and roll motions are completely removed
from the visualiy indicated path.

This stabilization method is undergoing sea trial evalu-
ations (Refs. 7 and 8), and is sometimes referred to as the two-
degree-of-freedom system or line-stabilized system. Both pitch
and roll servos are utilized to effect beam stabilization.

d. Compensated meatball (point-stabilized). Path motions are
identical to those described for the point-stabilized
scheme. Phasing of path motion is advanced in time to effectively

provide lead equalizatione.

This compensation scheme was evolved in the course of this
work and is somewhat similar to that used in the SPN-10 automatic
landing system during its deck-chasing mode (Ref. 9, last 10 sec
before touchdown). Schematically, it may be represented by the
point-stabilized FIOLS with a lead filter inserted between the
FIOLS and pilot/aircraft blocks to advance the phase of hg in
time. In practice, the filter function is applied to the servo
inputs to produce the equalized beam motion; both pitch and roll
servos are utilized as opposed to the pitch servo alone for the
conventional point-stabilized FLOLS.

In addition, beam stabilization against ship heave motions was
considered in conjunction with the first three methods listed above,
producing a total of seven FILOLS stabilization configurations subsequently
evaluated. The beam plane geometry used corresponds to an operational
CVA-6l4 carrier installation (Refs. 6 and 10); basic beam angle setting is
important to the landing performance and is considered in the relative

prerformance assessments, Section II.

3. Pilot/Aircraft

The pilot and aircraft elements are treated together, since only their
combined closed-loop characteristics affect system performance. The con-
trol actions of the pilot in compensatory tracking tasks are describable
in conventional servo theory terms. Roughly speaking, this makes the
pilot's error-sensing and control-actuating functions equivalent to those
of an autopilot. This equivalence is not generally demonstratable in the
point-by-point sense, but is observable in the short-time average sense
and results in an effectively linear model of the pilot's combined linear

and nonlinear control behavior. That is, the pilot's measured quasi-linear



output/jnput characteristics account for over 70 percent of the pilot's
total control power. The remaining 10 percent or so is principally due to
time-variation and sampling characteristics and, to a lesser extent,
threshold and saturation nonlinearities. The sum total of all measured
quasi-linear characteristics when fitted by a simple general mathematical
form and augmented by "rules" which explain how the form is to be adjusted
(i.e., what pumerical values are appropriate) in given control situations
becomes a pilot mocel. Pilot modeling activities of this nature have been
in process now for over a decade. Their status prior to 1958 is compre-
hensively recapitulated in Ref. 11; and Ref. 12 furnishes a recent
up-dating based on currently available literature. In addition, Ref. 13
describes preliminary results of a very extensive series of measurements
undertaken in 1961 and continuing at present. These results support and

extend the applicability of the quasi-linear pilot models in current
use.

Early applications of the pilot model to the study of aircraft handling
qualities were limited to simple single-loop control situations (Refs. 1k,
15, 16, and 17). The pilot/vehicle performance thereby predicted was
successfully validated in simulation experiments and flight tests (Refs. 16,
17, and 18). This experience provided the foundation for the analysis of
the multiple-loop, multiple-input piloted control situations which occur in
carrier landing (Ref. 19), and the predictions based on these analyses were
successfully validated in the simulator experiments of Ref. 20. These two
efforts, directed at clarifying the dynamic factors limiting the minimum
selected approach speed, have considerable bearing on the pilot/aircraft
models used in the present study, and applicable detailed results are
summrized below.

Considering only longitudinal control, there are two possible
pilot outputs, throttle and elevator, and four probably useful
inputs, altitude (relative to the desired glide path), airspeed,
angle of attack, and pitch attitude. Of the possible loops avail-
able, the only one that, for certain, is always closed is the pitch
attitude loop, 6—0e. There are several justifications for this:

a. It is the only loop useful in controlling short-period
motions.



b. It is a powerful way to increase phugoid damping because
it effectively provides altitude rate damping (for phugoid
motions, where a = constant, h = Uy = Uy6).

ce There is ample evidence from tim= histories of carrier
approach that the pilot in fact does this.

d. The pilot gets benefits a and b, regardless of how he
chooses to control altitude or airspeed, merely by con-
trolling his pitch attitude relative to the horizor.

All other possible loops, viz,

h—ebp and/or &,

u or a—e=bp and/or &g

were considered and analyzed in varying detail in conjunction with
the basic 6—+5c loop. The gain of the altitude loop was consid-
ered invariant with time or range (h¢/h: = 1) despite the increas-
ing optical gain of the FLOLS system as range is reduced. This
amounts to assuming—consistent with flight experience—that the
pilot decreases his control gain as the ramp is approached. Note,
however, that even with the fixed-gain altitude loop, an over-all
time- or range-variant system still results when considering the
rotational components of FLOLS beam motion. The pilot describing
function used in these analyses was of the form:

Tl (Tys +1)
g = A (Tgs + 1)(Tys + 1) M

where T = pilot reaction time

pilot neuromuscular lag (his
actuator lag) time constant

=
"

Kp = pilot gain
T;, = pilot-adopted lead time

constant Pilot sets these
as required by
T1 = pilot-adopted lag time system

constant

The general criteria used to set gains and lead or lag time con-
stants are those described in Ref. 19. The pilot model can be
considerably simplified in the present instance, since flight
path control problems in the approach are low frequency in nature;
that is, they are associated with the closed-loop phugoid motions
of the aircraft. Because the phugoid frequencies are about

