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ABSTRACT

This report covers an analysis of the operational and
technical requirements of an Automatic Carrier Controlled
Approach (ACCA) system for carrier aircraft all-weather
operation. There is a discussion of a detailed system pro-
posal for aircraft turn axis control and of the functional re-
quirements imposed on the system components. Turn axis
dynamics have been studied both in the time and frequency
domains, and the results obtained justify the application of
standard servo engineering procedures to the control prob-
lem. By employing Fourier analysis, the frequency com-
positions of data and control variables have been obtained,
and the frequency bandwidth requirements imposed on the
system are examined. Two specific proposals for altitude
control areoutlined interms of two different techniques em-
ployed in aircraft height position determination. A detailed
discussion brings out the relationship of carrier deck motions
to aircraft position data and to aircraft control. The future
research program on ACCA is outlined.

PROBLEM STATUS
This is an interim report on the problem; work is
continuing.
AUTHORIZATION

NRL Problem R04-42R, CNO Aviation Plan No. 73
NR 504-420
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X Perpendicular distance of the aircraft from the derived path

TABLE OF SYMBOLS

X Time rate of change of perpendicular distance

Eh Error signal controlling altitude of the aircraft

Eg Error signal controlling the lateral position of the airecraft
he Computed altitude

hm Measured altitude

k, Lateral error control proportionality constant

ka Lateral error lead proportionality constant

War Gain constant of the aircraft and autopilot in the yaw axis
Wez Gain constant of the aircraft and autopilot in the pitch axis
Ray Actual slant range

Rm Measured slant range

s(t) Variable speed of aircraft along the flight path

-a Heading error of aircraft measured with respect to the flight path tangent
a Time rate of change of heading error

¥ Angle of attack of aircraft

¥ Time rate of change of angle of attack

6y Actual azimuth of aircraft with respect to the line parallel to the fore-aft line
of the carrier and passing through the radar site

Om Measured azimuth of aircraft with respect to the line parallel to the carrier
fore-aft line and passing through the radar site .

fc Desired azimuth of the aircraft with respect to the line parallel to the fore-aft
line of the carrier and passing through the radar site

B Absolute heading of aircraft measured with respect to the line parallel to the
fore-aft line of the carrier and passing through the radar site

B Time rate of change of absolute heading
A Azimuth error of aircraft where A8 = 6¢ - fm

Br The angle that the tangent to the path makes with the line parallel to the fore-aft
line of the carrier and passing through the radar site
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gh(p)
h(p)

g(p)

1(p)
Es(p)
v(p)
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Open loop transfer function of ‘auto-land servo with certain idealized assumptions
Transfer function for the aircraft cascaded with that of the flight path geometry
Transfer function of the lead network

Actual elevation angle of the aircraft with respect to the horizontal established
for the radar site

LaPlace transform of the load disturbance
LaPlace transform of the error signal

LaPlace transform of desired aircraft position
LaPlace transform of regulated aircraft position
Measured elevation angle of aircraft

Phase margin of open loop transfer function

Gain constant of lead network

Time constant of lead network

LaPlace transform of the displacement error
LaPlace transform of the instantaneous heading error
Angular frequency in radians/sec

Angular frequency normalized with respect to TA
Cut off frequency of x(jw)

Frequency beyond which auto-pilot aircraft combination breaks down as a pure
integrator
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ANALYSIS OF THE AUTOMATIC CARRIER
CONTROLLED APPROACH SYSTEM

INTRODUCTION

As a major portion of its work for implementing the ONR assignment in CNO Aviation
Plan No. 73, the Naval Research Laboratory has set up a program of research on an auto-
matic carrier controlled approach system hereafter referred to as ACCA, Reference (1).
The need for a successful all weather automatic carrier approach system is readily evi-
dent, from both tactical and operational considerations. A discussion of some of these
tactical and operational considerations is to be found in the appendix covering observations
made by NRL personnel of carrier operations during operation PORTREX.

Two successful approach systems for shore-based operation are the GCA and ILS
systems. The GCA system uses precision radar determination of aircraft position, and
voice talk-down of the aircraft along a predetermined approach path. The ILS system
generates an approach path in the air by means of a pair of crossed electro-magnetic
beams. The angular deviation of the aircraft from the approach path appears as a visual
deflection of a crossed-pointer meter. The pilot then controls the aircraft position to
“zero,” the crossed-pointer meter. Both systems are undergoing extensive research to
provide completely automatic approach with pilot intervention only in the touchdown phase,
Reference (2).

The carrier automatic approach problem presents most of the technical and operational
difficulties of the automatic GCA and automatic ILS systems. The problem is further
complicated by the fact that a carrier landing strip is a generally unstable platform of
relatively minute dimensions. Thus, system resolution requirements are necessarily more
stringent, and the attendant problem of correlating aircraft control with deck motions
becomes a vital link in the system.

This report covers the theoretical work done on the problem from 1 January 1949
until 25 May 1950. The report consists of two major portions. First, a detailed discussion
is given of the over-all system proposal and of the various units making up the total sys-
tem. Second, a theoretical analysis of system performance is given. A detailed study of
system dynamics in the time domain was followed by a frequency domain analysis of the
system as a closed servo loop. The theoretical system performance was evaluated by
this procedure. A subsequent report covering circuitry, instrumentation, and engineering
details of the experimental model equipment will follow at an early date.

SYSTEM PROPOSAL

The system proposed for the turn axis control as well as elevation control is in es-
sence a closed servo loop. The position data of the aircrait are derived by means of a

| CONFIDENTIAL 1

DECLASSIFIED

s e il W Y

AFTITEEPTINE



DECLASSIFIED

2 NAVAL RESEARCH LABORATORY _

AB=8. 8m | RANGE R A8 LATERAL |x*KR A&lEOUALIZATION
COMPARATOR ] me  {DEVIATION "
MULTIPLIER ! | DERIVER NETWORK
\ A | A .
=K, X+ KX
m 8¢ Rm ; sm AES I 2
| e e :
|
FLIGHT PATH INITIAL ERROR | | |[PREMODULATOR| !
DERIVER ["<~0~JSERVO GLOSURE[ | ; :
| 1
: LINK TRANS ;
1
7 : * :
Rm | | RECEIVER | 1
B=Wo,[Esdt | T :
Ra TURN AXIS AIRFRAME | _ ! !
RADAR 8a FLIGHT & <—> | IDEMODULATOR/| |
GEOMETRY AUTO PILOT L _:
RF TELEMETERING
LINK

Figure 1 - Proposed ACCA system block diagram for turn axis control

radar sited on the carrier. By comparing these data with the desired position data, suit-
able error signals are derived. These error signals are telemetered to the aircraft under
control by means of a radio link and are applied to the automatic pilot (autopilot) and air-
craft combination to close out the error. The heading change of the aircraft due to the
error signals results in a new position of the aircraft thereby closing the loop, the new
position data being again determined by the radar. Thus the control line represents a
closed servo loop. A functional block diagram of the proposed system is shown on Figure 1.

