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FOREWORD

This study was conducted under Air Force Systems Command Contract No.
F-33615-67-C-1502, ""Study and Simulation Program to Investigate the
Mechanization of an Aircraft Flight Control System that Employs Direct
Lift," Project No. 8225, "Flight Control Equipment Techniques,' and Task
No. 822505, "'Self-Adaptive and Invariant Control Techniques.'" The work
was administered under the direction of the Air Force Flight Dynamics
Laboratory. Mr. Paul Blatt, FDCL, was the project monitor. The work
was conducted during the period March 1967 through February 1968. This
report is Volume II of three volumes of the final report.

This report was prepared by the Aerospace Flight Systems Group of the
Aerospace Divigion, Honeywell Inc., 2600 Ridgway Road, Minneapolis,
Minnesota 55413. The project engineer was J. C. Larson. Principal
coniributors to the effort were T. W. Chase, V. L. Falkner, and R. F.
Helfinstine.

The study reported in this volume was conducted in September 1967. It was
made possible only through the enthusiasm and effort of all those who took
part. Paul Blatt, in addition to his normal assistance as monitor, devoted
considerable time to simulation design, checkout and operation. Particular
thanks are due the pilots, the essential elements in a program of this type:
Lt. Cmdr. Glenn Hostetler, USN; Major Frank Koval, USAF; Major Conrad
"Marty'' Martinez, USANG; Captain Gary Nelsen, USAF; Sqdn. Ldr. Bill
Smith, RCAF; and Mr. Ray Haas, director of the simulation laboratory.
The long and sometimes awkward hours that each devoted to ''flying'’ the
simulator and evaluating the tasks involved in the test are sincerely appre-
ciated.

The manuscript was released by the authors in March 1968 for publication
as a Technical Report. The report number assigned to this report by
Honeywell Aerospace Division is 20755-TR2.

This technical report has been reviewed and is approved.

Y.

H. W. Basham

Chief, Control Elements Branch
Flight Control Division

Air Force Flight Dynamics Laboratory
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ABSTRACT

A moving base pilot-in-the loop simulator study was conducted to evaluate
the effectiveness of direct lift control systems in improving the mission
effectiveness of two types of aircraft. The missions considered were in-
flight refueling, terrain following, and landing. The aircraft considered
were the C-5A heavy cargo plane and the F-104 fighter-bomber. Improved
performance was obtained for all missions with direct lift conirol augmen-
tation systems when compared with conventional stability augmentation
systems utilizing elevator control alone, This document is subject to
special export controls and each transmittal to foreign governments or
foreign nationals may be made only with prior approval of the Air Force
Flight Dynamics Laboratory (FDCL), Wright-Patterson AFB, Ohio 45433,
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NOMENCLATURE

Cs - A combination of pilot's acceleration and pitch rate.
In this report, C* (g's) = a,, t12.4 &

DLC - Direct lift control
FS - Stick force, pounds
La - Steady-state term in pitch rate to control input transfer
function; also termed l/TB’ or 1/Ta.
K - Control system gain
Koo - C% command, g's/lb stick force
K -  Elevator command, rad/g C*
e
Kn - Normal acceleration command, g's/1lb stick force
4
F
K‘5 - Flap command, rad/g normal acceleration
F
K(5 - Flap command, rad/lb stick force
FF
1 - Uc/g’ gain in C* equation
K2 - lp/g gain in C¥ equation (1p = 90 ft, C-5A, and 22, 4 ft,
F-104)
K3 - gain in C* equation
L - Scale length used in turbulence model
M - Nose-up pitching acceleration, rad/sec2
Md’ q - Pitch acceleration per rad/sec ¢ or q
Ma' 5. 6e‘ or 5F - Pitch acceleration per radian «, &, Ge‘ or 5F
Mw - Pitch acceleration per ft/sec vertical velocity
T - Flap high-pass filter time constant, 2 seconds
Te - Flevator response time constant, seconds

xi



NOMENCLATURE -- CONTINUED

TF - Flap response time constant, seconds
TG - Pitch transfer function numerator time constant,
seconds
U (or Ul) - Airspeed, ft/sec
UC - Gain term in C* equation, termed cross-over velocity
W. N, - White noise
X, Y, Z - Right-handed earth-fixed coordinates used in landing
simulation, X along runway, Z down
zZ - Normal acceleration, ftlsecz, positive down
& 5, Ge’ ‘5F - Normal acceleration per rad o, 0, Ge’ or GF
ZW - Normal acceleration per ft/sec vertical velocity
g - Acceleration due to gravity
h - Altitude, feet
h0 - Altitude bias in flare equation, feet
n, - Normal acceleration, g's, positive up
n, - Normal acceleration at center of gravity
c. g
n, - Normal acceleration per radian angle of attack
o
p - Roll rate, rad/sec
q -  Dynamic pressure, 1o/t
q - Pitch rate, rad/sec
r -  Yaw rate, rad/sec
w - Vertical velocity, ft/sec = U
@c - Angle of attack due to vertical gust
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NOMENCLATURE -- CONCLUDED

Angle of attack, rad = %
Rate of change of angle of attack, rad/sec

Control deflections, rad

Elevator deflection, positive for an up acceleration
Flap deflection, positive for an up acceleration

Pitch stick deflection
Damping ratio
Elevation angle in 8 ¢ Euler angle system

RMS value for vertical turbulence, ft/sec

Roll angle in 6 ¢ Euler angle system
Heading angle in { 6 ¢ Euler angle system

Frequency, rad/sec
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SECTION 1
INTRODUCTION AND SUMMARY

BACKGROUND

Significant improven ents in aircraft stability and handling have been
achieved with high~gain, wide-bandwidth flight control systems using the
elevator as the control means. However, with conventional elevator con-
trol both lift and normal acceleration are controlled by pitching the aircraft.
With the large pitching motions and lag in lift build-up, precise control of
flight path remains a difficult control task in certain flight regimes, Also
associated with conventional elevator control is the initial acceleration
reversal due to elevator lift. Use of direct lift control (DLC) blended with
elevator control provides a means of speeding up the acceleration response
and reducing the pitch rate overshoot, A "direct 1lift" control is any device
that produccs lift without signiflicant pitching moment,

Flight control systems that employ direct lift are those that modulate a
second control surface, in addition to the elevator, to achieve longitudinal
control. The second control surface may be wing flaps, symmetrically-
operated ailerons or spoilers, or a canard surface. By using two control
surfaces, a multitude of possibilities present themselves that allow improved
flight path control that were unattainable with elevator alone.

References 1 and 2 report Navy-sponsored studies which included DLC as an
aid to carrier landings. These studies used separate manual control of the
DLC device; a spring-return-to-center thumbwheel on the grip commanded
DLC position, In Reference 3, a high-passed stick position-to-spoilers
signal was used. In each of these studies, DLC was found to be a distinct
aid in the landing task.

The studies reported herein were conducted to determine the increased
mission effectiveness that can be achieved with control systems using DLC.
While approach and landing phases are considered, DLC is also evaluated
for other mission phases such as weapon delivery, in-flight refueling, and
terrain following, Major emphasis was on "blended'" DLC systems, in
which DLC is used to modify aircraft response to normal longitudinal con-
trol, rather than as a separate control,

Handling qualities criteria have heen developed to a high degree for aircraft
using elevator-type longitudinal control systems. These criteria do not, in
general, give the required guidance to the design of flight control systems
using direct lift, For this reason, a pilot-in-the-loop simulator study was
required as a first step toward verifying the benefits attributable to direct
lift control systems.



SIMULATION

This pilot-in-the-loop simulator study was conducted at the Air Force Flight
Dynamics Laboratory during September 1967, Figure 1 shows the AFFDL
moving hase simulator used in these experiments. The simulator has limited
motion capabilities in pitch, roll, and heave. Figure 2 shows the instru-
ments used to display appropriate parameters from the analog computer
simulation of the aircraft dynamics (attitude, rate of climb, altitude, air-
spee;d, engine rpm, g's, angle of attack, sideslip, and separate DLC posi-
tion).

Aircraft dynamics were simulated using a six-degree-of-freedom equation
set. Certain terms, unimportant to the study of direct lift control systems,
were omitted from the equations of motion. The lateral-directional equa-~
tions were modified so that a well-damped and coordinated yaw axis was
evident, thus avoiding the necessity of a simulated yaw axis stability aug-
mentation system, Figure 3 shows simplified block diagrams of the three
direct lift control systems and the conventional conirol system simulated.

EXPERIMENTS

seven pilots participated in the test program, Varied aircraft experience
was sought to get as objective an evaluation as possible, Four tasks (gen-
eral handling, in-flight refueling, terrain following, and approach and
landing)} were performed.

The control tasks, control systems, and turbulence conditions used in the
study are shown in Table I. Two-hundred-twenty-nine runs were made to
test various combinations of parameters. At least two pilots "flew" each
control system/aircraft type/control task combination. Vertical turbulence
was simulated in approximately half of the runs,

Table I, HExperiment Variables

Pilat Control Controt Vertical Aireraft
Subject Task System Turbulence Type
Seven pilots| 1) General handling 1} Cenventional 1) Mild 1) C-5A

tasks elevator
2) Landing 2) Blended, closed- 2) None 2) IF-104
. . loap direct lift
3) Flight path tracking control

(terrain following
task) 3) Blended, open-

4} Altitude tracking 1005: dllrECl it
{in-flight refueling contro
task} 4} Separate direct
1ift control
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All tasks were performed solely by reference to the cockpit instruments and
motion cues. In the general handling task, the horizontal and vertical bars
on the attitude director indicator (ADI) were not used. The pilots were asked
to make constant-altitude turns, 1000-foot altitude changes, and sharp pull-
ups and descents. In all other tasks, the ADI horizontal bar was the primary
pitch reference; it was to be nulled. While this permitted a realistic simu-
lation of glide slope instrument control and flight path angle tracking {terrain
following task), this single needle could not provide the visual cues available
to a pilot in normal in-flight refueling and landing flare maneuvers. Thus,
while controllers could be compared in these two latter tasks, performances
were not as good as could be expected in actual flight.

RESULTS

Results were of three types: (1) pilot comments and opinions; (2) Cooper
ratings; and (3) mean absolute values of significant parameters, approxi-
mating rms values (mean absolute values were not recorded in the general
handling task).