0.2 rad/sec, pilot reaction time, T, and neuromuscular lag, Ty,
will contribute only slightly in this region and need not be



included in the pilot model. Also, lag equalization is generally
not helpful here and the pilot cannot easily develop effective
lead from the information content of the meatball display. Accord-
ingly, the pilot transfer functions in the low frequency region can
be approximated by pure gains (proportional control) for the purpose

of this investigation:

The results of previous multiple-loop arnalyses have shown that:

a. On the front side of the drag curve, elevator-only control
(6 and h-—+5%¢) gives adequate closed-locp performance with
minimal adaptation on the pilot's part. Throttle is not required
except as initial trim for the glide slope. Ref. 21 points out
that this is the natural way to fly the approach.

b. On the back side of the drag curve,

(1) Assuming that the only information available is by ref-
erence to the FLOLS display (altitude error and atti-

tude), the pilot can theoretically stabilize and control the system
by controlling attitude with elevator and altitude with throttle
(6—5%e¢, h—+57p). The resulting closed-loop performance is marginal
(but probably adequate) in terms of response or bandwidth. But as
speed is progressively reduced, the achievement of even this
marginal performance eventually becomes essentially impossible.

(2) Assuming additional information is available through
suitable angle of attack or airspeed displays, the

pilot can use elevator for height and attitude control, and
throttle to hold angle of attack or airspeed constant (6 and h—B¢;
u or “”’5T)' Essentially, the throttle manipulations involved in
this mode of operation reverse the '"back side'" effect of an
increase in drag as speed decreases to an "effective front side"
pet decrease in drag as speed decreases. Thus the pilot gets
good longitudiral response, and there is, theoretically, no con-
trollability limit as speed is reduced as long as he is able to
maintain thrust required with the throttle. This mode of operation
can provide much tighter (i.e., faster-responding by a factor of
2 or 3) control of altitude than can the simpler process of Item (1)

above.

The control technique used by pilots additionally depends on
the particular phase of approach in juestion. Considering the
approach in four chronological portions, pilot control activi-
ties are expected to be as follows:

a. Approach to the glide slope beam. L iring this phase the
pilot is primarily concerned with trimming the aircraft

at the proper approach speed (or angle of attack), and with
maintaining a somewhat constant altitude. Altitude need not be




controlled precisely because, regardless of its value, inter-
ception of the FLOLS beam always occurs at 0.75° (beam width is
1.5°) below the nominal glide slope and is routinely handled in
essentially a programmed fashion. The simpler h-e5&p method of
operation is adequate for the loose altitude control required
here, especially since it maintains airspeed sufficiently well.

b. Acquisition of glide slope beam. On interception of the
FIOLS beam, two programmed control actions are observed,

both triggered by the appearance of the meatball. The first is
a throttle retardation, using the rpm indicator, to reduce thrust
to approximately that required for trim on the glide slope; the
second is the establishment of a new pitch attitude consistent
with glide slope and indexed angle of attack. Notice that there
is again no particular requirement for very fast response in
altitude and that the direct control of sink rate with throttle
is the simplest possible procedure.

c. Beam-following. After transition and within that range
where there is sufficient resolution in the optical

system to permit compensatory tracking of the meatball (typi-
cally a range of 4000 to 5000 ft), the pilot is vitally con-
cerned with maintaining the proper flight path in order not to
exceed beam limits. Altitude controlled by throttle may give,
at best, marginally satisfactory performance, depending on air=-
craft type, approach speed, and severity of atmospheric turbu-
lence and ship motions. The more precise altitude tracking by
elevator control may be necessary here, either with or without
airspeed (or angle of attack) controlled with throttle, depend-
ing on divergence rate, if any, and the time-to-go.

4. Approaching the remp. The last 10 sec or so of the
approach are by far the most critical of any of the
previous phases. Any upset of a "roger meatball" condition
due to burble encounter or severe deck motion must be corrected
most expeditiously. Altitude response to throttle is, in most
cases, too slow; recourse to elevator control of flight path is
then necessarye.

Piloting technique can thus be generalized according to two broad regions
of the approach. The first, concerning gross corrections such as setting up
the descent path, is best represented by pilot control of attitude with
elevator and altitude with throttle. The second, involving vernier flight
path corrections in approaching the ramp (i.e., small adjustments in altitude
or sink rate), is representable by elevator control of both attitude and
altitude (6,h—=8.). For the short times of interest (10 sec or less) the

use of throttle to control airspeed or angle of attack even when below



1 or a—*5q,

Both

minimum drag speed is immaterial; however, for completeness,
similar to flight control with an autothrottle (Ref. 22), is added.
altitude control techniques were modeled and separately applied to the
complete approach. This was done in conjunction with the typical dynamics
of an F4D-1 aircraft™ at slightly less than minimum drag speed; with forms

and numerics taken directly from previous analyses (Ref. 13) and validation
experiments (Ref. 20). Also, for both techniques, the pilot gains used in

all pertinent loop closures were systematically varied to check performance

sensitivity to these variations in a rough-air environment.

In addition to the technique variables above, environmental and
operational variables involving (1) the effect of loss of horizon and
(2) the relative merits of "meatball-chasing' versus "meatball-averaging"
were also investigated. The first of these conservatively represents
night flying and was conveniently modeled by substituting elevator control
of angle of attack for normally controlled pitch attitude. This substi-
tution takes into account the fact that without a horizon reference the
pilot can still maintain control of short-period motions (e.g., through
vertical acceleration cues), but he cannot readily control the phugoid.
Elevator control of angle of attack very accurately simulates these condi-
tions, since at short-period frequencies M = A6, thus providing equiva=-
lent pitch attitude control; whereas at phugoid frequencies M = O. This
analogy infers that with no real horizon, such as on a dark moonless night,
the pilot does not detach himself from his primary head-up concern to look

down at the artificial horizon.