FUNCTIONAL DISCUSSION OF BLOCK DIAGRAM
Radar

The position data gathering function in the ACCA system may be performed by a radar.
The radar must be capable of tracking the target aircraft from maximum range at capture
of approximately 8000 yards to the minimum range at final approach of approximately 150
yards. Range accuracies in the order of * 10 yards and angular tracking accuracies of
better than + 2° (or lateral displacement about touchdown path center line of * 5 yards) are
necessary. Further, the radar must be able to track low flying aircraft without ambiguity
which requires low angle tracking in the presence of maximum “sea returns.” This implies
the need for MTI or doppler radars to obtain stable, reliable data gathering in the region
of minimum range.

The carrier flight deck and hence radar site is a generally unstable platform moving
relative to a fixed co-ordinate system in the roll, pitch, and yaw axes, and also in heave.
The effect of these carrier deck motions on the control problem must be analyzed in terms
of the data gathering properties of the radar as well as the requirements on system re-
sponse time.

Carrier deck motions have negligible effect on the radar determination of slant range.
Further, since the radar site moves in synchronism with the carrier deck, elevation data
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derived from the radar require no correction for heave. The altitude flight course, however,
is generated with respect to the carrier deck; and as the deck moves in heave, the flight
course will move in synchronism with the deck. Thus, an aircraft which was on course
prior to carrier heave is now off course. Carrier heave then may be analyzed as a desired
state disturbance on the altitude control loop.

If aircraft altitude is determined from unstabilized radar elevation data, then roll and
pitch of the carrier deck will effect determination of aircraft altitude. When the aircraft
is abeam of the carrier, measured elevation will be in error by the amount of carrier roll.
When the aircraft is dead aft of the carrier, measured elevation will be in error by the
amount of carrier pitch. At intermediate positions, the elevation error will be some com-
bination of carrier roll and pitch. Thus, elevation data must be corrected either by gyro-
stabilizing the radar mount in roll and pitch, or by subtracting deck motion data (obtained
by means of a roll and pitch stabilized platform) from the unstabilized radar data.

The effect of carrier yaw is a more complicated one. Since the control flight course
is generated with respect to the carrier center line, as the carrier deck moves in yaw the
flight course moves with it. It should be emphasized that no correction of radar data is
desired, since aircraft azimuth must be measured with respect to the carrier center line.
However, an aircraft which was on course prior to carrier yaw is now off course. Thus,
carrier yaw may be analyzed in the form of a desired state disturbance. The configuration
of the present flight path (to be described later) is such that the maximum lateral deviation
of the aircraft from the flight path due to yaw occurs at a range of 4,750 yards and the
magnitude of the deviation is 75 yards for 1° yaw. Anticipated carrier yaw periods are in
excess of 10 sec, thus it is expected that the control loop will experience no difficulty in
closing out errors resulting from carrier yaw. In the region of critical control, or mini-
mum range, the flight path is very nearly a straight line passing through the carrier center
line. Carrier yaw of 1° will result in an error of 1/60 times range or 10 yards at 600 yards
range. With stiff control in this region, no difficulty in course following is expected. In
general, a more complete analysis of this problem in terms of flight data must be made.

The two types of radar systems which received consideration for the data gathering
function are track-while-scanning radars and automatic continuously tracking radars. It
should also be pointed out that the system is sufficiently flexible to permit substitution of
other radars to perform the data gathering function. Thus, if and when FM doppler radars
(which will provide very short range resolution) and MTI becomes available, their incorpo-
ration into the system can be readily accomplished.

Both track-while-scanning and automatic continuously tracking radars offer distinct
advantages. Tracking-while-scanning radar systems are now under development at the
Watson Laboratory of the USAF’s Air Materiel Command and at industrial laboratories.
The advantage of such a radar is the use of a single antenna system for multiple aircraft
in the control phase. A disadvantage of such a system, in addition to a high degree of
complexity, is the physical limitations placed on high speed rotation of the relatively large
antenna masses required. However, this may be eliminated by-electronic scanning as is
done in the Automatic Ground Controlled Approach system. Present data indicate scanning
speeds in the order of four looks per second can be expected although experimental scanning
speeds which are several orders of maghitude greater have been obtained. This means that
position data are available at quarter-second intervals, or with 90-knot airspeed aircraft
flying dead aft of a 30-knot carrier,* one “look” every 25 feet. On the other hand, a single

* Carrier speed is normally regulated so that air mass moves at approximately 30 knots
over the deck during landing operations.
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continuously tracking radar could provide position data at the pulse repetition frequency,

or once in a 1/2000-second, or at 1/20-foot intervals.

A second disadvantage is that all the position data is dependent on the continued oper-
ation of one radar and its failure would interrupt all automatic approaches completely.

The latter fault can be avoided by using multiple radars, i.e., one radar per aircraft
under control. This is possible with radars similar to the AN/APG series of airborne
gunlaying equipments since such equipments are quite small and compact. The AN/APG-3
for example, which NRL is using in the initial portions of its experimental program, weighs
less than 300 pounds and has an antenna only 12 inches in diameter. The use of three or
four such radars would insure noninterruption of service if breakdown occurs, provided
the procedures for target assignments, tracking coordination, etc., can be worked out.
Other reasons for using this radar for the experimental program at NRL are (1) that its
compactness allows it to be mounted in a single truck with test and recording instruments,
thus providing an extremely mobile field unit and (2) that it avoids the necessity for the
development and construction of tracking-while-scanning equipments.

After slight modification of the range tracking circuitry, the maximum track range
of the AN/APG-3 has been extended beyond 8,000 yards. The specified angular tracking
accuracy of the radar is t 1/4° which is well within the required limits. The range track-
ing accuracy is * 12.5 yards which appears to be adequate. The theoretical minimum
range of the radar, with 1/2 psec pulses is 82 yards, assuming infinite bandwidth and zero
recovery time for the receiver. The probably usable minimum range of the radar is in
the order of 150 yards, which appears to be adequate for the final approach.

An operational problem indigenous to all radar data gathering systems is that of cap-
ture of the aircraft to be controlled. Preliminary investigations of the AN/APG-3 radar
indicates that some of the inherent difficulties in capture can be resolved by experienced
operators. Further evaluation of the capture problem will have to be made and procedures
worked out to eliminate undesirable time delays in control due to the time interval required
for capture.

Flight Path Deriver

The primary function of the flight path deriver is to generate the desired.control path
with respect to the carrier that the airplane is to follow. Measured range information
from the radar is fed into the deriver, and ¢, the desired azimuth, becomes the output.