Table II summarizes the pilot' s Cooper ratings. The pilots favored blended
direct lift controls over conventional elevator controls for all tasks

and both aircraft. Blended closed-loop DLC was favored over blended open-
loop DLC because of the gust alleviation provided. The separate DLC
system was felt to be considerably inferior to the blended DLC systems, but
the mechanization provided was considered poor; the thumbwheel controller
used in Navy-sponsored studies probably would have been easier to use and
received a better rating.

Table II., Averaged Pitch Cooper Ratings

Control System and Aircraft Type

Conventional Cloged-~Loop Open lL.oop Separate

Task Elevator Direct Lift “Direct Lift Direct Lift
E C-5A F-104 C-5A F-104 | C-54 | F-104 | C-5A F-104

General evaluation 3.0 3.9 2,1 2.4 2.6 2.8 4,5 Not
Tested

Landing - glideslope 3.2 3.5 2.1 2.6 2.6 3.2 2.5 3.2

Landing -~ flare 4,0 4,8 2.6 3.3 3.4 3.5 4.0 4.3

Terrain following 3.4 4,1 2. 4 3.1 3.0 3.4 4,5 Not
Tested

Tracking 3.0 .- 2.1 --- 2.8 - 5,0 -

NOTE: Separate direct lift control not run with turbulence,
All other data averages turbulence and not turbulence runs.



Measured * ~rformance data is presented in Tables III, IV, and V. Table III
compares «levator and closed-loop DLC in approach and landing. With DLC,
glide slope tracking error was reduced 20 percent in the C-5A and 40 percent
in the F-104. Pitch workload was reduced about 30 percent in both aircraft.
Touchdown sink rates were excessive with all controllers; thus, flare simula-
tion was clearly inadequate. It is of interest to note that touchdown sink
rates were significantly reduced with DLC.

Table 1II. Comparison of Mean of Mean Absolute Values of
Conventional Elevator Coatrol and Closed-Loop
Direct Lift Control in Approach and Landing

Aircraft and Control
C-5A F-104
Parameter
Conventional Direct Conventional Direct
Elevator Lift Elevator Lift
Giideslope tracking error, 16,17 13.5 23.2 14.0
% of horizental bar full
scale
Pitch workload {pitch 2.38 1. 65 1,73 1. 28
stick position, deg)
Flap position, deg -—— 1. 89 . 3.0
Flap rale, deg/sec - 2.5 - 8,7
1

Tauchdown sink rate, ft/sec 15.0 5.0 7.4 3.1

Table IV compares elevator and DLC in the C-5A in-flight refueling (altitude
tracking) task. This task was not performed in the F-104. The horizontal
bar which the pilots tracked was driven by altitude error plus five parts
error rate; this proportion was set to provide stability in the conventional
elevator-controlled mode. With DLC, tracking error was reduced 30 per-
cent and workload 49 percent, but altitude error increased 15 percent.
(Altitude error was not displayed to the pilot. ) It seems likely that, had
the error rate proportion for DLC tracking been reduced, or the bar gain
increased, a workload comparable to that for elevator control would have
been demanded and obtained, with a consequent reduction in altitude error
when using DL.C. However, optimized flight director signals are needed
to completely evaluate DLC in the in-flight refueling task.

Table V compares elevator and DLC in flight path (altitude rate) tracking,

referred to as the terrain following task. The horizonal bar was driven by
altitude rate error. With DLC, altitude rate error was reduced 40 percent
in the C-5A, hut only 6 percent in the F-104. Workload results were simi-
lar; these showed a 22 percent reduction in the C-5A and a 9 percent reduc-

7



tion in the F-104. While the pilots preferred DLC for the F-104, they noted
that with elevator control "it was a good airplane. "

Table IV, Comparison of Mean of Mean Absolute Values of C-5A
Coaventional Klevator Control and Closed-Loop Direct
Lift Coatrol in Altitude Tracking (In-flight Refueling

Task)
Control System
Parameter Conventional Direct
Elevator Lift
Piteh lracking evror, ¥ of 13.0 9.0

horizontal bar [ull scale

Piteh worsload {piteh stick 0.94 0.50
pasition, deg)

Altitude error, ft 20.0 23,0

Table V. Comparison of Mean of Mean Absolute Values of
Conventional Elevator Control and Closed-Loop
Direct Lift Coatrol in Flight Path Tracking
(Terrain Following Task)

Aircraft and Control
C-5A F-104
Parameter
Conventional Direct Conventional Direct
Elevatlor Lift Elevator Lift

Altitude rate crror, % of 13.0 7.7 13, 4 12.6
horizontal bar full scale
Pitch workload {pitch 2,34 1.82 1,73 1,58
stick position, deg}

Tables III, IV, and V show that blended DLC performance was consistently
better than that with conventional elevator except in the F-104 terrain follow-
ing task, where performance was comparable.



Flap rms data, together with estimated hinge moment coefficients (based

on Reference 4), was used to estimate power consumed by the C-5A and
F-104 direct lift controllers. The approach condition was the most demand-
ing for both aircraft, where, in rms turbulence of six [eet per second, the
closed-loop direct lift contreol systems required 61 horsepower in the C-5A
and 3. 0 horsepower in the F-104. These results are discussed in Appen-
dix XII,



SECTION II
GENERAL CONSIDERATIONS OF DIRECT LIFT CONTROL

SIMPLIFIED EQUATIONS

The transfer functions of é, (;, and a, for a control surface input
c.g.
can be written as;
M
25 b e 1
ol B M) ] g
g _ o 6 (1)
.g. = =4
A A
Z M
B o)
. S—'ﬁ—[S'l" —Mq+U““'—ZG)}
5 = (2)
5
A
Z, |-S2+S(M_+M.) -2 U oty
2z ol q o w zZ o
c.g. _ o] (3)
S =

Fa

These equations assume iwo degrees of freedom and apply to an elevator
or DLC input. With elevator control the aircraft time constant, TB’ is

essentially determined by - Zl— With DLC (flap), the terms resulting
w
from control derivative Z‘5 and M5 combined with Md and Ma are not

negligible, The numerator time constant in the %Mtransfer function is not
M

determined primarily by U 2 since M_ and U—-@- are of the same

M “
order of magnitude. The —ZW U —Z—Q term is no longer the dominant
a o}
z
term in the ——=-B~ transfer function. Rather than factoring in to a posi-

]
tive and negative real root, an underdamped quadratic numerator normally
results for a DLC (flap) input.
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The use of one control surface results in a unique relationship between
normal acceleration and pitch rate, For elevator control this relation-
ship can be approximated by

(1 +TaS)

6 _
a - U - 4)

z
c. g.

By using multiple control surfaces with different feedbacks to each sur-
face this unique relationship no longer exists. It is possible to obtain a
wide variation in transfer of 0 to a, . Figure 4 shows frequency
c.g.
responses of pitch rate and normal acceleration for various values of ele-
vator-to-flap interconnect. It can be seen that, as the proportion of flap
to elevator, k, increases, pitch rate overshoot decreases and normal
acceleration quickens, With k = -2, the normal acceleration response
is flat,

Reference 5 has noted a significant decrease in carrier landing accidents
as the pitch transfer function numerator term, llTa (termed I, in Refer-
ence 7) increases. In this example, the transfer function for pitch rate and
normal acceleration response to command are;

e No flap interconnect

g _ -0.41(S+0,51)
R 2 (5)
s2 + 2(0.81) (0.85) S + 0. 85

' 6.0(5-2.2) (5730 ©
™ k=-=2

% _ -0.41 f +0.82) )

h, 78 [s2 +2(0.48)(0.89) S + 0. 89°] -

5 ° A

Tp increased from 0. 51 to 0. 82, This alone would improve handling
gualities, but normal acceleration response also improved.

The addition of flap feed from the stick has, in effect, provided an air-
craft pitch control system which should be much preferred over pure ele-
vator control. The blend uses the elevator for the moment control deri-
ative, Mg, and the flap to give a favorable (rather than opposing) lift

11
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derivative, Zﬁ .

The use of DLC as an effective gust alleviation device is shown by the simple
control below. Assume that GF (flap command) = Kg n,. The normal

c F
acceleration response to an alpha gust, @ns Can then be written as:

Z ! {8 = -
5 b _\.1“ Mq)

(9)

6[-

. -4
. ] 2. g
+ sl — e p. - -
1 Zé ) hé].-f S5 +._‘sz P l\](r Mq) +[ ]\1(_{ +
! - Ul-"

zZ
W .
HZ, }{MqTMél. Kg u
o Oy G

The normal load for an alpha gust is effectively reduced by the factor:

The use of a normal acceleration feedback also reduces the short-period
damping and frequency.

HANDLING QUALITY CONSIDERATIONS

In Reference 6, various criteria for satisfactory handling quality character-
istics resulting from previous handling quality research involving simula-
tions and variable stability aircraft are reviewed and compared to deter-
mine significant areas of agreement and disagreement, Based on areas of
agreement among the different studies, new handling quality criteria are
proposed. The parameter La /wn versus ( for the low n, region

&

and the parameter n - versus ¢ for the high n, regime are used for the
43 [24
new handling quality criteria,

Reference 7 proposes a handling quality criteria in the time domain. This
time response envelope is based on the C* response to elevator or stick
force, where C%* is computed from the following parameters:

() (10)

Cx = K,n_ + K, 8 + K
z 2

1 3
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Reference 8 conducted an investigation of pilot objection to pitch rate
overshoot while making "g" commands. To maintain a constant "g" re-
sponse for a stick command it is necessary for the pitch rate to change,

since

(1+T S)
= ‘_QU — az (11)
c.g.

6

The major effort on longitudinal handling quality research is based on the
availahility of one control surface (elevator). With one control surface,
fixed relationships exist between the variousaircraft response parameters.
With two control surfaces, it is possible to vary the relationship between

the various aircraft parameters. For instance, normal acceleration re-
gsponse to a step stick command could be made to look like a short time
constant first-order lag with little or no overshoot in pitch rate, In addition,
angle of attack response is slow.

With the variable responses between aircraft parameters that resulted from
blended DLC, it was not obvious how present and proposed longitudinal
handling qualities requirements would apply to the control configurations
that were evolved, Consequently, the need for a pilot-in-the-loop study
was established.