"Meatball-chasing" and '"meatball-averaging' refer respectively to the
pilot's compensatory tracking or averaging of apparent meatball motions.
Such motions are due to unstabilized components of the FLOLS beam and
flight path perturbations. Of the two, the pilot can at best only average
out the higher frequency beam motions induced by ship pitch and heave.
Aircraft flight path motions occur predominantly at low frequencies and

the cyclical nature of these motions is not readily discernible, therefore

¥Because the phugoid mode dominates the closed-loop flight path
response, the dynamics selected here represent a wide variety of aircraft.

10



not averaged. Thus, "meatball-averaging" refers to filtering of the
remaining (unstabilized) FIOIS beam motion, i.e., the "roger meatball”
path motions previously described for the various FIOLS ctabilization
configurations. The Navy currently advocates the averaging technique and
is taking steps to implement it by development of FLOIS cstabilization
systems which cut down beam motion (Ref. &). Modeling of such behavior

is straightforward since the compensatory-tracking pilot model essentially
simulates tracking of beam motion. Meatball "averaging" is simulated by
use of the completely stabilized FIOLS, i.e., the line-and-point-

stabilized configuration with added stabilization against heave motion.

4. Atmospheric Turbulence

Random air gusts as well as ship-induced air turbulence contribute
significantly to the over-all difficulty of maintaining accurate flight
path control. Vertical and horizontal air turbulence components with
spectral forms and intensities appropriate to the speed and altitude of
carrier landing (Ref. 23) were simulated with the filter forms shown in
Fig. 1. Low frequency components of these spectra simulate uncorrelated
carrier-induced burble effects to some extent. However, water tunnel
tests of a pitching carrier model (Ref. 24) in progress during the course
of this work have indicated a strong correlation of the wake field with
the pitching motions of the deck. The importance »f such coupling influ-
ences on carrier landing is uncertain, since quanticative measurements of
the correlated wake field have not yet been made; but results presented
in Section II, obtained with the uncorrelated air-turbulence forms, indi-
cate a fair consistency with actual performance experience. It seemns,
then, that the simple uncorrelated gust forms, which were deemed realistic
by the pilots in previous simulations (Ref. 20), account in gross fashion
for the total influence of combined ship-induced and random air turbulence.
This inference should be more closely scrutinized in future investigations,
especially in conjunction with pilot precognitive (i.e., "learned'") control

techniques through which he may more successfully cope with the burble.

Variations were made to the air turbulence model in spectral break

points (both high and low frequency) as well as in intensities to represent

11



calm, moderate, and severe conditions, corresponding to like conditionc

of ship motions.
B. IANDING ANALYBIB

The nature of the landing problem concerns the flight path control to
terminate in engagement of one of the arresting wire pendants while main-
taining safe margins of ramp clearance and landing gear structural limiis.
The geometry representing this "terminal control” problem is illustrated
in Fig. 2. Three probability distribution functions are illustrated,
separately representing rms values of height dispersion over the ramp,
o(ohg), height dispersion over the intended touchdown point, o(ohpp), and
sink rate dispersion at the intended touchdown point, o(AVI). The nominal
values of the distributions are set by basic arrestment geometry, includ-
ing deck configuration (wire spacing and layout), location of the FLOLS
and its basic beam angle, B,, relative to the deck, and aircraft glide
path, %, which in turn is related to the beam angle, aircraft approach
speed, Uy, and wind-over-the-deck, Ug +W. These interrelations are
described subsequently. The desired nominal vslues (hg, Vi, Xpp) are
seldom obtained in practice because of motions of the ramp and touchdown

point, as well as rough-air-induced flight path deviations.

Statistical height and velocity differences between aircraft and deck,
referred to as dispersions, were computed from the mathematical models of
elements and inputs previously described. Various computational methods
were considered to contend with the multiple inputs, the complex transfer
functions of the elements, and the time-varying nature of certain FIOLS
configurations. Three methods were utilized in this study: adjoint
analog, real-time analog, and digital computations. The adjoint analog
(Ref. 25) is basically an analog computer method for directly obtaining
rms spectra of terminal conditions for linear systems with or without
time-varying elements; it was utilized for the majority of the evaluations
discussed in Section II. The real-time computation was principally used
to check the adjoint-computed data, and to obtain time histories of air-
craft motions in the groove prior to reaching the ramp. Finally, digital
computations were selectively employed for checks of the first two methods,

12
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and to approximate the time-varying elements of certain FLOLS configura-
tions with equivalent constant-coefficient systems; such simple approxi-
mations enhance the understanding of the important elements influencing
landing performance, as discussed in Section IV. The analog computer
methods together with appropriate circuit schematics are described in

Appendix B.