To be tactically acceptable at present, the control path should conform to that used
under contact conditions, i.e., roughly a semicircular arc starting abeam of the carrier
and ending at the flight deck ramp. It is highly undesirable to use long dead aft approaches
due to the necessity for stringing multiple aircraft out behind the carrier, and due to
traffic control problems incident to any wave-off. Further, greater isolation of several
carriers in a fleet unit would ne necessary to prevent possible radar capture of aircraft
belonging to other carrier groups. Discussion of operationally acceptable flight paths is
contained in an appendix following this report.

In any case, no path contour can be allowed for which maximum safe rate of turn for
low flying aircraft is exceeded, either along the path or during close-out of transients.
Consistent with these requirements, it was decided to generate an approximately semi-
circular path with a diameter of 7,500 yards as shown in Figure 2. The standard contact
final turn is also shown for comparison.

DECLASSIFIED
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0°

ACCA
————— STANDARD

80°
RANGE- YARDS 7000 7500 BOOO

Figure 2 - Flight patterns

At the flight path entry point, a 1000-yard-wide gate is provided. That is, a family of
flight paths is generated which intersect the 90° azimuth at ranges of from 7,000 to 8,000
yards. All of these paths coalesce to a single flight path at about 4,000 yards. Thus, as
soon as radar tracking is initiated, an “initial closure” circuit is energized, which selects
the flight path passing through the position of the aircraft at capture. The effect is that
of tieing one end of the flight path to the aircraft entering the control phase. The time
required for path selection is in the order of 1/2 second and after a period of 2 to 5 seconds,
the initial closure circuit is deenergized and the selected path for the aircraft under control
is frozen.

The radar site is not coincident with the flight deck center line, so that at ranges
smaller than 400 yards the resulting parallax is very severe and correction must be in-
cluded to pass the flight course down the carrier center line. This is accomplished by
means of a final-approach circuit which remains inoperative at ranges in excess of 400
yards but is switched in by the range voltage when the aircraft reaches the 400-yard point.

The Comparator

The computed azimuth, the output of the flight path deriver, is fed into the comparator,
where it is compared with the azimuth of the aircraft as measured by the radar. The com-
parator is a differencing circuit, which converts the difference between two d-c voltages
into a 1000-cps square wave, whose amplitude is proportional to A8 = ¢ - Om, the differ-
ence between computed and measured azimuth, and whose phas- is either 0° or 180° de-
pending on whether 6 - 6, is greater than or less than zero.

The Range Multiplier

The output of the comparator, 8¢ - 6 is fed into the range multiplier, and multiplied
by a voltage proportional to measured range. The resultant output then is a voltage that
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is proportional to R;Af8. The circuit is made to deviate from strict mathematical
multiplication as range decreases, providing larger error signal or stiffer control at short
range. Thus the sensitivity of the control system increases as range decreases. This
provides a funnel effect for the aircraft, with looser control at entry and increasingly
tighter control on approach to the carrier.

Lateral Deviation Deriver

The physical quantity needed for control is the lateral distance of the aircraft from
the flight path. Reference to Figure 3, the flight path geometry, indicates that there is
some functional relationship between Rp,Af and x, the lateral distance from the path.
Unfortunately, no simple relationship of closed form exists between RmA6 and x throughout
the flight course, but instead k is a complicated function of 6. This function of 6y was
established by geometrical construction and appears as shown in Figure 4.

In order to derive the lateral distance x, the voltage RinAf is fed into a linear potenti-
ometer actuated by a cam, whose shape is determined by the curve in Figure 4. The cam
shaft is directly coupled to the antenna tracking mount. Thus the cam shaft position is
always directly related to 8y, the measured azimuth and the potentiometer output is pro-
portional to k(§)RmAf. A photograph of the lateral deviation deriver is shown in Figure 5.

Equalization Network

In order to provide stable control, with relatively rapid close-out of transients and
with relatively low accelerations imposed on the aircraft, it was found necessary to use
proportional plus derivative control. A detailed discussion of the problems involved and
the result obtainable follow in the section of this report under dynamics. Functionally,
it is necessary to provide an error signal which is proportional to the sum of the lateral
deviation of the aircraft and the time derivative of the lateral deviation. Thus, the error
signal should be

Eg =kt lg g, (1)

Figure 3 - Flight path geometry

NMustrating functional relation
betweenx the.perpendicular dis-
tance of the aircraft from the
derived path and R 49

'_
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iy Rm A8
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‘9_ ﬁe = ec*'sm
.8 / e = GCOMPUTED
AZIMUTH
8m = MEASURED
o AZIMUTH
X = LATERAL DISPLAGE-
6 MENT OF AIRPLANE
— TO FLIGHT PATH
-1 5 =
x
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3
2+
A
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ANTENNA AZIMUTH -DEGREES

Figure 4 - K(6) vs. antenna azimuth curve (Dj deriver output)

Figure 5 - Lateral deviation deriver

Since x appears asa d-c voltage, G
it isrelatively easy to derive such an
error signal by means of a simple
equalization network as shown below R
in Figure 6. o— VAMAAAA- ) Go = —=-

AAAAA
YV
n

The transfer function of such a
network is

_Go(Tap+1) @)
‘Go Tap + 1 Figure 6

Y(p)
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and for frequencies below that given by

f= —1— .
271 | GoTp

the desired operation is obtained, Reference (3).

Radio Link

The control information obtained from the output of the computer block and equalizer
must now be telemetered to the aircraft under control. The problem here is not to devise
a way, but to choose a simple, reliable method from the great number of methods available
to the art. We have chosen as an interim method to transmit the error signal to the air-
craft as a frequency modulation of an AM sub-carrier, using a carrier in the VHF frequency
band. The transmitter chosen is a type TDQ VHF communication transmitter. On one of
its four VHF channels, 3 sub-carriers are imposed at 1090, 1790, and 4165 cps. These
sub-carriers are frequency modulated by the error signals over a 15 percent bandwidth.
This provides three control channels although, for this phase of the problem under dis-
cussion, only the channel for turn control is to be used.

In the aircraft, the three sub-carriers are filtered out separately and the frequency
modulated intelligence converted back to its original error signal d-c voltage form by
means of audio-frequency discriminators. Finally, the error signal is converted to the
required form necessary to actuate the autopilot by means of an autopilot coupler.

Autopilot plus Aircraft

It has been assumed that the response of the autopilot plus aircraft combination is that
of a pure integrator. That is, the rate of change of heading of the aircraft autopilot com-
bination is proportional to the error signal applied to the autopilot. This may be expressed
mathematically as

B (the heading of the aircraft) = SESdt. (3)

Aircraft plus autopilot response has been discussed in articles by Greenberg (4),
Titus (5), and Gaylord (6). An attempt to verify experimentally true integrator action has
been made by Radio Division III of this Laboratory, and a detailed discussion of this result
will appear in a report soon to be published. Preliminary data seem to support the assump-
tion that integrator action will result over a limited frequency spectrum.