Based on previous studies of longitudinal handling qualities and direct lift
control, the following considerations were used in evolving the nominal
blended DI.C configuration:

e A fast n, response to a stick force command was desired.
c. g.
[ The initial pitch rate overshoot for a stick force command should
be reduced.

(] The elevator should provide the steady-state g-per-stick force
gradient,

° Gust alleviation should be provided by the DLC device.
. A different stick force-per-g gradient was desired at different
aircraft velocities,
TRANSIENT AND STABILITY ANALYSIS OF MANUAL
DIRECT LIFT CONTROLLER
Stability and transient data on DLC configurations used in the study are
shown as an example of the performance that was obtained with the direct

lift controllers, The data used is for the C-5A landing condition usged in
the study. The control configuration is described in detail in Section Iil
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and will not be repeated here. The following transfer functions were
obtained for the blended closed-loop direct lift controller for a step
force input:

w_=0,32
n
o, = 0.46
c.g _ -10.7 1§ . (S +3.58) (8- 15.5) (12)
F
S =33, =0,
A=33.9 v, =0.36} (g1 2 94) (S+5.0) (S+13)
¢ =0.71
(wn = 0, 36
C* - 107{¢ =0.71](S+2.87) (S+5,47) (13)
F
S A
_ (wn = 0, 39\
0 . 4l |z =0,91] (S+1,62)
= = (14)
S A
Inspection of the n,  and C* transfer functions shows that in each case
cn gl
all denominator roots are nearly cancelled by numerator roots except one,
The location of this root determines the transient n, and C* response.

c. g.

Figure 5 shows the transient response for this case for both an alpha gust
and a stick force. The low~frequency second-order characteristic pre-
viously mentioned is evident in the response., With the nominal blended
DLC configuration, the transient response for a step force input shows a
faster acceleration response, reduced pitch rate overshoot, and slowing
down of the angle of attack response., Transient data obtained for the case
with C#*-to-elevator control system and the nominal blended direct lift
control system (C* to elevator and n, to flap) is shown in Table VI,
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and will not be repeated here. The following transfer functions were
obtained for the blended closed-loop direct lift controller for a step
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o . 41 l¢g =0.91) (S+1,62)
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c.g.
all denominator roots are nearly cancelled by numerator roots except one.
The location of this root determines the transient n and C* response,

Ze. g.

Figure 5 shows the transient response for this case for both an alpha gust
and a stick force. The low-frequency second~order characteristic pre-
viously mentioned is evident in the response. With the nominal blended
DLC configuration, the transient response for a step force input shows a
faster acceleration response, reduced pitch rate overshoot, and slowing
down of the angle of attack response. Transient data obtained for the case
with C*-to-elevator control system and the nominal blended direct lift
control system (C* to elevator and n, to flap) is shown in Table VI,
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Table VI.

Transient Data

Parameter

Control System

C* to Elevator

Nominal
Blended Direct
Lift Control

C

- overshoot, %

- time to 90%, sec

# - overshoot, %

- time to 90%, sec

8 - overshoot, %

3.6

35.0

0

0.6

14.0
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SECTION III
MANUAL CONTROL CONFIGURATION

GENERAL

To test the concepts discussed in Section II, it was necessary to develop
longitudinal manual controllers that could be used for comparison pur-
poses. Since lateral manual control was not a variable, it was desired
to provide a lateral aircraft that flew reasonably well and that would not
distract the pilot from the primary task of evaluating longitudinal control
systems. Figure 6 is a block diagram showing the longitudinal control
configurations evaluated. Figure 7 shows the lateral control system

and thrust simulation, High-passed yaw rate was used to provide
damping. Control configuration gains are shown in Table VII.

CONVENTIONAL ELEVATOR CONTROL

The conventional elevator control system used in the evaluation was a
fly-by-wire C* system. It was conventional in the sense that C* (normal
acceleration, pitch rate, and pitch acceleration) was summed with stick
force and fed to the elevator. Gains were adjusted to give good gust
damping and good speed of response with elevator control at each flight
condition. Mechanization of the trim system was not considered, The
control law can be written as:

6 =K, [n K, 6 +K, 8 - F K . (15)
€e b Ze. g, 1 2 S Crp
. - L. — -
C C* command

With this configuration it was desired to provide a relatively constant C
response to stick force input., The stick force gradient on the C-5A
primary flight contrel system {PFCS) is about 20 pounds per g at the
high~q condition (450 psf), based on aerodynamic data and PFCS char-
acteristics, The electrical stick force gradient, K , was determined

in the following way: C*p
Céma * Fs Kex (16)
F
400 2 400
=n +e-= 0 =n 1+ S. S. (17)
“c, g. & Ze. g. U
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400
ll + .
K o = (18)
c F (FSInz
e g
For this flight condition, U = 670 feet/second; therefore, KC=“ =0,08 g
per pound. T
F
Using this gradient for Mach 0, 17 at sea level, = 40 pounds per
z

C. g'
g. The same method was used to determine the desired electrical
gradient for the F-104, Assuming a gradient of 0. 2 g per pound is
desired for a fighter aircraft high-speed flight condition, the electrical
stick gradient (KC* ) is determined to be 0, 28 g per pound:
F

- 0.2 {1 +200 (19)

K
F U

C:::

for U = 1000 feet per second. Solving for K = 0,28 g per pound.

C*
F
This elevator control was used in all DLC systems as well.

BLENDED CLOSED-LOOP DIRECT LIFT CONTROL

Blended closed~loop DLC was the area primarily investigated during the
DLC study. This applies to outer-loop automatic control as well as for
manual control. The blended closed-loop configuration has the same
conventional elevator control. In addition, high-passed normal accelera-
tion and stick force are summed and added to the flap. The steady-state
g's for a force input are determined by the elevator loop, since the
steady-state flap for a force command is zero because of the high-pass.
The closed-loop flap gain is chosen to give an initial acceleration
response approximately equal to the steady-state g's from the elevator.
The flap control law for this configuration is:

5F =K6 -nz +FSKn

TS
1+ TS) (20)
C F c. g, Zp

BLENDED OPEN-LOOP DIRECT LIFT CONTROL

Some investigations were made to determine the benefits of blended
open-loop DLC,., This configuration uses high-passed stick position to
spoiler or symmetric aileron, A configuration similar to this is included
in this study to determine the benefits of closed-loop DLC over open-loop
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DLC in the manual control problem. The open-loop configuration in this
study used conventional elevator control and high-passed stick force.

The gain on the stick force signal to flap was adjusted to give essentially
the same normal acceleration transient response to a step force command
as the blended closed-loop DL.C. The flap control law for this configura-
tion is:

TS ) (21)

SEPARATE DIRECT LIFT CONTROL

References 1 through 3 describe the results of investigations using a
separate direct lift controller. In most cases, this separate direct lift
controller was a spring-return thumbwheel located on the grip which com-
manded flap, spoiler, or symmetric aileron position. In this study an
attempt was made to evaluate a system of this type by using a collective
lever as the separate DLC device, This lever was not spring-returned to
center, Conventional elevator control was used along with this,
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SECTION IV
EXPERIMENTAL PROCEDURE

EXPERIMENT DESIGN

The purpose of the simulator program was to obtain information on the
benefits that can be obtained by the use of direct lift control in manual
piloted tasks. A moving base simulator was used in the experiment.
Four pilot tasks were used to evaluate four basic control configurations:
conventional elevator control; blended closed-loop direct lift control;
blended open-loop direct lift control; and separate direct lift control
(landing only). Two types of aircraft, a large transport (C-5A), and a
fighter (F-104), were used in the evaluation, Flight conditions and as-
sociated tasks are listed in Table VIII.

Table VIII. Tasks and Flight Coaditions Used in Moving
Base Simulator Program

Flight Condition

Control Task F-104 Aircraft C-3A Aircraft
Mach | Altitude | March | Altitude
No. (£t} No, (ft)
Landing 0.3 sea level| 0,17 | sea level
Tracking - in-flight refueling -——- --- 0,6 20, 000
Tracking - lerrain following 0.9 3000 0.6 sea level
General handling gualities? 0.9 20, 0G0 0.6 20, 000

#ncludes attitude, altitude stabilizafion, and maneuverability,

Each combination of task and control configuration was run with and with-
out vertical turbulence, and each distinct run was repeated twice. Once
an aircraft was set up for a particular task, the pilots evaluated all com-
binations of control configuration and turbulence in random order,

Seven pilots were used in the evaluations, Only one pilot completed all
tasks except one for one aircraft. Each combination of task and air~
craft was flown by two pilots, In two combinations, three pilots were
used, Tasks and pilots are listed in Table IX.
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Table IX. Pilot-Task Combinations Used in Moving
Base Simulator Program

Pilot Combination

Control Task F-104 C-3A
Aircraft | Aireraft
Landing 1,27 3,1
Tracking - in-flight refueling --- 2,4
Tracking - terrain following 1,2 5,6
General handling qualities 2,3 1,2, 3

At the end of each distinct set of runs, numerical {Cooper) ratings,
answers to pilot questionnaire, and pilot comments {written and oral)
were obtained (Appendixes II, V, and VII). When a tracking task was
being performed, quantitative data indicative of performance and workload
was obtained (Appendix IX). Three-minute runs were made for the
tracking task. The quantitative data was obtained as mean absolute values
defined as:

t

2
J' | £(t) | dt
1 (22)
MAYV = 2

and as final values (at touchdown) for the landing task,
Mean absolute values were obtained for the following parameters:

Horizontal bar

Vertical bar

Pitch pointer

6 pg, pitch stick position
6, pitch attitude

Y, heading

$, roll attitude

0Rg» roll stick position
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n, , normal acceleration at c. g.
C. gl

reT vertical turbulence
be. elevator position
6, flap position

Se, elevator rate

G'F, flap rate

g, pitch rate

Values of the following parameters at touchdown were obtained for the
landing task:

h, altitude rate

X@g1s distance to glide slope intercept
Yeor, distance to runway centerline
8, pitch attitude

¢, roll attitude

o, angle of attack

Twenty-four channels of continuous data were recorded during the experi-

ment,

This data was displayed continuously, primarily as a means of

monitoring the simulation. The following parameters were recorded:

Recorder 1

Channel 1. 8, pitch attitude
2. q, pitch rate
3. h, altitude
4. h, altitude rate
5

~n, , C.g. acceleration

Cl g.
6. -n, pilot acceleration
p

7. =08, flap position
8. -6e, elevator position

Recorder 2

Channel 1, o7, angle of attack
2. Y, heading

25



p, roll rate

¢, roll attitude
I
. 0pg, pitch stick position

aileron position

GTH’ throttle position

0 -3 Oy o W

U, airspeed
) Recorder 3

Channel 1. 6giy,, base pitch
Pgims, base roll
Zgim, base heave
o Or h.,

Pitch pointer
Pitch bar

Lateral pointer

. Lateral bar

ccC A G W o W

PILOT INSTRUCTIONS

The pilots were briefed about the study program (Appendix V) and about
what they would be flying and what they were to look for when flying the
gimulator. Each pilot was given ample time to make a number of practice
runs before making production runs. The pilots were provided with task
cards and a pilot comment checklist for each task,

SIMULATOR DESCRIPTION

A complete description of the simulation model, analog diagrams, poten-
tiometer settings, and moving base simulator is contained in Appendixes
I, TII, IV, and XI. The moving base simulator and analog computers were
located in adjoining buildings. Limited six-degree-of-freedom constant-
coefficient equations of motion were used. Some simplifications were
made in the lateral axis to eliminate the need for a complicated lateral
augmentation system; i.e,, Cpdy was assumed equal to zero, Ground
effects were simulated for the C-~5A landing.

The cockpit was a modified Link=T-37 trainer. The following visual in-
formation was presented to the pilot:

® Altitude
° Rate of climb
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Airspeed
Sideslip
Flare light

ADI (roll, pitch, heading, horizontal and vertical com-
mand bars, raw glide slope, and localizer)

Angle of attack
Incremental gls

Engine rpm
Separate DLC position

Coatrols available to the pilot were pitch stick, roll stick, throttle, and
collective lever, Rudder pedals were inoperative, and pitch and roll

trim were disabled during the study in an attempt to overcome undesirable
stick characteristics around center, Control stick force versus displace-
ment characteristics were provided by a pneumatic system, These char-
acteristics were adjusted to fit the aircraft and flight condition.

The motion system provided a limited three degrees of freedom, pitch,
roll, and heave., The following parameters were used to drive the three
degrees of frecdom:

e Piich: ap =6, q¥=K, (6 + K,q) (23)
e Roll: o, =1 p)=Kz(®+Kp) (24)
. Heave: Zp= f (nzp) = K5 (nzp) (25)

The values of Ky and K4 were adjusted to give some degree of realistic
feel to the pilot. The values of K;, K3, and K5 were adjusted to keep the
motion base within the mechanical limits., The maximum displacements,
based on t3 inches of actuator motion, and the geometry were;

. Bp max. = £7.5 degrees
] @p max., = 19 degrees
] Zp max., = b inches

Actual displacements were less than this because of electrical stops,
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PILOT EXPERIENCE
Pilot experience is discussed in Appendix VI,

Based on pilot experience, opinions of the value of the moving base simu-
lator varied, Pilot experience and opinions are discussed in detail in

Appendixes VI and VII, respectively,
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SECTION V
RESULTS

SUMMARY OF PILOT'S COMMENTS
Comments are presented for the following tasks:

C-5A General Handling Qualities
C-5A In-Flight Refueling

C-5A Terrain Following

F-104 General Handling Qualities
F=-104 Terrain Following

F-104 Landing

C-5A Landing

In all tasks, pilots experienced some difficulty due to stick character=~
istics which, because of piay in the linkage, permitted some deflection
without force. (In the C-5A general task, 0.3 g could be pulled without
force, and in the F-104 general task, 0.4 g could be pulled without force.)
This did not detract noticeably from the first three C-5A tasks, It be-
came a more severe problem in Task 4, however, causing severe pilot-
induced oscillations, Starting with Task 4 {run 119), the pitch trim was
disabled and a dead zone was introduced to reduce the amount of electrical
output in the regions of excessive stick play, This helped, but did not
eliminate, the PIO,

C-5A General Handling Qualities Task

This task was performed by Pilots 2 and 3 on 13 September 1967, Pilot-
induced oscillations were present in all trials (due to stick play) with
blended DLC tending to make the oscillations easier to control., Com-
paring the various DLCs with elevator;

(1) Separate DLC was no help at all, although it should be noted
that neither pilot spent much time practicing (perhaps 20
minutes) prior to evaluation., Both felt that a better mechani-
zation might make it more useful. Pilot 3 suggested the flap
handle be spring~loaded to neutral with a reasonable bleedoff
time when released. Pilot 2 thought a separate DLC like the
normal trim control would be better than the "'collective
pitch-like' handle,

(2) Both open- and closed-loop DIL.C made the task easier., The
1000-foot altitude change maneuver was easier; with elevator
control Pilot 2 found there was a tendency to overshoot the
given altitude. Pilot 3 thought that altitude changes were
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quicker with closed-loop DLC, that the 4000-fpm rate of
climb was easier to establish, and that he was able to level
off "quite well." (With open-loop DLC, Pilot 3 had some
trouble maintaining rate of climb; he attributed this to PIO, }
In turbulence, the load alleviation of closed-loop DLC over
open~-loop DLC was noted, In turns, both DLCs were pre-
ferred over elevator control, Altitude was easier to main-
tain, and turn entries and roll outs were smoother,

C-5A In-flight Refueling Task

This task was performed by Pilots 2 (on 13 September) and 4 (14 September),
Pilot 2's experience was predominantly in the F-84, while Pilot 4's experi-
ence was in the KC-97 and KC-135, Pilot 2 was more demanding of the
aircraft, while Pilot 4 exercised the same caution in maneuvering the
C-5A as he would in the KC~135, The KC-135 apparently must be "herded
along'' rather than "flown' to avoid exciting fuselage bending. Since
piloting techniques differed so, the comments will be discussed separately:

(1) With closed~loop DLC, Pilot 2 felt the task was relatively
easy, the lurbulence condition requiring a little more con-
centration. The task was more difficult to perform with
open-loop DLC; the turbulence condition required more
concentiration and more work fo maintain the stabilized con-
dition. With elevator contrel and no turbulence, the task
was performed easily, but turbulence made it difficult,
Separate DI.C was of no value, Commenting on the four
controllers as a group, Pilot 2 rated them: (1) closed-loop
DLC; (2) open-loop DLC; (3) elevator; (4) separate DLC.

{2} Pilot 4 found no significant differences between closed-loop

DLC, open-loop DLC, and elevator control. Separate
DLC was, at times, a handicap.

C-5A Terrain Following Task

This task was performed by Pilots 5 and 6 on 16 September 1967,

With no turbulence present, Pilot 5 said the task was easy with all con-
trollers (elevator, closed-loop DLC, and open-loop DL.C) except separate
DLC, He rated closed-loop DLC best, open-loop DLC second, and ele-
vator third, but found it more difficult (than when turbulence was present)
to distinguish between the three. Pilot 6 said the task with closed-loop
DL.C was easier than with the other configurations, Separate DLC was of
no value at all for this task. He rated closed-loop DLC first, open-loop
DLC second, and elevator control third,

30



With turbulence present, Pilot 5 said closed-loop DLC was by far the
eagiest to fly, and the response of the pitch steering bar relative to the
dot on the attitude indicator was easier to control, The next easiest was
open-loop DLC; it seemed much like closed-loop DLC, With elevator con-
trol there was considerable tendency to have the dot overshoot the pitch
steering bar, in other words, to overcontrol, Pilot 6 definitely preferred
closed-loop DL.C, the accelerometer feedback making a significant dif-
ference. It was significantly easier to fly with DLC than with elevator,

In maintaining heading, Pilot 6 noticed little difference between any of the
three different {pitch control) modes.

F'-104 General Handling Qualities Task

This task was performed by Pilots 2 and 3 on 18 September 1967,

With no turbulence present, Pilot 2 felt the task was more difficult with
elevator control. He could detect little difference between open- and
closed-loop DLC modes. With elevator control, he had PIO tendency on
attitude control; this was significantly improved with the DLC controllers.
Pilot 3 thought airspeed, heading, rate of climb, and rate of descent were
easier to contirol with closed-loop DLC. The task also was easier be-
cause of his ability to maintain the limits he was trying to set. The
throttle/airspeed response seemed slow for an F-104, In open-loop DLC
mode, heading tended to be more critical than in closed-loop DLC or
elevator control,

With turbulence present, Pilot 2 reported attitude control required more
work with elevator control (than open-loop DLC in prior run}). Vertical
acceleration response was not as satisfactory during recovery from pull-
ups (as with open-loop DLC in prior run}). In closed-loop DLC mode,
vertical acceleration response was very satisfactory as compared with
elevator contrel, In turns, altitude was easier to control with DLC.
There was little difference between open- and closed-loop DLC, Pilot 3
said the aircraft handled better with closed-loop than open-loop DLC, and
was very prone to PIO with elevator control.

Pilot 3 found 70-degree bank angles and altitudes (particularly right banks)
hard to hold with all controliers. This is believed to be due to an error
in the attitude-direction indicator; 70 degrees indicated was actually a
higher bank angle, FEarlier tests had shown it to read less than actual
bank to the right, and more than actual bank to the left. Left 70-degree
banks should therefore have been considerably easier to hold than right
70-degree banks.

F-104 Terrain Following Task

This task was performed by Pilots 1 and 2 on 19 September 1967,
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With no turbulence present, Pilot 1 found little difference between open-
and closed-loop DLC. He rated open-loop DLC a 3 and closed-loop DLC
a 2.5, With elevator control he found a bit more bobble trying to zero on
the horizontal bar (than with either DLC), but there was no significant
change. Pilot 1 felt that the task, while acceptable for comparing con-
trollers, was quite difficult and also unrealistic, since it definitely would
be uncomfortable going up to an increment of two negative g's. Pilot 2
said the task ranged from easy to difficult with closed-loop DLC, and
moderately difficult to difficult with elevator and open-locop DLC., With
elevator control, more attention was needed to maintain airspeed (than
with closed-loop DLC in a prior run)., Airspeed was still difficult to hold
with open-loop DLC, but held within £10 knots.