The procedure in all but the real-time computation consisted of
separately evaluniing the rough-ajir-induced and ship-motion-induced dis-
persions. This is permissible because of the independence of atmospheric
turbulence and ship motions, and is desirable because it considerably

simplifies the computation procedure.
C. PERFORMANCE EVALUATIONS

To facilitate performance comparisons of competing systems, criteria
were developed to integrate or weight the individual landing dispersions.
That i1s, by suitably combining the dispersions with the basic arrestment
geometry, probabilities of potential ramp strikes, gear failures, and
bolters were obtained. The mechanics of this computation are illustrated
in Fig. 3. Previously described Ahg and AVy distribution functions are
replotted here, and the Ahpp dispersion is converted to an equivalent
fore-aft dispersion of the hook touchdown point by the basic flight path
angle, I/xo. Available margins are computed as the difference in maximum
permissible and nominal operating values of these functions, and the proba-
billities of exceeding said margins are computed from the area integral of
margin exceedances (shaded areas). This computation is a standard routine
applicable to Gaussian or normal distribution functions; the assumed
normality in the present instance is supported by actual dispersion

measurements (Ref. 26 and 27).%

*later statistical analyses by Hoy (Ref. 33) of the Ref. 26 data in
combination with other data gquestioned this normality. He concluded, how-
ever, that while some landing distributions are not highly normal in the
precise statistical sense, they are in fact so in a practical engineering
sense.

14
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The product of unshaded areas represents the combined probability of
a successful pass, and its reciprocal gives the minimum number of passes
required for a successful landing. Conversely, the shaded areas Ppg, PVI’
and PXTD separately represent probabilities of ramp strike, gear failure,
and bolter which would result if waveoffs or aborted landings were not
permissible. In actual operations a landing Safety Officer (LSO) monitors
the pass and, on the basis of anticipated terminal conditions, decides
whether to let the landing proceed. The pilot similarly ad judges the
pass, and will in many instances initiate a voluntary waveoff. This com-
bined pilot/1LSO decision model is represented by the hypothesized (LSO)
normal error distribution function shown. The distribution function is
illustrated in conjunction with control of ramp dispersion and relates to
the incidence of ISO indecision (or wrong decision) in waving off an
approaching aircraft. The value of this function is greatest at that
height value,(tho)M, considered by the ISO to be a desirable safe margin
in clearing the ramp; the U(hLSO) parameter relates to the magnitude of
error in ISO-predicted aircraft height over the ramp (i.e., as predicted
2 or 3 sec before crossing the ramp, after which the landing is committed).
The shaded area, PhLSO’ represents the probability of the LSO not waving
off an approaching aircraft which is about to hit the ramp. In later
computations of absolute accident rate, the pilot/LSO decision function was
assumed to effectively prevent 90 percent (Ref. 27) of otherwise probable
= PVLSO = 0.1. For
performance comparison of competing systems, relative accidents are more

individual ramp strikes and gear failures, i.e., PhLSO

simply computed from the ratios of their corresponding probabilities
directly, since the pilot/LSO multiplicative function cancels and does

not, therefore, affect the relative performance of competing systems. The
basic beam angle, B,, was separately idealized for each system variation to
effectively equate the computed probabilities PhR and PVI and thereby mini-
mize the total accident rate. An ideal basic beam angle, B, = ho, resulted

with the conventional system for all environmeuntal conditions tested.

A sample calculation of the performance indices just described is
given in Appendix C, which demonstrates the process of converting the
computed landing dispersions into equivalent probable passes per landing,

accidents, and combined minimum bolters and waveoffs.
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SECTION II
SBUMMARY OF RESULIS

A. BEAM MOTION CHARACTERISTICS
OF THE F1OLS CONFIGURATIONS

Table I summarizes the commanded path characteristics, control logic,
and resultant rms beam motion in space for the seven FLOLS stabilization
methods considered (each of the first three are shown with and without
heave stabilization). The path characteristics are repeated here for easy
identification of configuration, while the control logic shows the manner
in which the FILOLS servos are used. The rms beam motions are computed from
the beam motion equation of Fig. 1 using Essex motion spectra defined in
Appendix A. The following observations are made from Table I:

1. Resultant beam motion is nearly equal for configurations
without heave compensation (NH), and is unot significantly
affected by the range from FLOLS location at which it is measured.

This indicates that all stabilization methods are highly effec-

tive in removing beam rotational components induced by ship pitch
and roll.

2. Stabilizing the beam against ship heave effectively removes
the major portion of remaining beam motion, and consequently
appears desirable for obtaining an immobile glide path in space.

The latter observation is significant in view of recent interest in
reducing beam motion, as revealed by contemplated changes to the presently
operational point-stabilized FILOLS. These changes consider more optimum
points in space for stabilizing the beam (Refs. 2& and 23) and converting
to the line-and-point-stabilization scheme (Ref. 7). However, Table [
shows that neither of these two approaches seems to significantly reduce
beam motion (i.e., a more optimum stabilization point would at best
approach the level of motions of Configuration 3NH) for the ship motions
considered here. For seas lacking significant swells, where heave motion

is small relative to pitch (as discussed in Section I1I), the line-and-point

17
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method would yi«<ld :. more considermble reduction in beam motior. than that

shown in Table 1.

Beam stabilization against cship heave, which appears highly desirable
on the basis of Table I, has a special problem of its own. This relates
to the lateral beam tilt required to offset heave motions (O.c;o per foot
of heave) and the vertical flight path errors induced by such tilting when
lateral line-up is not precisely maintained. Also, as shown subsequently,
heave stabilization additionally increases the magnitudes of landing dis-
persions when the pilot is tracking beam motion. These considerations

offset the otherwise desirable stable-beam properties obtainable.

B. LANDING DISPERSION SENSITIVITY TO BHIP AND BEAM MOTIONS

A summary of computed landing dispersions and terminal aircraft motions
for the FIOLS configurations and piloting techniques considered is given

in Table II. Before discussing these results, a few notes detailing the

evaluation background are necessary.