The usable frequency spectrum over which integrator action results is shown in Figure
7. Thus the error signal can contain no frequency component in excess of w¢ or integrator
action will break down and a condition of system instability may result. For more detailed

discussion of error signal frequency composition, refer to the section of this report entitled
“Stability from the Open Loop Transfer Function.”

Flight Geometry

As discussed above, the response of the aircraft autopilot combination to an error
signal is a time rate of change of heading. The radar determination is in the form of
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E, = AUTO PILOT INPUT
B = AIRCRAFT HEADING
-6 db.PER OCTAVE ASSUMED
0
s /\
wc; LOG w
| -12 db. PER
I OCTAVE
REGION OF !
l«—————  INTEGRATOR
AGTION
Figure 7 - Aircraft plus autopilot response to sinusoidal forcing function
position coordinate information. Thus, the flight geometry becomes a block in the servo
loop. The function of the geometry block is to convert the aircraft heading into position
of the aircraft. The nature of this block can better be understood by reference to the
analytical discussion of the flight geometry appearing in the body of this report below.
DYNAMICS
Geometry and Sign Convention
In Figure 8 are illustrated the o
angular and linear relationships of the
aircraft in following the derived path '
into the carrier, Line EF is parallel
to the fore-aft line of the carrier. B, o>
the aircraft heading, as well as fr,
the heading of the derived path, are e
measuredfromEF. 8 is positive when
to the left of EF and negative when to Bef-
therightof EF. B, is always positive
since pathentry is not exactly perpen=
dicular to EC. The algebraic differ=
ence of 8 and By is the instantaneous

heading error of the plane: ¢
I_J-—cnnmzn
@ = (B - Br). (4)
The position error x is defined

as the perpendicular displacement of
the plane from the derived path as is

p

DECLASSIFIED
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indicated on Figure 8. Asindicated, x will be positive to the right of the path and negative
to the left of the path. The air speed of the aircraft is assumed to be a constant 90 knots
but since the carrier deck is normally moving 30 knots with respect to the air mass, the
path will be moving at the same speed; and, as a consequence of this plus the changing
direction of the aircraft, the speed (s) of the aircraft with respect to the path is variable.
On the downwind leg s will be 120 knots whereas in the final approach phase s will approach
60 knots. It might be added that the plane must crab to maintain the required path heading,
especially in the central portions of the flight path.

Defining System Equations
The variable speed along the path and the variable heading of the path introduce non-

linearities in the differential equations describing the motion of the aircraft. The equa-
tions take the following form:

x = -s(t) sin[B - Br(t)]
[B - Br(t)] = c.

The equation for x follows from the geometry of Figure 8.

(5)

Br will-vary from a few degrees at the path entry point to 180° at touchdown. The
variations are a monotonically increasing function of time which is apparent from an
examination of the flight path. x is the rate at which the position error lateral to the path
is varying.

The equation of control results from the proportional plus derivative composition of
the error signal and heading response characteristics of the aircraft. The system requires
a portion of the error signal be time rate of change of x and hence x plus X are used to
control the aircraft. It is assumed that an aircraft autopilot combination turns in the yaw
axis at a rate proportional to the error signal within a wide range of turning rates (see
section on “Autopilot plus Aircraft”). Hence the response of the aircraft is assumed to
be the integral of the error signal fed it.

The following control equation
B =k x + ke X results, (6)

The presence of k, results in damping action on desired state disturbances and on
load disturbance. The gain constant of the aircraft plus autopilot is contained within k,
and k..

It is assumed in the interests of simplicity and for preliminary analysis that the re-
sponse of the auto-track radar and computor circuits is not a function of frequency. The
dynamics of the system, within the rigor of all assumptions made regarding the transfer
functions of each block can be mathematically stated by a combination of equations of
motion and control:

f:! =t klx et kz)i
. (7)
x = -s(t) sin [ - Br(t)].

ONHBENEATL
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Solution of System Equations

The differential equations are not subject to standard servo analysis because of the
nonlinearities existing in the system. It is possible to make the equations amenable to
servo techniques with the aid of certain linearizing assumptions. In order to justify such
assumptions, however, a solution was obtained for the nonlinear case with the aid of a
REAC Analog computor. Solutions were obtained for x and § for various choices of k,
and k, assuming various heading errors out to and including 45°. These solutions were
obtained with x(0) = 0 which is a consequence of the initial servo closure circuit. The
system solutions revealed that:

(1) In no case would the system be more than marginally unstable either for
k, = 0 or for system gain very small (within the assumptions made).

(2) An optimum choice of k, and k; could be made from considerations of
acceleration, closure time, and oscillatory motion.

(3) A comparison of the analog computor solution with that obtained for the
linear case—s constant, Br (t) = 0 and sin[B = fr] = a—shows for @(0) =
+ 25° the two solutions do not differ from each other in amplitude or
frequency by more than 10 percent.

(4) The solution is of a2 damped oscillatory nature.
Figures 9 and 10 show solutions of x and g plotted by an analog computor for the

nonlinear case. The values of k; and k, were chosen to allow for a reasonable closure
time for the transient arising out of an initial heading error of -45°. By (t) and s(t) were

provided to the computor graphically as functions of time in effecting a solution by computor

techniques.

From (1) in the list above it is evident that the correct type of control has been chosen.

From (2) above it was possible to choose k,; and k, so as to make transient closure time

20 seconds with peak accelerations total within 1.64 g for @(0) = 45°. Most important from
(3) above it was evident that the system could be made subject to servo-mechanism analysis

within the excursion of parameters of interest.

Servo System Analysis

It becomes of interest to set up the system as a servoblock to learn more about system

stability as it relates to the transfer functions of the auto-track radar, the computor, and

the r-f telemetering link (see Figure 1). The transfer characteristics of these blocks, and

in particular their time lags, have not yet been determined,.

The system with assumptions of unity transfer functions for the auto-track radar, the
computor, and the r-f telemetering link can be set up as shown in Figure 11, where

v(p) - Desired position of aireraft in LaPlace transform
r(p) - Regulated position of aircraft in LaPlace transform
x(p) - Position error in LaPlace transform

I(p) - Load disturbance on the aircraft = —a,/p
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Woi/p - Transfer function for aircraft autopilot combination
Sm/P - Transfer function for flight path geometry

Go1+Tpp) - Transfer function for the lead network

Eg(p) - LaPlace transform of the error signal
a(p) - LaPlace transform of the instantaneous heading error
s - A maximum value since x(t) contains broadest frequency

composition required of computor networks during the initial
transient when the relative speed is 2 maximum.