When comparing the three controllers with turbulence present, Pilot 2
noted a definite decrease in workload and PIO for the DLCs as compared
with elevator control. He had difficulty distinguishing between open- and
closed-loop DLCs., Stick forces appeared heavier with elevator control,
Pilot 1 found turbulence to cause no significant deterioration in perfor-
mance for any of the controllers. He considered closed~loop DLC best,
closely followed by open-loop DLC. Elevator control seemed slightly
more sluggish, but still offered good control of the aircraft, He had
gomewhat more difficulty settling on zero pitch bar error with elevator
control, He thought the task to be more like formation flying, where the
pilot attempts to follow erratic movements of the other airplane, than
what he imagined terrain following would be, He considered the task
adequate, however, to demonstirate controller differences,

F=-104 Landing Task

This task was performed by Pilots 1, 2, and 7 on 21 September 1967,
Pilot 1 made four runs on 20 September, but they were repeated on
21 September so are not summarized here,

With neo turbulence present, Pilot 1 liked closed-loop DL.C the best, with
open-loop DLC a close second, He thought that separate DLC might be
as good if pilots were better trained in its use. The elevator was the
least effective control of all because of the lack of response. These
opinions applied to glide slope and flare. Pilot 2 found the flare maneuver
difficult with elevator contrel, and moderate to normal with either DLC,
The presentation of the flare maneuver was adequate for comparative
evaluation, but otherwise inadequate. There was less PIO tendency with
the blended DLCs. He preferred elevator to separate DLC, Pilot 7
found glide slope and flare easier to execute with blended DLC than with
elevator, and that sink rate was harder to control with elevator., The
task, however, was not difficult even with elevator control. Pilot 7 did
not fly separate DLC,

With turbulence present, Pilot 1 thought the task definitely more difficult,

for both glide slope and flare maneuvers, with all controllers, There was
little difference between open- and closed-loop DLC, but with elevator,
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the turbulence appeared more severe; the task became more difficult,
particularly in the flare maneuver. Pilot 2 noticed little difference be-
tween open~- and closed-loop DLC, but the control response was signifi-
cantly better; instrument readings were easier to maintain using DLC
than with elevator control. With DLC there was less PIO, and transition
from glide to flare was more comfortable, Pilot 7 reported closed-loop
DL.C the easiest to control, with little indication of turbulence.

With open-loop DLC and elevator, it was relatively difficult to maintain
glide slope and rate of descent. Airspeed was easily maintained with
closed-loop DLC, more difficult with elevator, but still held easily within
limits,

C-5A Landing Task

This task was performed by Pilots 3 and 1 on 22 September 19617.

With no turbulence, Pilot 3 found separate DLC to be completely ineffec-
tive; it caused PIO, However, it might be of use to bleed out a fast sink
rate, With elevator there was a slight PIO tendency with airspeed easy

to maintain, and sink rate held rather constant. With open-loop DLC,
there was some PIO tendency. Closed-~loop DLC proved far superior, and
the task a lot easier,

Pilot 1 thought the airplane was extremely sluggish, slow on response,

but stable with elevator control. He found it difficult in flare to know if
sink rate was being arrested. Airspeed was difficult to maintain, Open-
loop DLC was quite an improvement; the quick response enabled him to
keep the errors small, He thought closed~loop DLC was the best he'd

run with no problems arising, Comparing the four controllers, closed-
loop DLC was by far superior, open-loop DLC nearly as good, and elevator
not too bad except for flare, Separate DLC was the poorest, primarily
because airspeed had to be controlled with throttle at the same time.

With turbulence included, Pilot 3 found closed-loop DLC a distinct advan-
tage and probably easier to fly than elevator without turbulence. PIO was
very prevalent with elevator control; there was a bit of it with open~loop
DLC, and with closed-loop control a little the last 100 feet or so, Air-
speed was not difficult to control in any mode except elevator. In open-
loop DLC and elevator modes, Pilot 1 found that turbulence mainly made
airspeed control difficult. Airspeed was easier to control in closed-loop
DLC. Comparing the three, Pilot 3 thought closed-loop DLC gave far
better results than elevator control. Open-loop DLC was an improvement
over elevator control, but there was some difficulty with airspeed. In
closed-loop DLC, turbulence had less effect,
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MEAN PIL.OT NUMERICAL DATA

With each set of runs the pilots were asked to give a numerical Cooper
rating and a numerical rating on the workload and on how well they did.
These three numerical ratings are defined in Appendix V, The actual
data from the pilot questionnaire is given in Appendix VIII,

Since equal intervals of workload, performance, or pilot rating are not
represented by equal number interval, the usual techniques (mean, vari-
ance, standard deviation) cannot be applied to these subjective numerical
ratings rigorously. However, if numerical ratings are close (this is the
case here), some significance can be obtained by taking the mean of the
subjective numerical ratings.

Figures 8 through 14 summarize the mean Cooper rating, the mean work-
load rating, and the mean performance rating for each pilot task and each
control configuration over all subjects and combinations of turbulence.
The range of Cooper ratings is also given. The Cooper ratings are for
longitudinal control only; workload and performance ratings are overall
ratings.

In all tasks, blended closed-loop DLC was rated better than any of the
other control configurations tried. Blended closed-loop DLC was rated
approximately one Cooper rating better than conventional elevator control
and approximately one-half Cooper rating better than blended open-loop
DLC for all tasks. Separate DLC control was rated about the same as
conventional elevator control for the landing task., The numerical work-
load and performance ratings remained essentially the same for each
task for all control configurations tried, The use of separate DLC for the
C-5A terrain following task tended to increase the workload and decrease
performance. This was probably due to the location of the control used
for the separate DLC,

It was of interest to know if the pilots agreed in the ranking of the four
control configurations evaluated. The ranking method applied was Spear-
man's Rank Correlation Coefficient, This coefficient is defined by

2
R=1" 632 d
n -n
where
d = Rank difference
n = Number of control configurations evaluated

When rankings are identical, the rank correlation coefficient has the
value of one; when one ranking is exactly the reverse of the other, the
rank correlation coefficient is equal to minus one., A correlation coef-
ficient of zero indicates a random ranking. Table X lists the correlation
coefficients that were computed. The table shows that the pilots agreed
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Table X. Correlation Coefficients

F-104 Aircraft C-5A Aircraft
Control Task Turbulence | Turbulence | Turbulence | Turbulence

In Out In Out
Glide slope 1,0 0,62 1.0 0. 55
F'lare 0.4 0.62 0.9 1.0
Terrain following 0, 87 0. 85 0. 85 0,13
In-flight refueling --- - 0. 65 0,62
General handling qualities 0, 87 0. 85 1.0 0,87

quite well in the ranking of the various control configurations except in
one task -- C-5A terrain following without turbulence.

SUMMARY OF QUANTITATIVE DATA

Appendix IX contains a listing of the continuous mean absolute value data
and of the final values at touchdown for the landing case,

C-5A In-flight Refueling Task

Figure 15 summarizes some of the more pertinent parameters for the re-
fueling task (horizontal command bar, pitch stick, pitch attitude, and
heading). The mean of the mean absolute values is given for the above
parameters for each control configuration, with and without turbulence,
over both trials for both pilots., Without turbulence there was little dif-
ference in the pilots! ability to zero the command bar with any configura-
tion except separate DLC, However, closed-loop DLC showed a signifi-
cant improvement in turbulence over both conventional elevator control
and open-loop DLC, Pitch stick work was significantly less with closed-
loop DLC., This was especially true when comparing conventional elevator
with closed-loop DLC in turbulence. Use of separate DLC resulted in the
most work in smooth air., Mean absolute values of pitch attitude and
heading are essentially the same for all conirol configurations except
separate DLC with and without turbulence,
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C-5A Terrain Following Task

Figure 16 summarizes some of the parameters for the terrain following
task (horizontal command bar, pitch stick, pitch attitude, and heading).
The mean of the mean absolute values is given for the above parameters
for each control configuration, with and without turbulence, over both
trials for both pilots. Closed-loop DLC shows a marked improvement

in the horizontal bar error both with and without turbulence, Pitch stick
work is also reduced in both smooth and turbulent air with closed-loop
DLC. The meanabsolute values of pitch attitude and heading do not show
any significant differences.

F-104 Terrain Following Task

Figure 17 summarizes the mean absolute value for the ¥-104 terrain
following task. All three control configurations {separate DLC not
evaluated) yielded essentially the same results with and without turbu-
lence. The probable reason for this is that the response to both stick
commands and gusts is very rapid at this condition for conventional ele-
vator control.

C-5A Landing Task

Figures 18, 19, and 20 summarize the C-5A landing data. With blended
closed-loop and open-loop DLC there is a slight improvement in the pilot's
ability to zero the horizontal command bar. Pitch stick work is less with
the DLC, especially with turbulence present. Pitch rate is also reduced.
Roll stick work and roll attitude are essentially the same for all configura-
tions, The information presented on the command bar for the flare maneu-
ver was he = K(h - hg). This information was apparently inadequate,
inasmuch as the pilots experienced some difficulty in performing smooth
flare maneuvers. Figure 19 shows the mean values of sink rate, pitch
attitude, and roll attitude at touchdown. With DLC the pilots appear to have
better control of sink rate. The task of controlling the horizontal command
bar apparently diverted the pilots from controlling pitch attitude at touch-
down. Without turbulence, the pitch altitude at touchdown was greater

than 20 degrees for all three controllers. The mean roll attitude at touch-
down wag about the same for all controllers. Figure 20 shows touchdown
dispersions and sink rate with DL.C. To properly evaluate the benefits of
DLC over conventional control during the flare maneuver, it is probably
necessary to provide a visual presentation of the runway, etc. This was
not possible during this simulation.
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F-104 Landing Tasgk

Figures 21, 22, and 23 summarize the F-104 landing data. There is little
difference in pitch stick work, roll stick work, and mean roll attitude be-
tween the various controllers., With DLC there is a reduction in mean pitch
rate both with and without turbulence. There is an improvement in the pi-
lot's ability to zero the horizontal command bar with DLC, especially in
turbulence. Figure 22 shows the mean final values of sink rate, pitch atti-
tude, and roll attitude and again shows better control of sink rate at touch-
down with DLC. Mean pitch attitude at touchdown is about the same for all
configurations. Figure 23 shows touchdown dispersions and sink rate at
touchdown. This data again points out the inadequacy of the display for the
flare maneuver.