1. These data were obtained using the Essex ship motion
spectra (defined in Appendix A) as inputs to the
adjoint-simulated FLOLS/pilot/aircraft system.

2. For the fixed ratios of o(hg):o(6g):0(pg) correspording
to a given set of motion spectra, the dispersions can
be normalized and scaled with respect to any motion quantity.
In Table II they are presented in terms of o(6g), since 65 is
the wost significant of the motion quantities involved and is
sometimes used to demarcate '"severe," "moderate,'" and '"calm"
conditions.

5. Initial conditions simulated glide slope intercept at
5000 ft aft of the carrier. This range was determined
in preliminary evaluations to adequately represent quiescent
dispersion conditions (i.e., transients due to initial beam
conditions have died out; see Section III, Item E).

4, The dispersions shown represent the combined correlated
effzcts of deck vertical motion and resultant aircraft
motion from the pilot's following the beam in smooth air.
Rough-air inputs are considered separately in Item C of this
section.
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5. Two sets of values are given in Table II: the total
dispersion due to combined ship pitch, heave, and roll,
and that due to ship roll alone (in parentheses). Note that the
roll-induced dispersion components could have been safely
neglected in most instances, since they are small compared to
the total dispersion value. For example, Configuration 3NH with
respect to the dispersion parameter o(shg) for o(8g) = 1°:

Total Bisperslon.sisssswsicenssns o{thg) = 6.9 ft
Dispersion component

Aue o TOT L m s aowan a5 095 %4005 b o(AhR)¢s = 1.3 %
Dispersion component 2 1/2

due to pitch/heave... [ocﬂhg) —-o@&nﬂés] = 6.77 ft

1. Altitude Controlled by Elevator (6,h—5c, u—e57)

FLOLS configurations with heave stabilization (WH) yield higher landing
dispersions than their corresponding heave-unstabilized (NH) configurations.
As shown in the analyses of Section IV, the heave-induced beam motion per-
mits the pilot to control aircraft motions partially in phase with deck
motions and thereby reduce dispersions at the ramp and touchdown point. The
amount of aircraft synchronism with deck motion is dependent on the pilot/
aircraft phase lags and FLOLS beam-phasing relative to deck motion, both of
which are discussed in Section IV. Note that the dispersions for Confige-
uration WH are just the rms values of deck motions, i.e., the aircraft
perfectly follows an inertial path without deviation; this set of data is
later used to relate the merits of pilot's averaging of ship-induced beam
motions.

Based on relative magnitudes of landing dispersions, the angle-
stabilization scheme renders poorest performance, while the compensated-
meatball system seems best. The two remaining configurations, 2NH and 3NH,
yield performance comparable to one another.

Terminal aircraft motions are least pronounced with the line-and-point-
stabilization method, because of correcpondingly less beam motion associated
with this configuration. Note also that terminal aircraft motions are
identical for Configurations «#H and 4LNH, since corresponding magnitudes of

beam motion are also identical, as noted previously ..\ Table I.
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2. Altitude Centrolled with Throttle (6 —=5., h—e5p)

Values of both landing dispersions and t_rminal aircraft motions indicate
insignificant differences between the various FLOLS configurationes considered.
The relatively slower-responding h-—+&p method of aircraft altitude control
is incapable of following beam motions (effectively filtering these); con-
sequently the aircraft follows an almost inertial flight path in all cases,
as noted by near-zero values of aircraft motions (see below). The resulting
dispersion values are effectively due to motions of the deck alone. This
altitude control method is then particularly well suited to the beam-motion-

averaging technique advocated by the Navy.
C. IANDING DISPERSION SENBITIVITY TO AIR TURBULENCE

This evaluation involved only the pilot/aircraft portion of the over-all
system shown in Fig. 1, since rough-air-induced dispersions are independent
of the shlp/FIDLS-induced dispersions. Using vertical and horizontal compo-
nents of random disturbances, described in Appendix A, resulting aircraft
rms motion sensitivities for the two piloting techniques are summarized in
Table III both for individual Ug, Wg inputs and for their total combined
o(ug) = o(wg) effects. Considering a maximum gust intensity level of
o(gust) = 3 ft/sec as typical of severe turbulence for carrier landing
operations (Ref. 14), corresponding values of aircraft dispersions are three

times the sensitivity values shown.
Conclusions drawn from Table III are as follows:

1. For severe atmospheric turbule .ce the piloting technigue
6—5%e, h—=5p yields unsatisfactory performance for
control near the ramp, i.e., the one sigma value of aircraft
altitude dispersion exceeds the nominal ramp clearance (hg = 16 ft).
Consequently this piloting technique must be abandoned in favor of
the faster-responding altitude control with elevator (6,h—+5,,
u—57) when approaching the ramp.

2. Since the pilot has no foreknowledge of the atmospheric
turbulence severity associated with burble encounter, it
seems probable that vernier altitude corrections in the vicinity
of the ramp are always performed with elevator control, regardless
of actual turbulence conditions.
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3« While the dispersions associated with throttle control of
altitude are excessive for terminal control, they are
satisfactory for flight path control in early phases of the
approach, including glide slope acquisition and beam-following
at distant range from the carrier (since the FLOLS beamwidth of
1.5° allows an altitude error margin of approximately *100 ft at
a range of 1.5 miles from the carrier).

4, Since landing performance is exclusively dependent on
terminal dispersions, the appropriate piloting technique

to consider in this regard is altitude control with elevator.