Thus the error response to an initial step heading error, which is in the nature of a
load disturbance is

(p) Sm ®o/p’ i
o - (8)
g T ST = (1+ Tap) p* + WauSGo TAP + WaisGo
P

If we assume wq contained within G, as was done for the differential equation we get

x(p) = <m0 = i (9)
p* + S;GeTAD + SmGo p? + spmkap + smk:
hence
2y 2
ey M o smkat/2 o Vo - s g0

Ve ks - 46k a

This represents the displacement resulting from an initial heading error of -a,. The
solution becomes a damped sinusoid according to whether or not the radical is imaginary
which confirms the results of the computor work.

The servo analysis approach is to study system performance in terms of frequency
response of the open loop transfer function gh(p) without ever reverting to the time domain,
though actually time domain performance is the physical phenomenon of interest. It might
be added that Equation (10) can be obtained by linearizing the equations of the system and
solving by LaPlace transform methods.

Stability from the Open Loop Transfer Function
Reference to Figure 11 of the over-all block diagram in servo form, along with as-

~sumptions of unity transfer functions for auto-track radar and computor, shows that the
open loop transfer function is:

gh(p) = S%m ( 138y (11)
p’ 1+G,T
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Alp)= —Lo
4]
Eglp) l_..
Go(1+ Tap) > Yo S/p -
8 « (p) r(p)
1

Figure 11 - ACCA servo loop

The Nyquist diagram for the transfer locus of gh(p) appears in Figure 12. If one assumes
that the proportional plus derivative property of the lead network holds throughout the
frequency composition of x(t) the diagram for the transfer locus simplifies to Figure 13.
Assumptions of the proportional plus derivative property of the lead network can be satis-
fied by appropriate design. This means that GoTAp<<1 for all frequencies transmitted by
the equalization network where

gh(p) = G%rﬂ. (1 + TAp) . (12)

For the under damped case of interest, gain crossover occurs at w= .707 where
w = WTp and w = .384 rad’s/sec. The phase margin at gain crossover is 35°. It is apparent
from the diagram that as gain is increased, the phase margin increases as does the fre-
quency of gain crossover. The result is that the system becomes less oscillatory with
progressively more damping. As the gain is increased still further critical damping re-
sults after which the system becomes over damped, ceases to oscillate, and becomes
sluggish.

Decreasing the gain results in higher period oscillations with less and less damping.
The choice of gain level was made to result in just one over shoot in the error within
radar range resolution for operational reasons.

The condition for critical damping is that gain crossover occurs at w = 4.18 or w = 2.27
rad’s/sec with 76° phase margin. It is evident from the Nyquist diagram (either Figure 12

6o * 181 x 1G* RAD /YD, SEG. 1
Ggo Ta = 3.3321G°RAD/ YD
1 Ta» 1.84 SEG
6o s = L.21x 107 |fSEC?
(1,0
"
L]
—— == 3s° R
TR S
s
\\\ ;
o
p- ok
Figure 12 - Transfer locus of gh Figure 13 - Transfer locus of ghassuming

proportional plus derivative equalization
throughout the frequency spectrum
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or Figure 13) that the system can in no case be other than marginally stable, assuming
no time lags present. A marginally stable condition results in continuous undamped oscil-
lations of the error.

Figure 14 is a log frequency plot of the gh(p) expression given in (11).

. |
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Figure 14 - Log frequency plot of transfer locus
Case I - Path of interest
Case II - Critically damped case

The log frequency plots in Figure 14 which are complimentary to the Nyquist diagram
present another picture of the variation of the gh(p) product shown in Figure 12 and hence,
the key to servo performance. Figure 14 also illustrates the variation in phase margin ¢p,.
with frequency.

The servo approach will be extended to include the time constants in radar, computor
blocks, and other parts of the system to determine their effect on stability when experi-
mentally determined transfer loci of these blocks are available. The anticipated effects
of time lags are to reduce phase margin and hence make the system oscillate at a higher
frequency for a given gain setting. In addition, the time lags in question may shift the high
frequency end of the Nyquist plot above the negative real axis in which case a condition of
gain margin would result (7).

If the transmission frequencies of the error signal exceeds those of integrator action
of the aircraft, the gain margin of the system will narrow, and an additional phase lag will
be added. It will be necessary to filter out all frequencies contained in the error signal
which fall near, on, or above the mechanical resonance of the aircraft autopilot combination.
Resonance in the aircraft structure may be accompanied by instability in the system if
phase margin and gain margin requirements are no longer met.
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Fourier Transform Analysis

There exists a variety of random time functions generated at different points in the
control loop as a consequence of control. These random functions result from vertical as
well as horizontal motions of the aircraft and carrier deck. In order to make a valid pre-
diction of the performance, especially the stability of a closed loop system, it is necessary
to have a knowledge of the frequency composition of the time functions to be passed (trans-
ferred) by each of the loop blocks in question.

afifiddi €6 ¥ARNA

As a result of these conditions the following time functions were Fourier transformed:
R(t) - Range from 8,000 to 150 yards

6 (t) - Angular measure from 90° to 0°

8(t) - Time rate of absolute heading change

x(t) - Lateral path displacement

It may be added that these functions do not comprise a complete list of the frequency
studies necessary but deal solely with disturbances acting on control in the turn axis.

The time functions were obtained for the case of a 45° entry heading error as repre-
sentative of an extreme step error. The defining relation in question is

300 sec
IG(iw) | g, =—21?10J M al . (1)

The zero-db reference chosen was the natural period of damped oscillation for A(t)
and x(t). While a median value was chosen for R(t) and 6(t), the 300-sec interval of inte-
gration is the time necessary for the aircraft to traverse the derived path.

The curves of the frequency content versus log w are illustrated in Figures 15, 16, 17,
and 18. The frequency components 40 db down or more from the established zero-db refer-
ence are to be eliminated by appropriate filtering. The auto-track radar will be required
to pass |R(jw)| and | f(jw)| in the range and azimuth tracking circuits respectively. j

.

The highest frequency component contained in | B(jw)' cannot exceed the frequency at
which the aircraft plus autopilot integrator action breaks down, which may result in system
instability. From Figure 17 the amplitude of frequencies 5 radians/sec are at least 40 db
down from the chosen zero-db reference. Certain classes of aircraft have integrator
properties from zero to 6 to 9 radians/sec. Hence, the control stiffness and consequent
initially generated transient appears compatible with the integrator requirement. The
equalization network must maintain its derivative properties beyond the cut-off of |x( jw) !;
this means w.5 < 1/GoTA as may be seen from the section on equalization network. The
arbitrarily defined cut-off frequency of x(jw) appears in Figure 18.

Radar Tracking Characteristics
No deleterious time lags are anticipated in the radar tracking circuits within the fre-

quency composition of the ACCA servo variables. This belief arises out of two
considerations.