CORRELATION OF RESULTS

In this section, pilot's comments, pilot's Cooper ratings, and mean absolute
value data will be discussed by task.

C-5A General Handling Qualities Task

There was no mean absolute value data for this task. Both pilots preferred
open and closed-loop DL.C over conventional elevator control, and thought
that separate DL.C was no help. Closed-~loop DL.C was better than open-
loop DLC in turbulence. . These opinions are confirmed in their numerical
ratings (see Figure 14).

F-104 General Handling Qualities Task

There was no mean absolute value data for this task. The pilots found
little difference between open~ and closed-loop DLC, but showed a pref-
erence for closed-loop DLC., Both DLL.C modes made the task easier than
with conventional elevator control; PIO tendencies were considerably re-
duced. Their ratings (see Figure 13) agree with their comments.

C-5A In-flight Refueling Task

Pilot 4 found no significant differences between closed~loop DLC, open-loop
DLC, and elevator, and rated them all 2. 0. Both pilots rated separate
DLC at 5 {see Figure 10). Figure 15 confirms this; separate DLC mean
absolute horizontal bar is larger than any of the other controllers.
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Pilot 2 preferred open- and closed-loop DLC over elevator control and indi-
cated that closed-loop DLC was the easiest. Figure 15 shows that, without
turbulence, pilots did about as well {(mean absolute horizontal bar) with all
except separate DL.C, In turbulence, closed-loop DLC performance is
clearly better and the workload less (mean absolute pitch stick), although
pilots rated the workload only slightly less.

The variable pitch work loads do not appear to affect the lateral control

accuracy shown by the mean absolute heading. Closed-loop DLC is pre-
ferred and gives measurably better performance in turbulence.

C-5A Terrain Following Task

Both pilots rated closed-loop DL.C best (see Figure 11) due to its performance
in turbulence. Figure 16 confirms this. Pilot 5 thought the task easy with

all controllers {except separate DLC} when no turbulence was present. How-
ever, Figure 16 shows the mean absolute horizontal bar deviation significantly
reduced with closed-loop DLC and a slight reduction in workload (mean abso-
lute pitch stick). Note that terrain following is at low altitudes and high speed
where the normal acceleration response to elevator is better than the in-flight
refueling task (at 20, 000 feet). We should expect less difference between
DLC and elevator in this task but find more; i.e., closed~loop DLC shows as
much or more performance improvement in terrain following as in flight re-
fueling, where the workload was only half as large.

F-104 Terrain Pollowing Task

Figure 17 shows little difference in performance (mean absolute horizontal
bar)} among any of the controllers, although the pilots (see comments and
Cooper ratings - Figure 12) preferred closed-loop DLC. The normal ac-
celeration response with conventional elevator control was clearly adequate
for this difficult task, with DLC providing no significant improvement.

F-104 Landing Task

A1l pilots again preferred closed-loop DLC, primarily for the flare maneu-
ver. This is shown in their ratings (Figure 9) where differences in glide
ratings are not as great as in the flare ratings. Mean and final value data
are shown in Figures 21, 22, and 23. Figure 21 shows workload to be about
the same for all controllers {mean absolute pitch and roll stick), with some
improvement in tracking {(mean absolute horizontal bar} when using DLC
controllers. Separate DLC was more useful in this than in the other tasks.
It was used primarily for flare, where it rated equally with elevator control.
Figure 22 shows a distinct improvement in touchdown sink rate with DLC
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controllers, with open-loop DLC showing up better than closed-loop DLC

in turbulence. This sink rate data is also shown (Figure 23) versus touch-
down distance bevond the glideslope intercept. Points to the left of the
intercept point suggest that no flare was accomplished., The high sink rates
support this. Figure 23 indicates that with any of the DLCs the flare man-
euver is performed better than with elevator control, sink rates are lower,
and there is less dispersion., Pilots felt that the flare presentation was
adequate for comparison, but poor for simulating the actual flare maneuver.
The additional cues in an actual landing would result in better performance
of the landing.

C-5A Landing Task

Pilots preferred blended DLC for both the glideslope and flare maneuvers
(Figure 8), again with preference in glide not as sharp as in flare. Mean
and final value data are shown in Figures 17, 18, and 19. Figure 17 shows
somewhat less pitch workload (mean absolute pitch stick) with the DLL.Cs than
with elevator.

The mean absolute horizontal bar (Figure 18) is probably more indicative of
glide slope performance than flare, being the mean over the total run time.
The differences are not large, suggesting glide slope was about equally con-
trolled with all contrellers. Some improvement is shown with closed-loop
DLC. Figure 19 shows great improvement in touchdown sink rate with DLC,
especially with closed-loop DLC. This is also shown in Figure 20. With
closed-loop DLC, sink rates are lower and landing dispersion is lower than
with elevator or open-loop DLC. Separate DLC shows the least dispersion
but very high sink rates and not much flaring.
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SECTION VI
CONCLUSIONS

The following conclusions resulted from the study:

1)

2)

3)

4)

5}

6)

7)

8)

Pilots' preference for the control configurations was in this
order, first to last: blended closed-loop; blended open-loop
DLC; conventional elevator control. Separate DLC was unusable
in any tasks except landing flare because of the control loca-
tion., Blended closed-loop DLC was rated one Cooper rating
better than conventional elevator and one-half Cooper rating
better than blended open-loop DLC.

Closed-loop DLC gust alleviation was noticed by the pilots
and was weighted significantly in their ratings.

There was general agreement between pilots’ qualitative data
(opinions and Cooper ratings) and quantitative data indicating
their performance. However, differences in quantitative data
were not as large as might be expected judging from their
comments and Cooper ratings.

In F-104 terrain following (Mach 0. 9 at sea level) fast normal
acceleration response was provided with conventional elevator.
Although pilots preferred closed-loop DLC over elevator control,
they did not notice any gross difference. This is confirmed by
the guantitative data,

Lateral-axis performance was little affected by the various pitch
control configurations.

The pilots did not notice any objectionable handling qualities
characteristics as a result of the use of DLC. The use of two
control surfaces with or without feedback allows the relation-
ship between aircraft parameters to be altered. With closed-
loop DL.C, a low-frequency second-order characteristic was
introduced. This was of concern prior to the study but received
no pilot objection.

The pilots differed on the value of the motion system. Some felt
it added some realism, at least in pitch; others thought they
could do as well without it.

The displacement stick with poor centering characteristics
introduced a tendency toward pilot-induced oscillation, This

PIO tendency was reduced but not eliminated with the introduction
of a stick displacement dead spot.
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9)

10)

While landing flare sink rates and in-flight refueling tracking
errors were significantly reduced with DLLC, the simulations
were not adequate for evaluation of these tasks. A simulator
with a visual display is needed to properly evaluate the flare
maneuver. Optimized flight director signals would have
improved in-flight refueling tasks.

The separate DI.C simulation used a collective pitch lever
from a VTOL study. Pilots thought a thumbwheel similar to
that used in Navy-sponsored studies would have been better,
This was not available.

Based on the resulis of these simulator tests, it is anticipated that flight
tests will demonstrate:

1)

3)

4}

5)

Significant improvements in the pilot's ability to control an
aircraft to the glideslope and to the flare path and thereby
a significantly reduced number of go~arounds and hard
landings.

Controllability that will contribute to the lowering of instru-
ment approach weather minimums.,

An improvement in both the precision of mission task ac-
complishment and reduction in pilot fatigue factor,

Increcased effectiveness for evasive manecuvers requiring
rapid pull-ups.

A more stable platform (with reduced normal acceleration
and pitch rate response to disturbances) for weapon delivery,
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APPENDIX 1
EQUATIONS OF MOTION

The equations used to simulate aircraft, position, localizer, glide slope,
and flare are presented in this appendix, The aircraft equations are six-
degree-of-freedom, constant-coefficient equations. A body-axis system
was used. Lateral-axis equaiions were simplified somewhat to elimin-
ate the need to simulate a complicated lateral stability augmentation
system, Ground effects were included for the C-~5A landing model,
Certain small-angle assumptions were made in the position computation
equations, First-order lag turbulence models were used.

The glide slope and localizer geometry simulated is shown. The glide-
slope beam was 2, 87 degrees with 0, 5-degrees width, The localizer
beam source was assumed to be 5000 feet beyond the glide slope inter-
cept with +2 degrees width. An exponential flare equation was used.
This is also shown.

SIX-DEGREE-OF-FREEDOM AIRCRAFT EQUATIONS
OF MOTION

. [
@ = [C + Cz (o + aG) + E_U“—Cz a+ Cz 6e * Cz GF
0 el 1 Tq ﬁe 6F

+C, (ﬁ+f1G)] SN cos H cos ¢ + qcosa
a

.95 AcC (HF) (26)

0 1 o 1 5e
- (I. -1)
gsC X Z
+ Cm (SF + C (u + uG)] I pr T
O y y
AT\ 2707 qSc
+ r‘] LT, 8Beac @ . (27)
T ¥ y GE
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=1,
]

- - c
[C. +C_ (e+a)+C_ _ (utu.)+ —=—C q
0 X, G x- G ZU1 Xq

+C 6 +C G]js———g— sin 6 - ¢ sin o
e X F

X mU U
ﬁe GF 1 1
+ ﬂ] T &S Z.AC (HF)
5T mU1 mU1 DGE

b qSh
[C, B+ + 57+ C p+C 5]
£ G 2Ul :;p Léa a 13
b qSb
(C, B+Eg)+ 20, Cnr_ r] I
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(30)

(31}

(32)

(33)
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EULER EQUATIONS

6 = gcos g - r sing

¢;= p-:,b sin 6

1j/= 1 {r cos ¢ + g sin ¢)
cos 6 ¢

POSITION COMPUTATION (EARTH-FIXED COORDINATES}
X = U+W sin 6 cos ¢ - V cos ¢ sin Y

Y = Usiny - Wcos ¢ +V cos g

Z = -Usinég+Wcosg+Vsing
U = U0+u
W = W0+w
X = Xdt
Y= [Yat
z= [zat

ACCELERATION COMPUTATIONS (INCREMENTAL)

c
n = -[C, + C q+C_ o, +C &
ch ZO ZUl Zq za T Zﬁe e

qs

Fl mg !