Accordingly, only those data obtained with h-+% control are

utilized in subsequent evaluations of landing performance.

Dispersion sensitivities to air turbulence for altitude-to-elevator
control with simulated loss of horizon reference are given in Table IV.
To obtain these results, elevator control of angle of attack was substi=-
tuted for previously and similarly controlled pitch attitude, at a gain
yielding the same closed-loop short-period frequency. The values of
Table IV are a factor of 2 greater than the corresponding (6,h—e5%¢,
u—=5p) values given in Table III. Thus the horizon reference (6—+5¢)
plays an important role in reducing the effects of turbulent air on flight
path control; and loss of this primary reference can considerably degrade
landing performance. The extent of performance deterioration is treated

subsequently.

v

D. IANDING DISPENSIONS DUE TO COMBINED SEIP MOTIONS
AD ADOSPEERIC TURBULENCE, AND COMPARISON WITH
ACTUAL DISPERSIONS

Total landing dispersions are computed by combining ship-motion-induced
and rough-air-induced dispersion components in a manner compatible with
independent Gaussian functions. The dispersion sensitivities of Tables II
and III are first scaled to represent calm, moderate, and severe operating
conditions by the ship motion and air turbulence intensity scale shown in
Table V. The latter scale was compiled from averages of estimates and
measurements given in the literature. For example, it is generally
regarded that a deck pitch amplitude of *1.5° [c(es) = 1°] is an upper
limit to safe continuance of carrier landing operations (Refs. 27 and 30).
Also, severe turbulence conditions correspond to rms intensities of 2.5,
to 3.0 ft/sec IRefs. 9 and 20. Note that total turbulence intensity, o(g),
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is \/?? times greater than the individual o(ug) or o(wg) values shown in
Table V.] The simultaneous occurrence of these maxima, as well as other

combinations shown, is only conjectured to represent values typical of

the condition described.
TABLE V

RMS SHIP MOTION AND AIR TURBULENCE INTENSITIES
AS A FUNCTION OF ENVIRONMENTAL CONDITION

CONDITION
DISPERSION PARAMETER
Calm Moderate Severe
o(6g)™ (deg) 0.25 0.5 1.0
o(gust)™™ (ft/sec) 1.0 2.0 5110

* o(hg)/o(6s) = 5.5 ft/deg; o(9g)/a(6g) = 2.2 deg/deg
** with o(g) measured in either vertical or horizontal
Plane

Computed landing dispersions for the presently conceived operationel
landing system for the three environmental conditions described above are
gliven in Table VI. Note that the selected FLOIS coufiguration, 3WH, repre-
sents the pilot's averaging of ship-induced beam motion as is currently
advocated. Also given in Table VI are actual landing dispersion values
obtained in normal-air operations in "calm" conditions (Ref. 26). Actual
dispersions compare well with averaged computed values of '"calm" and
"moderate" conditions. The adjectives used in the environmental scale of
Table III may be somewhat pessimistic in view of these results but, more
important, the consistent ordering of computed and actual dispersions
lends additional credence to the system modeling and performance evaluation

activities thus far described.

E. KEIATIVE PERFORMANCE OF COMPETING SYSTEMS
AND OOMPARIBON WITH AOTUAL PERFORMANCE

The dispersions so far considered are converted into probable bolters,
waveoffs, and accidents to facilitate comparison of the relative perform-
ance of competing landing systems. The process is illustrated in Appendix C
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with a sample calculation of these performance indices for the operationzl
landing system. Table VII compares the calculated performance indices
with actual values reported in the literature. Again, the computed rates,
as well as idealized basic angle setting, fy, are consistent with actual
performance values, and thus form a reasonable basis for the ensuing

comparisons.
TABLE VII

COMPARISON OF COMPUTED AND ACTUAL PERFORMANCE INDICES

COMPUTED
PERFORMANCE PARAMETER (See Appendix C) ACTUAL
FLOLS basic angle, B, (deg) L,1 (ideal) 3.5 to 4.0 (Ref. 10)
Bolters and waveoffs per
landing 0.22 0.26 (Ref. 2)
Hard landings and under- ”
shoots per 10,000 landings 1483 3.0 _(REfS' 2k, 1)

*Includes all accident causal factors. Reference 1
indicates considerable variability in this evalua-
tion, depending on computation ground rules.

Ten potential landing systems are constructed from different combinations
of FILOLS stabilization configurations, piloting factors, and environmental
variables; and their performance in terms of minimum bolters/waveoffs and
accidents relative to the present operational landing system (System 1) are
given in Table VIII.* The method of constructing the system variants is
indicated by the "Applicable Data" and "Comments" columns. It should be
. noted that comparisons shown apply to relative accidents, bolters, and
waveoffs due only to dispersions in ramp clearance, sink rate, and touch-
down point. In practice, other causes, such as lateral-directional

control problems, pilot error and fatigue, and equipment failures, are

*Note that relative accidents for "calm" conditions are not given;
these could not be properly determined because the reference system value
is approximately zero.
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responsible for a sizable percentage of the total performance indices.
Such excluded factors will not affect thc rank-order shown, but will
affect net performance gains or losses indicated. Considering only
vertical dispersion causual factors, significant observations relating to
the merits of the evaluated potential systems are as follows (numbers in

parentheses refer to the system number used in Table VIII):

1. Tracking ship-induced beam motion (meatball-chasing) with
the point-stabilized FLOLS (2) results in slightly fewer

accidents under moderate conditions than occur with the conven-
tional beam-averaging technique (1). Opposing this apparent per-
formance gain are the more pronounced aircraft motions incurred
by meatball-chasing (approximately 50 percent greater excursions
as indicated by combined dispersions from Tables II and III).
large altitude and angle of attack excursions in the groove are
disconcerting to the LSO and prompt him to order a greater number
of waveoffs. Also, increased aircraft pitch attitude excursions
reduce ramp clearance and significantly increase the probability
of an in-flight engagement.® These additional considerations,
added to the greater pilot tracking effort invoived, offset the
small performance gain achievable with uncompensated meattall-

chasing.