S -

DECLASSIFIED



18

DEGIBELS

| G(w)|db FREQUENGY GOMPONENT

DECLASSIFIED

NAVAL RESEARCH LABORATORY “

+£K
+25

P

+15
PY
N
e
+5 X
0 db LINE E
- N
™
\"'h-

-25 \\

(o} I 1.0 10
w ( RADIANS /7 SEC)
Figure 15 - R(jw) - Frec*uency spectrum of
R(t), a(0) = 457, x(0) = 0
+25 \
+15 "N\\
= SN
¥ s P
S 0 db LINE i
0 i
o —
og -5 .
>0 \K
28 TN
W os TP
=2
2 \
£ N
1
o 25 \
- \
s
o 40 db DOWN
b4
-45
el 1.0 1o

: u(RAomns/szc.)

Figure 16 - 0(jw) - Frequency spectrum of
8(t), a(0) = 45° x(0) =0

DECLASSIFIED



DECLASSIFIED

NAVAL RESEARCH LABORATORY

w (RADmNs/SEG}

Figure 18 - x(jw) - Frequency spectrum of

x(t), a(0) = 45°, x(0)

=0

DECLASSIFIED

0 BAND TO BE T

i EXCLUDED BY J
z APPROPRIATE _ | |
w FILTER ~L N
= T~ = Y
25 ° &

53 r\‘M"""‘*---. 0// \ M
Ol ™~ B
- A
e
ON—'EO R 3

a N

o N I
D N\ ™
o ke N |
E =t \\ E

; N
a N
=

> % 3§
© N
=== db DOWN \‘\

-40 ;
N
\
.ol 10
w (RADMNS/SEG]
Figure 17 - B(jw) - Freqbuency spectrum of
B(t), a(0) = 45°, x(0) = 0
[ | BAND TO BE Bl
i b EXCLUDED BY || N |
APPROPRIATE [T 1
0 [ | , FILTER. \\?‘

= e I L

= | | B ™~
| ™.

g 1 i \ \\“_ ™~
B | N NN
=0 | M M~
ag | | N
09 ‘ \K\‘\\
o i | iy
w o | | II \\\\
(<} | | o i
& [ ! | N
w ] | \ [~

{ | !

, =60 | AR
N 68 d b DOWN b
= | SR
= .
=S :

o \“\
e N ; ’ I

| \\‘-..
LU b
.ol il 1.0 10

19

AT PP R

— .



DECLASSIFIED
20 NAVAL RESEARCH LABORATORY ’

(1) The time rate of change of 8a, Ra,and ?, as the plane maneuvers along the
path are very small, hence their frequency content is contained in a very low
band. (See Figures 15 and 16.)

(2) The AN/APG-3 is a gun directing radar designed for tracking high speed
targets at close range. From this it is assumed that no time lags of the
radar in the frequency spectrum of the aircraft position coordinates will
be troublesome.

The performance figures stipulated for the AN/APG-3 far exceed the turning rates and
the range change rates required in the aircraft passage throughout the entire flight path.

1t is anticipated that to exclude undesirable responses to high frequency input noise
generated in the radars and by the load disturbances on the plane it will be necessary to
bypass high frequency components with a filter somewhere following the equalization
channel.

FURTHER DESIGN CONSIDERATIONS AND PROBLEMS

The planning of the research program for the Automatic Carrier Controlled Approach
(ACCA) system has been conducted on the supposition that when control in the horizontal
plane has been achieved the knowledge of design and techniques gained thereby will pro-
vide abasisfordesign of control systems for altitude and attitude control.

Several important considerations remain to be investigated before anything resembling
a completely automatic system can be proposed in detail. Two of the more evident problems
remaining are:

(1) Automatic altitude control,

(2) Deck motion insofar as it effects absolute position information and insofar as
it relates to the stiffness of control required near final approach.

Each of these problems require a theoretical study and analysis leading to a practical
solution.

Altitude Control

As yet, no specific progress has been made on the altitude control problem. Altitude
control has two main phases; (1) Derivation of an altitude error and (2) the use of said
error to effect a change in altitude. Two means available for performing the first of these
functions are as follows: The absolute altitude can be measured on the plane with an r-f
altimeter such as the AN/APN-1 and compared with a desired altitude (dependent on the
range of the aircraft from the radar site) telemetered to the plane. The other system is
the derivation of an altitude error on the ground, in the same fashion as the azimuth angular
error, which will be telemetered to the plane as an error. Each of these systems has its
limitations and disadvantages. The r-f altimeter technique does not permit closing the
elevation control loop via the ground computor in the servo sense. The carrier base would
not be aware of failure of the aircraft altimeter or associated computor networks. Genera-
tion of altitude error on the ground presents difficulties by reason of (1) poor percentage
accuracy at low altitude, (2) the presence of sea returns and multiple path transmission,
and (3) instability of the radar platform.
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The manner in which an altitude error is used depends in part on aerodynamic con-
siderations. This stems from the fact that, for a system such as that proposed in ACCA,
while maintaining a constant air speed, a change in altitude requires a change in attitude
coordinated with a change in power settings on the aircraft engines. Both Minneapolis-
Honeywell Regulator Co. under the auspices of Special Devices Center USN and Bendix
Corporation have been and are currently working on the altitude control problem. One
approach to the problem has been to coordinate the autopilot with an angle-of-attack sens-
ing device to maintain the requisite aircraft performance while effecting an altitude change.
The Automatic Ground Controlled Approach system has achieved elevation control without
coordinated throttle adjustment by using adequate gain in the elevation control loop. A
thorough study will be made of available techniques and their suitability to the engineering
and operational requirements of ACCA to determine the best approach to this problem.

The following presents a detailed functional proposal of the two available types of
altitude control previously mentioned.

Automatic Altitude Control Employing Radar Height Finding. Basing an altitude control
channel on height finding data from a carrier-sited radar, we may propose the control
system shown in block form in Figure 19.

L R 1 1] hm |COMPARATOR
RADAR COMPUTOR ooy
$m %
! ALTITUDE - |
— PATH EQUALIZER
I DERIVER
a
Ep
ALTITUDE ¥ | AIRCRAFT | Ej R.E
PATH a i
GEOME TRY AUTO PILOT

Figure 19 - Altitude control employing radar height finding

Aircraft slant range and elevation data are gathered by the carrier sited radar. The
measured range voltage feeds the altitude path deriver whose output is a voltage propor-
tional to the desired altitude, he. Slant range and elevation data in combination are con-
verted to aircraft altitude by means of a computor. From geometrical considerations, it
is evident that the computed altitude hm is proportional to the product of slant range times
the sine of the radar elevation angle. Gearing a sine potentiometer to the radar antenna
elevation drive and feeding slant range into this potentiometer will give the computed
altitude output, hy,. The generated desired altitude is compared with the computed measured
altitude hy, and a suitable error signal Ej, derived.