+c, b
OF
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(42)

(43)
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n
zc'g. g
UC
n + q
zp g
L
M + A
Zc.g. g
= [C
g

TURBULENCE MODEL

where

K =4

e}

where

W

L g4

2L

U

1/2

|

b

1

BT‘+ 20 Cyr
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and
W.N. = White noise
L 600 feet sea level

5000 feet altitude

GROUND EFFECTS (C-5A)

1 S
(X.) = - — ¥ 2ac¢C (HF)
h'GE Ul m DGE
Sc
(M,) = 4 AC (HF)
h'GE Iy mGE
qs
(Z,) = -2 A C (HF)
h'GE rnU1 LGE
where
(HF) = Height Factor
= ¢~0.35h (see Figure 24)
h e-0'035h
0 1.00
h 10 0.704
: 20 0.496
50 0.174
100 0.03
30 0.316
HF 1.0
(HEIGHT FACTOR)

Figure 24, Height Factor

GLIDE SCOPE LOCALIZER AND FLARE GEOMETRY

See Figures 25, 26, and 27 respectively.
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- ]

g - Xg = Xdt-2p) TANEp - Zg +[Z dt+2p SIND)
Zp + [Zdt+ 2, SIN 8)
= TANEg - -2 I R
Xg-IXdi-ep
Xg = INITIAL X DISTANCE TO Eg = GLIDESLOPE ANGLE
GLIDESLOPE RECEIVER
Zo = INITIAL Z DISTANCE ABOVE ¢ . = GLIDESLOPE ERROR
GROUND S SENSED
¢ = RECEIVER DISTANCE
AHEAD OF C.G.

Figure 25. Glide Slope Geometry
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. =Y0+det+LRSINW
toc - -
X - Xdt-tp

XL = INITIAL X DISTANCE TO
LOCALIZER RECEIVER

Yo = INITIAL Y DISTANCE FROM
BEAM

RECEIVER DYNAMICS:

1

o ___ T
& 0.58+1

Figure 26. Localizer Geometry
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———————— —hee
NOMINAL
| EATﬁ )
h = " 4]
I ¢ T
] hc
| ..
|
1
| PATH
|GENERATED
BY BLEEDOFF
: SYNCHRONIZER
|
heg he.. hg
P
h = LANDING GEAR T = EXPONENTIAL
W ALTITUDE TIME CONSTANT
h =y “hg
heg = FLARE ENGAGE c L
ALTITUDE
g = ALTITUDE RATE T=8 SEC
AT FLARE ENGAGE hg = 10 FT (C-5A)
ALTITUDE

hg = 20 FT (F-104)
hg = PROVIDES NEGATIVE
RATE AT TOUCHDOWN

h_=ALTITUDE RATE
¢ COMMAND OUT OF
FLARE COMPUTER

Figure 27. Flare Geometry
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APPENDIX II
PILOT TASK MODELS

The information presented to the pilots was side slip, angle of attack,
altitude, altitude rate, airspeed, normal acceleration, engine rpm, and
aircraft attitude. A photograph of the instrument panel is shown in Figure
2, Pitch, roll, and neading information were presenied for all tasks,

In landing, raw glide slope and raw localizer information was displayed
on the side pointer and bottom pointer of the attitude director indicator
(ADI), respectively. The information presented on the ADI horizontal

and vertical command bars was different for each of the different tasks,
In each task the pilot was to fly the bars to zero. The information pre=-
sented on the command bars is given in Figures 28 through 31 and in

Table XI,

DROGUE ALTITUDE

TURBULENCE 1.4 (S + 0.001)
y
Y ks + 0.05x5%0.355+ 0.09)

DROGUE ALTITUDE RATE

1.45 (S+ 0.001)
- > 5
(5+0.05X57+0.355+ 0.09)

TO HORIZONTAL
COMMAND BAR

) FULL SCALE DEFLECTION
»2:255-1 FINTROLLER EQUIVALENT TO £175 FT
0.255+1 CRAFT ERROR
TIME DELAY h

LI

Figure 28, In-flight Refueling Model
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WHITE K "
NOISE ——»TSrIxTSIL) | TO HORIZONTAL COMMAND BAR

FULL SCALE DEFLECTION
EQUIVALENT TO:

140 FT/SEC (C-5A)
175 FT/SEC (F-104)

= .

Figure 29, Terrain Following Model

GLIDESLOPE

ERROR (DE
535 *11 L o K ———» TOHORIZONTAL

S+ COMMAND BAR
1.0
K FULL SCALE DEFLECTION
EQUIVALENT TO + 0.5 DEG
01664 — —— — - _ 2
X = 20,000 FT X =0

Figure 30, Glide Slope Steering on Horizontal Command Bar
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TO HORIZONTAL

l COMMAND RAR
OTHER FULL SCALE DEFLECTION

EQUIVALENT TO 17.5 FT/SEC

Figure 31.

Table XI,

FLARE
h <60 FT
w

hy, = WHEEL ALTITUDE

hg = PROVIDES NEGATIVE TOUCHDOWN
RATE WHEN h, -0

T = EXPONENTIAL FLARE TIME
CONSTANT

Flare Steering on Horizontal Command Bar

Lateral Steering on Vertical Command Bar

(Note: Lateral Steering = ¢ + K, Y+ KzY)
_ Alidrcraft
Parameter F-104 ] C-54

K, deg 2fftfsec

Ky, deg o/ft

Bank angle called
fer at [wll sealc
deflection, deg z

0. 2865 0.573

0, 02865 | 0,

90

0573

30
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APPENDIX III
ANALOG COMPUTER DIAGRAMS

Figures 32 through 41 are the analog computer diagrams for the simu-
lation, Included are the diagrams for the aircraft, pilot tasks simulation,

instrumentation interface, quantitative data measuring, motion drive, and
interconnects.
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iEISM\‘;T l Zg 2 a2 @ 1 45> 1 LOWER POINTER +RIGHT

T IS 1
L 17.5v | a4 - a3 4 SIDE POINTER - DOWN
LT =
HORIZONTAL
46 | 2 | BAR - up
PARALLAX ADJUST -
TH
59 5 | VERTICAL
BAR + RIGHT
| FeepBac & (MOVE NEEDLE 0FF)
12 22| FEEL SERVO
" @
PITCH STICK ™
52 20 Iy
ROLL STICK =

51 19

(D

H
54
‘ 50 YAW STICK 18> B
1

H
THROTTLE
49 55
0.265
TH @ 5 AIRSPEED '
48 h 70| AIRSPEED
G i
. 1.0 38 [ DIGITAL READOUT

&

TH | 200 0.222

49

S %
® (o)

TH

31 20| ALTITUDE

5 "g" METER

TH 2104 P06 b
TH 03> O———’—sq ALPHA
oz (*) >

371 BETA

Figure 39. Simulator Instrumentation
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PITCH
80 13\ i
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Figure 39. Simulator Instrumentation -- Continued
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Figure 39. Simulator Instrumentation -- Concluded

84




P

W/z

2,20

X200

Y10

2,10

Vi1o

100 SIN 3

100 SINV

CONSOLE

1

40

41

1 1

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

8o

CONSOLE CONSOLE SIMULATOR
4 4 1
140 9/2 3/2 00 41 9/2 = 0.5 V/DEG
141 }—-3/2 2,5, — 01 42 [—3,, = 0.5 V/DEG
142 — ¥, *"/2 02 43 [—¥,, = 0.5 V/DEG
+17.5v
143 +—12Z € 03 44 t—e. ~FULL
/20 GS_{ GS” ceaLe
+ 34,9V
145 —v HORIZ—| 05 a6 |— a0
/10 BAR
SCALE
146 — 27,14 b, 6| 06 47 —hq4=0:1 V/ET/SEC
147 — U0 U167 07 48 hu/lozo.l V/FT/SEC
h h
148 — 100 SIN2 55— 08 49 [~ 5gp=0:005 V/FT
149 —100SINY "z — 09 50 =" TV
C.0. Ceds
150 —a o« — 10 51 |—o =1V/DEG
151 |— B B~ 11 52 —p=1V/DEG
152 p—bpe bpg—] 12 53 —6pg= 1 V/DEG
153 —bpq bgs— 13 54 Spg =1 V/DEG
154 — by 6; —] 30 55 —6;=1V/DEG
155 = +X,19 NZP— i5 56 —-nZp = 57.3 V/g
-n |
156 — "z - — 16 57 gk
157 -h,, -g — 17 58 L—-a*
20
158 —-100(0P) VERF 18 59 +—
0 {H) BAR
- ] |
159 ot 8 s 19‘77 60 b g
Figure 40. Interconnects
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Figure 41. C-17 Ground Effect Simulation
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APPENDIX IV
POTENTIOMETER AND LIMITER SETTINGS

Table XII presents aircraft data. Tables XIII through XVI present
potentiometer and limiter settings, Lateral potentiometer settings of
C-5A condition 29 were used for C-5A conditions 1 and 27,
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Table XiI.