2. Of the other "conventional" FLOLS stabilization schemes
considered (3, 4, and 5), none exceed the performance of

the point-stabilized configuration (2) under similar beam-chasing
conditions. With beam-averaging they all yield performance iden-
tical to System 1, but «#ith varying amounts of pilot averaging
effort, i.e., according to the amount of beam motion involved (see
Item A of this section). The line-and-point-stabilized beam (5)
shows no advantage, while heave stabilization (3) and angle-
stabilized FLOLS (4) seem to seriously degrade performance.

3. Loss of horizon reference (6) results in significant
deterioration of performance, in both bolters/waveoffs
(maximum factor of 2 increase) and accidents (maximum factor of
5.7 increase). Night flying is represented by a seriously
degraded horizon reference. The pessimistic indication of the
model is validated by fleet experience during night operations,
which shows a significant increase in accident rate over daytime

operations.

4, Compensation of beam motions associated with the point-
stabilized FIOLS (7) reduces accidents by as much as a

factor of 40:1 and bolters by a maximum factor of 5:1. Such
improvement is predicated on the pilot's tracking beam motions

*Wire pickup prior to landing-gear contact with the deck.
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as in System 2, but now the beam motions are compensated through
FLOLS servo equalization which effectively synchronizes aircraft
and deck motions. Aircraft motions, here, are as large as for
the uncompensated point-stabilized FLOLS (2), but in this instance
constitute only a minor influence on total performance. This
system appears, tentatively, to be fairly easy to implement. The
only change to the currently operational system would be the
(electronic) phasing of the beam motion.

5. Ship pitch stabilization (8) and air turbulence sllevia-
tion (9) possibilities tend to improve landing performar.ce.

However, their performance indices represent meximum derivable
improvement assuming theoretically ideal implementation. Note
that the performance gain with partial alleviation of air turbu-
lence (9), as might be possible by streamlining the superstructure
and/or by airborne gust alleviation (direct 1lift) devices, is less
than that obtained with the easier implemented compensated-meatball
system (7).

6. Ship motion prediction (10) indicates a large potential
performance improvement; but at this time it should be
considered strictly a theoretical gain, since the feasibility

and operational consequences of prediction have not been estab-
lished. Also, the attendant unreliability of added electronic
equipment necessary for prediction and processing of guidance

commands will tend to off'set this theoretical performence gain.

T. The ideal beam angle, fg, is fairly insensitive to
environmental conditions or FILOLS stabilization concept
employed. Reducing ship motion effects, e.g., Systems 8 and 10,
does slightly increase the value of theoretically ideal Bg.
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BECTION III
SUPPORTING DATA AND MISCELIANEOUB RESULT®

This section presents the results of the preliminary evaluations which
aided in the selection of representative operating points for the modeled
system elements described in Section I; they also give additional enlight-
enment.in support of the tentative findings of Section II. Subsequent
paragraphs will discuss the effects of variations in ship motion, air
turbulence spectra, and pilot loor closure gains. Miscellaneous data on
landing dispersion effects and aircraft altitude motions in the groove are

also presented and briefly discussed.
A. VARIATIONS IN SHIP MOTION SPECTRA

Computed spectral representations of ship pitch and heave motions for
a Forrestal class carrier were examined in the course of this work. These
motion spectra data are computed (Ref. 24) for various sea states and
swell conditions, and for different ship headings and speeds. Two sets of
spectra representing maximum deck motion (i.e., having the most adverse
effect on landing operations) were selected for evaluation, one represent-
ing ship motions in Sea State 6 and the other representing ship motions in
a severe swell condition. These spectra and corresponding fitted analyti-
cal forms appropriate to the landing dispersion computation technique are
described ir Appendix A.

Direct digital rather than adjoint computations were used here in an
attempt to develop a simple approximate analytic approach which could
more directly explain the important elements of the complete time-varying
problem. These computations, involving constant-coefficient approxima-
tions to time-varying elements, were first validated by checks against
the adjoint-computed results using Essex motion spectra. The approxima-

tion is itself the subject of the separate discussion given in Section IV.

landing dispersions incurred with the Forrestal motions were computed
for only three of the original seven FIQLS configurations—the line-and-point
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without heave stabilization (4LNH), the point-ctabilized with heave
stabilization (3WH), and the point-stabilized without heave stabilization
(3NH). The results are summarized in Table IX. In the first two rows of
Table IX are given Sigma values of ship pitch/heave mctions and landing
dispersions due to separate ship operation in Sea State © (with nc swells)
and Sea State O (swell condition). Although uncorrelated, sea waves and
swell waves seldom occur independently (Ref. 24), i.e., to the exclusion
of one or the other; their combined motions and dispersions, given in the
third row, more typically represent actual operating conditions. It
should be noted that significant wave heights used correspond to 17 ft
for the sea state and 15 ft for the swell condition. In the fourth row
for comparison are values of dispersions digitally computed using previ-
ously described Essex ship motions. It may be seen fron Table IX that:
1. For the same significant wave height, swell waves cause
approximately five times greater ship heave motion, -(hg),
than do sea waves, while pitch motions, o(%g), are =2pproximately
the same for both. Conseguently, dispersions are nore pronounced
for the swell condition, especially for the completely stzbilizea

beam (Configuration 3WH) or, eyuivalently, for pilot's averaging
of the beam motion.