The error signal used in controlling aircraft altitude position is telemetered to the
aircraft under control by means of an r-f link. The autopilot coupler transforms the error
signal to the desired form which feeds the autopilot and aircraft combination to close out
the error. The aircraft and autopilot combination is assumed to act as a pure integrator
in the pitch axis in substantially the same manner as in the turn axis. The altitude flight

 ——
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Figure 20 - Altitude control employing airborne altimeter

geometry which converts the aircraft output, y , the time rate of change of aircraft angle of
attack, into corrected altitude becomes the next block in the servo loop. The servo loop is

then closed by means of the radar.

Automatic Altitude Control Employing a Radio Altimeter. Basing an altitude control

channel on height finding by means of an absolute altimeter situated in the aircraft, the
system proposal will take on the form shown in the block diagram of Figure 20.

Aircraft slant range is measured by the carrier sited radar and this information is
fed into the altitude path deriver to give desired altitude at a particular range. The desired
altitude information he is then telemetered to the aircraft under control by means of an
r-f link. Aircraft altitude is measured in the aircraft by means of an absolute altimeter
and compared with the desired altitude in the comparator-computor and a suitable error
signal is derived. This error signal, after suitable conversion by the autopilot coupler,
is fed into the autopilot aircraft combination to close out the error.

The aircraft and autopilot combination has the same functional character as outlined
in the previous proposal. The altitude flight geometry becomes the next block in the servo
loop. The loop is then closed by the absolute altimeter in its altitude gathering role.

Deck Motion

In general the deck is a rather unstable landing platform. This has an important
bearing on the design and system component requirements of an ACCA. If the ACCA reaches
a satisfactory completion, efforts will be made to extend the control region to touchdown.

In such a case deck motion studies and appropriate system compensation for such motions

will become of even greater importance.

The motions of the fan tail of a carrier are resolvable into four components, three
rotational and one translational. Of these four motions only two merit consideration insofar
as control in the last phasesof descentare concerned. The four motion components men-
tioned are yaw, roll, pitch, and heave. The effects of yaw on the control problem have been
discussed under radar. Roll motions on the carrier are of importance only in the last
phases of landing under the supervision of the LSO and hence do not enter into the design

requirements of an automatic approach system.

If the heave motion of the ship under all conditions acceptable for landing operations
is less than the height resolution of the ship mounted radar, it can be regarded as an error
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less than system resolution and hence requires no further consideration. If on the other
hand heave motion becomes two or more times the height resolution of the system, it will
be necessary byaccelerometer means or otherwise to abstract the heave motion of the
ship from its over-all motion. The heave motion will then be used as an additional error
control on the aircrafts altitude. The heave control as it relates to the aircrafts altitude
will take either of two forms. If the heave motion of the carrier is large, the voltage
generated as being representative of it will be fed into a prediction network whose function
is to generate a voltage which predicts the future value of the heave ata time At later. This
will in turn permit smoothing correction of the aircrafts altitude position to permit coinci-
dence with ships heave motion in the neighborhood of touchdown. If experimental observa-
tion under a variety of operating conditions prove heave motions to be of more moderate
proportions, they may be range sensitized in such a way that near touchdown a 1-to-1
correspondence between carrier deck position and aircraft altitude position will result.

A time frequency domain study of heave motions will be necessary before a specific en-
gineering solution to these problems can be developed including response time require-
ments in the elevation control loop.

The pitch motions of the carrier are highly important insofar as any automatic approach
control are concerned. The same height resolution considerations that apply to heave also
apply to pitch. In general it is anticipated that pitch motion will exceed height resolution
in the approach phase. The present intention is to generate voltages proportional to the
pitch motion and to use prediction networks for smooth correction of the altitude control
signals.

It is hoped that the prediction voltage will permit smooth asymptotic elevation control
elosing to coincide with ship motion near touchdown.

FUTURE PROGRAM

This report has outlined the major design considerations that have gone into the pro-
posed NRL ACCA system. Subsequent reports will cover the detailed circuitry involved
in the components of the system as they have been built up for the experimental program.

However, it is not intended that this report indicate the full scope of the activity in
the all-weather flying program of NRL. Rather the ACCA system described will be used
as a research tool toward the investigation of broader problems in that program. The
completion of the automatic approach equipment will signal the start of investigation
toward fully automatic landing operation aboard carriers. It will also allow the considera-
tion of more than one aircraft in the control zone at one time with the attendent problems
of traffic feed-in and speed and/or path-length variation for interval control. The wave-
off problem will be studied from technical and operational viewpoints in such a way that
reliable and fail-safe provisions are retained. The altitude control channel will be in-
strumented in manner satisfying the requirements discussed in the text of this report.
The ship-to-air data link will be investigated for a permanent and efficient solution in
contrast to the interim method which is being used at the present time.

Finally, it is recognized that a major problem in coordination exists. Not only must
such a system be consistent within itself insofar as it provides an operationally acceptable
solution to a fleet problem, but it must also be compatible, technically and operationally,
with all electronic gear requisite to carrier operations. This means, for example, that the
data transmission link must be coordinated with a link used for air defense, traffic control,
short distance navigation, etc. Further, the use of ACCA must be operationally compatible
with the other essential carrier functions, such as the Combat Information Center.

* % ¥
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APPENDIX
Pertinent Observations Made During Operation PORTREX
of Carrier Aircraft Landings as Applied to ACCA

H. W. Chitty and Kenneth L. Huntley

INTRODUCTION

A group of NRL personnel (see appended list) were present, as observers, during
Operation PORTREX (Puerto Rican Training Exercise). This large scale operation simu-
lated an attempt to recapture enemy-held Vieques Island, off the eastern end of Puerto
Rico, by combined contingents of U. S. Navy, Air Force, and Army troops. A fast carrier
task group, which constituted part of these forces, was composed essentially of two CV
class and one CVB class carriers plus their destroyer screen. For a short time, the task
group also included two CVL’s and two cruisers. The following discussion is based on
operations aboard the CV-47 (Philippine Sea) as observed by the members of the Avigation
Branch (Radio Division III, NRL). The data is concerned solely with air operations, and
in particular, with the tactics and geometry involved in short distance navigation approach
and landing as they affect the problem of all-weather flying from carrier bases.

Although some of the data obtained are included in USF publications, others are not.
In addition it proved to be extremely valuable for those engaged in carrier navigation
research problems to witness the present methods employed in the fleet and to appreciate
the operational problems encountered at sea. Only limited facilities were available for
quantitative measurements of any kind, so that no claim for precision is made for the
“numbers” presented here. It is hoped that, from an analysis of the present data and
correlation with the laboratory work now going on, the type of additional data needed and
methods for accurately obtaining it maybe specified.

INTERVAL FROM CUT TO TOUCHDOWN

The CV-47 had several types of aircraft aboard for these maneuvers: F2H, F8F, AD,
and TBM. The different types of aircraft aboard give an opportunity to record data on the
various time factors involved in bringing the aircraft aboard. Records were taken of the
time interval between the cut signal, as given by the landing signal officer, and the instant
of touchdown on the deck. By noting the number of the arresting cable caught by the plane
and knowing the distance from the aft end of the ship to the various cables, the distance
from touchdown to the end of the deck can be calculated. Since the different approach
speeds for each plane and the wind across the carrier deck are relatively constant, the
aircraft speed relative to the carrier was recorded. Using the above information, an
approximate figure was given for the distance between the plane and the carrier when the
cut signal was given. Knowing the aircraft speed “s” as prescribed and being able to
measure “d” directly, it was assumed that D +d was approximately equal to R, due to low
value of the elevation angle a, hence:

d=D

(s x 1.15 x 6000 x T)
3600
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where s = Speed of plane in knots
T = Time in seconds between cut signal and touchdown

d = Approximate distance from after edge of carrier deck to the
plane at touchdown

D = Distance of plane in rear of carrier when given cut signal

Table 1 summarizes the results of these computations.

TABLE 1
Distance between the Plane and Carrier at Time of “Cut”
All Plane
Date | F2H | F8F | AD | TBM | Average
3-5-50 -— - 141.0 — 141.0
3-6-50 | 128 | 105.7 | 123.6 e 115.0

3-7-50 | 154 | 101.8 | 120.0 | 93.8 115.0

The average distance for all planes on all days was 118 feet and is based on the three
day average of 100 landings.

Height Above Flight Deck

The height of aircraft above the carrier deck at the time of “cut” signal as given by
the LSO, is an important bit of data in the study of carrier landing systems. The motion
picture films which were taken during the trip offered a means whereby this distance
could be reasonably estimated. To do this, the film frame is found on which the LSO is
seen to give the actual cut signal. From this frame the following measurements are made.

s
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The measurement of d, and d; are recorded, together with the known (pre-measured)
height of the camera above the flight deck. The wing span of the aircraft is known and
hence a relation can be set up

31: d, orwi spanxd;q:h
hx wing span d; X

where di and d: are measured values in same units and hx is the distance of the aircraft
above the camera position (horizon). Then the height of the aircraft above the flight deck
is equal to the measured distance from the surface of the flight deck to the camera lens

T the height of the plane above or below the horizon. This, of course, assumes a perfectly
level flight deck so that such data can only be valid for landings which were photographed
on a calm day. In Table 2, height data results are shown.

TABLE 2
Height Above Carrier Deck at the “Cut” for Various
Type Plane Landing Aboard a CV-Class Carrier

e F8F AD F2H TBM
29.40 | 41.50 | 27.00 | 29.27
31.45 | 33.60 | 19.85 | 31.64
37.35 | 32.13 | 19.85
35.20 | 40.25
29.70 | 27.27
27.00 | 41.10
32.45 | 43.20
34.40
34.40
28.56
29.84
27.00
40.00
29.73
33.16
Average
 31.98 | 37.00 | 22.23 | 30.45
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DECK MOTION

The problem of motion of the Carrier deck is intimately related to the success of any
carrier approach and landing system. During Operation PORTREX initial attempts were
made at qualitative measurements of this motion in the pitch axis by means of a homemade
accelerometer, photographic means, and stable element recording. The instrumentation
was such that only the accelerometer data had the necessary resolution and readability.
However, the instrument used for the acceleration data proved to be inaccurate, so that
the data obtained could only be used for a qualitative analysis. These data are being
reduced and at the same time a system is being assembled to record much more accurate
and better correlated measurements. These results will be reported at a later date.

CARRIER LANDING PATTERN

Figure A2 shows the normal pattern flown by carrier aircraft in their approach to a
landing under contact conditions. The figure is self-explanatory to a large extent. The
various reasons for the choice of such a pattern include (1) visibility during the approach,
(2) absorption of wave-off into the pattern, and (3) compactness in terms of linear dimen-
sions. The recent use of jet aireraft aboard carriers practically eliminates the first
reason because of the extremely good visibility from these types of aircraft.
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Figure A2 - Normal carrier flight pattern

RENDEZVOUS AND BREAK-UP PATTERNS

Figures A3 and A4 show respectively the rendezvous pattern for aircraft after take-off
for a five carrier task force. Normally, aircraft are launched with a 20- to 30-second
interval, although the use of catapults generally slows down the operations. Here again
the drawings are self-explanatory.

For break-up after return from a strike, all aircraft come in on a designated YE sec-

tor over a “watch-dog” carrier for recognition. At times during the past war this recogni-
tion function was performed by one or more destroyers placed ahead of the task force.

L
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Figure A3 - Possible flight operation rendezvous after launch
(Based on carrier task force)
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Figure A4 - Rendezvous after strike (One carrier shown)
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Then, after break-up of the aircraft into groups belonging to the separate carriers, the
pattern assumes the form shown in Figure A3. The entire gvocp orbits along a designated
YE sector at 1500 feet from which the squadrons break out to 1000 feet, divisions to 500
feet and individual aircraft maneuver into position for the landing pattern.

GENERAL OBSERVATIONS

(1) The normal interval between landing aircraft is between 30 and 35 seconds for a
well trained deck crew. During Operation PORTREX however, this interval was close to
50 seconds because of inexperienced deck crews and pilots and also because the jet air-
craft required the rigging of special nylon barriers.

(2) Landing speed for the various type aircraft varied from,approximately 80 knots
for the TBM to an estimated 105 to 110 knots for the F2H-2 jets.

(3) Because of inherent good visibility, the jet aircraft normally made a much wider
radius approach turn and flew directly astern of the ship for a longer time and at a lower
altitude than conventional aircraft.

(4) It is interesting to note that the data was more easily reduced from color film
than from black and white, and also that a greater quantity was usable due to the better
definition and contrast. It is therefore recommended that all such data be taken in the
future on color film.

(5) It is suggested that, in order to obtain data on the trajectory of carrier landings,
a movie camera be located in a helicopter directly opposite the after end onthe flight deck
and at a safe distance on the starboard side to photograph continually the aircrait as they
land. Using a telephoto lens, seemingly very accurate data could be reduced from the
film both for trajectory and for the distance behind the carrier at the time of “cut” by the
LSO for various types of aircraft.

“PORTREX” OBSERVERS
NRL observers aboard Aircraft Carrier USS Phil-Sea during operation PORTREX.

CDR W. E. Berg, USN

Major Melvin N. Abramovich, USAF
LT Frederick W. Wyman, USNR
Albert Brodzinsky

H. W. Chitty

Charles Dodge

Issac W. Fuller

Malcom F. Gager

Russell E. Gaylord

Kenneth L. Huntley

Roger White

R. B. Whitely
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