2. The ranking of the FIQOLS stabilization system in order of
their relative magnitudes of dispersion is the same
regardless of wave input conditions or ship configuration.
Therefore, the more complete rank-order results obtained using
Ecsex data (Section II) seem sufficiently representative to be
applicable also to Forrestal class carriers over a wide range
of wave inputs and sea conditions.

B. VARIATIONS IN AIR TURBULENCE SPECTRA

Horizontal and vertical components of air turbulence, ug and wg, were
used to represent the unsteady random-airflow field behind the carrier;
these were simulated by passing white noise (W.N.) through a shaping filter
of the form

Kos
Ve o g
W.N. °F W.n. (15 + 1) (108 + 1) (3)

Variations in both low and high frequency spectral breakpoints, Tq and Tp,

were evaluated for both piloting techniques to ascertain landing dispersion
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sensitivities to the final selected value, and to permit extrapolation of

previously described results to fit variations in the random-turbulence
field (i.e., as might be incurred from changes in ship heading or speed,
aircraft approach speed, natural wind, etc., although these data are not
as yet available). Resulting aircraft motion dispersions in altitude,
o(hg), and vertical velocity, o(f,), are given in Figs. 4 and 5 for the
case of altitude controlled with elevator, and in Figs. 6 and 7 for alti-
tude controlled with throttle. Note that these results are plotted in
sensitivity form, c(ha)/~g or 3(53)[08, since the absolute dispersion

value is linearly proportional to the rms turbulence intensitye.

1. Altitude Controlled with Elevator (6,h—=5., u—e57)

Figure 4 demonstrates very little aircraft dispersion sensitivity to
low frequency attenuation over a wide range of 1/Tu1 = I/Tw1 values, thus
indicating little susceptibility to low frequency turbulence. The observed
insensitivity is due to the high pilot/aircraft system bandwidth associated
with elevator control of altitude, which permits effective tracking of low
frequency disturbances. Representative values of 1/1u1 = T/Tw1 = O were
selected in the final spectral form for use in the dispersion evaluations

described in Section II.

A slightly peaked response is noted in Fige. 5 for values of 1/1u2 and
1/Tw2 in the vicinity of the closed-loop pilot/vehicle phugoid frequency
(@p = 0.5 rad/sec), which is caused by resonance of the input with the
phugoid mode. Values of 1/Ty, = O.4 and 1/7y, = 0.6 rad/sec were selected
in the final spectral form as representative of the speed and altitude
conditions of carrier approach (Ref. 23, which, as indicated, also induce

maximum aircraft dispersionse.
2. Altitude Controlled with Throttle (65, h—=57)

For both low and high frequency attenuation, Figs. © and 7 indicate
greater dispersion sensitivity to low frequency turbulence power than is
true with elevator control of altitude. This results from the correspond-
ingly lower (by a factor of 3 or so) system bandwidth associated with
throttle control of altitude.
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C. IANDING DIBPFERSION SENSITIVITY TO
PIIOT GAINS IN TURBULENT AIR CONDITIONS

Nominal gains for the loops closed by the pilot were selected on the
basls of good low frequency performance and adequate stability margins as
determined from previously discussed analyses. These nominal values were
perturbed to discern resulting performence changes, considering only the
air turbulence inputs. Resulting aircraft altitude and vertical velocity
excursions are plotted in Fig. 8 for both piloting techniques as a func-
tion of separate loop-gain variations, i.e., only one gain varied at a
time while holding other loop galns fixed at their nominal values.

For elevator control of altitude (Fig. 8a) there appears to be a
moderate sensitivity of aircraft altitude dispersion as a function of
altitude loop gain, Kseh, whereas vertical velocity dispersion, o(hg), is
almost totally insensitive to pilot gain variations. It seems possible,
therefore, to somewhat reduce the altitude dispersion by increasing Kseh:
assuming the pilot tolerates the consequent loss of closed-loop damping
(i.e., control may tend to get away from him). An autothrottle is desir-
able in this respect, since it provides increased phugoid damping (Ref. 22)
necessary to operation at higher altitude-loop gains.

For altitude controlled with throttle (Fig. 8b) there is no performance
improvement avalilable by either increasing or decreasing pilot gains;
further, the performance sensitivity about the nominal gain values is very
small. Performance insensitivity to pilot gains is particularly useful in
the early phases of the approach, for which resolution of the FLOILS indi-
cated error is marginal (Ref. 32), i.e., altitude controlled with throttle
permits considerable latitude in erroneously interpreted magnitude of
flight path error. But the high level of dispersions render this control
method inadequate for vernier altitude corrections in the vicinity of the

ranmpe.

D. IANDING DISPENSION SENEITIVITY TO EQUALIZATION
PARAMETENS FJOR TEE COMPINSATID-MEATBALL SYSTEX

A variable equalization network was inserted between the point-stabilized
FLOLS and pilot/airframe system elements in the manner indicated at the bottom
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of Fig. 9. This shaping filter effectively alters the phase and amplitude
characteristics of the uncompensated beam motion, hg, to produce aircraft
motions more nearly in phase with the<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>