Airecraft Data

NAME DATE PROBLEM SHEET oF BOARD NO.
POT. | pARAMETER DESCRIETION conn.c‘sA 1 coND(.:'SA'z'r COND.C-EA 29 corm.loh LANT) OND.ld'TS com;"d‘ 2L
NO. N SET &N SET GN SET BN SET N SET GN SET

MACH NO. ul? 06 06 .3 09 09
AIRSPEED, FT/SEL 190 670 622 335 BB 875
DYNAMIC PRESSURE, L3 53 I 2h5 133 998 282
1bs/ft2
CuBes $ MAC 19 19 19 7 7 7
WEIGHT, LBS L45p, 000 16, 300
-
o
L
L
o
T T
. ﬁh___‘}_ .._L j[ _
____44}_~
S S— _....—..1*_ J
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Table XIII. Potentiometer Assignment Sheet, Console 1
NANE e RUELEM SHEET. oF BOARD NO,
POT. | panavETeR DESCRIPTIONCOND‘G—SIJ‘ COND.C_5A27 conn C0 29 comn.lthAND ono 205 5 conp. 20U 2l
"alconsele 1 GN SET &N SET | &N SET GN SET GN SET 6N SET
w0 | A/ .10 .352 175 .154 .387 .123
o1 | 8 Crge .05 0 0 0 0 0
02
03 |{-Czge/2 W16 11 .15 105 «50 539
ok 1945 /20 mg .0295 .366 L1269 .078 505 167
05
06
07
08 | %e 100 .025 .025 ,025 .025 .025 ,025
09 ,
10
11
12
13 157.3 g/100 097 L0274 .0294 .055 .01F% 021
1l | Up/100C .188 570 622 +335 .588 875
15 |
16 |
17 10.0573 0573 0573 .0573 L0573 .0573 L0573
18 | 1p/109 279 .279 279 | 062 062 062
19 | Ue/209 621 Ral 621 621 621 621
20
21 E: Cow +,8 i +,106 +,195 +,63 -.033 -.292
22 | - Gyl Ji0 .03l .036 .78 104 .17
23 | -2Acpgg- 170 0 0 0 0 0
h2h 57.3 g/1000] .097 L0274 0296 055 0185 ,021
.28
26
27 _10.10 .10 .10 .10 .10 .10 .10
28 %a/100 |
29 | .05 .05 05 .05 05 205 .09
0 _|235 9370 o .03 387 .13l L085 .637 .18
N | -ACurg 062 0 0 0 0 0
32
33 ‘(?_EU) CM&, .71 120 2231 .Cl9 L0212 .Q342
b [+ Cen, 0 0 0 0 +.097 ~+0907
35 | Sealing Sep. Flap L015 .015 015 015 015 015
36
37 [Com (.256) (.105) .10 .53 U3 .50
T

90




Table XIII.

Potentiometer Assignment Sheet, Console 1 --

Continued

HAIE

FPHURLEM

SHEET

oF

B0ARD NO,

POT.
NO.
Q

PARAMETER DESCRIPTION

Console 1

COND ,

C=5A
51

COND. C-5A2

7 &

oD ‘C-SA 2

g

COND .

104

LANDECOND.

10
h_s

COND .

104 o),

GN

SET

GN

SET

GN

SET

GN

SET

GN

SET

GN

SET

39

Lo

L1

42

43

bk

L5

16

L7

43, 3

VOO0 4

21 Bo -

1oy

(.0335]

(.L1k)

150

160

1.0

340

L8

Uy /1146

. 166

«585

oShily

293

.865

.765

h9

50

51

52

53

5l

0.5

.5

5

5

.5

5

5

55

56

57

58

59

50

61

62

63

&l

K;p/ic

a1

1

.1

o1

.05

.09

£5

66

67

68

69

70

n

72

73

7h

75

o1




Table XIII. Potentiometer Assignmen{ Sheet, Console 1 --

Continued
NAME DATE PROBLEM SHEET, OF BOARD NO.
POT. | oprAMETER DESCRIPTION con &5 1 conp, O2A 27co~r>.c'5A 29 couu?'obmm oot 01 c conp 101 2l
N0-5| Console 1 GN SET GN SET GN SET GN SET G SET GN SET
76
77
18 | Krege fioo .053 177 .148 .17 .59 594
79 ﬁi;)(*<%ps;//z5¢) L018 015 025 056 .08L 155
= \ y /-
81
B2 {1/00T 06 .06 .06 o5 5 .5
83
Bh
85
86 -
87
88 | Xc*se fioo 071 238 .197 .206 .832 832
89 | Kge /in .2 |02 .0l .02 00k 015
90
191 19S5 /20 mg | .0295 . 366 .169 078 | | 605 167
o2 | (F) Sre (.27) (,069) 072 0 i o 0
93 '
Sl
95 |
96 | T
o7 | 13/ my (.1) (+352) .175 »15Y .387 .126
98 |~ Cvp/is (.08) .086 .086 .1 J11 22

99 | 57.3g/100 U3 (.097) (.oz7u)§ 0296 055 .0185 021

92




Table XIII. Potentiometer Assignment Sheet, Console 1 --

Continued

NAME DATE PROELEM — — .SHEE;T—_W _OF BOARD NO.

POT. | haRAMETER DESCRIETION COND.C-BA 1 COND.U-SI}?'? COND.TI—bA 29 IEUND.IDHL}_QED COND.MS COND. 1 21
M- Pl Console 1 aN SET e sET | 6N SET on | ser m SET N SET
00 Xo froo o | =401 .ooi;r e | .02 | .0h8
0L | ~Cai/10 L W53 | .Ls3 .509 .30 73 |73
02 | -Cgp/10 « 3 027 L .059 .125 .09 .092Y !
03 | -Cp&y/10 .230 109 - .15%0 .085 .0BS 086 |
Oh L ) B e ] o o i
05 o o 1

06 0.5 5 5 S .5 S 5

07 Uy /1106 166 o585 WBhh 293 L8685 .76l
of L -_

09 . - .! _— . R S, ..= - .

10 | 2510w Su) .2 2 2 "2 AR
1 | -nc .2 2 .2 .2 .2 J,, 2
12 | o3 05 | .05 .05 .05 .08 | 03
|13 I ﬁ i
1k ! i |

15 | We®/10 2 a0 a a0 B !

16 ! : L ; i i ! . i

i ‘ | 1

17 | 10/57.3 W75 s, 175 - A75 A | 18
18 | 10/57.3 175 L1758 AT5 | WA75 275 LTS
20 | M/11k6 -166 +585 Shh L .293 | 865 L76h
21 145 ju J0 | LS b asho .87 0 L123
22 -Cxgce 1 R : lj :
23 | -Cxsp .25 o L Lo A7 A | A7
2 Qﬁ_-i) rTw‘% #0687 0195 ¢ 2021 .082 1 1 _.0278 w0312 ]
: 25 | DAMPING r b (1,0). Qo a1 1.0 ' 1 2 ]
26 L B e ; Lo

27 . : R N T I O
28 | 1/107¢ la ] a s b s
29 U R B R N S
o | () 94, | .26l .0261 026l o o | o
31 =Cmgy /10 ' 129 16 J98 | L1010 .092 .133 |
2 | -(%u) 2% | 203 Ol o7 | .00%8| | .o0k6 | 0056,
33 \ I ._ i ,,___ Lo
34 | Cmgp ) WJ71 L0712 1 ] G190 | | L096 095 ( 122 ]

6 | ¥F5° ey (LOLLE) |, (.280) | | .0B26 096 g2 | [ e
37 i |

93



Table XIII.

Potentiometer Assignment Sheet, Congole 1 --

Concluded

NAME DATE PROBLEM SHEET OF - BCARD NO.

POT. | CprAvETER DESCRLPTION COND.C-sA 1 oot 27 COND.C-5A29 cowo.j'ohmmcouo.loh 5 |cono. 104 2h
M. ol copsole 1 GN SET GN SET GN SET BN SET &N SET GN SET
38 | - (%y )Cn, (.165)| | (.037) .039 .026 .0096 .012
39 -\o(Ix-Iz%,La T 173 137 .137 ,16l .16h |_.16)
Lo -Cmge/10 .132 .093 169 .158 2217 L 623

11 | 10/57.3 175 175 175 175 ,175 .175
h2 | 2/100Te .12 a2 .12 11,0 1,0 1.0 |
THEE 5 5 .5 5 5 S
bl f ,

45 | 00/200 .037 | -.005 .0025 .055 Kol | .02
w6 | Benioo 4025 025 025 2025 .025 .025
w1 | ={ b/zu)c—“p (.27 (L067) | .08 © 0096 .0032 .00L5
B | -Coa j (.032) (,19) 16 12 133 A2
b | -10 Cg. (,15) (.10) .27 .3 .38 s
50 o ‘
51

52 * CZO'A oo ww ole

©3  Cwg oo swW oy

5h 1 Cf’*c ’/t [=X-] sSw 02 1

oo :

56 ] - !

57 | BIAS \
5p | BIAS .
59 | BIAS . | ;
60 | L ﬁ
61 N i
62 | BALANCE wWw o3

63 BALANCE ~ SW 1o

bl

6 | o e _
66 B

67

68

69

94




Table XIV. Potentiometer Assignment Sheet, Console 4

NAME DATE PROBLEM SHEET OF BOARD NO.

POT. | pARAMETER DESCRIPTION cono 1 cone > 27 |con -C“SA 29 COND:-I'OhLAND oo, 104 5 conp. 100 2
No-Q| Console L GN SET GN SET G SET BN SET GN SET GN SET
00

o | BgLee £390 - - .3975 - -
02 hF(’/Zocso «03 - - .03 - -
03

oh | 45 €800 .- - - .5 - -
05

06

o7

08

09 | 005 .005 005 005 .005 2005 »005
10 | Scaling ball .79 .79 .79 .79 RE 279
11 | Xgr Sealing i o5 5 ;

12 | 1,745 € | | .20 - - .20 - .
13 | Ro/2000 .80 - - .65 - -
14 | Ro/2000 .80 - - .55 - |-
15 | s morongf2 5l 1 1 1 A La
16 | SIM MOTION P .25 .25 .25 .125 .125 i 128
17 | Z2o/20,000 Nh .25 1,0) o .25 (1,0)
18 | . ,10 .10 .10 10 .10 .10
19 1, .y

20 |V *R s 000 625 - - 625 - -
21 | ho/100 .10 - - .20 - -
22 | 1/ .125 - - 125 - -
23 BAR GAIN 666 666 J66 666 « 566 R
2y | FLARE LIGHT .28 .28

25 |

2% |

27 “

28 | SIM MOTION d .5 5 .5 +25 .25 .25
20 | sm MotIoN G2 1 1 1 .1 1 1
30 4 .

R 8 - - 8 - -
32 VERT BAR Y 0286 L0143 L0143 L0143 20143 20143
33 | VERT BAR ¥ .286 1432 L1432 1432 1432 .1h32
3 Zo/2000 okt - - ol - -
35

36 lrt /u:oo 0 - - 02 - -
37 | s contha BGS .1 .1 1 2 .1 a1

895




Table XIV. Potentiometer Assignment Sheet, Console 4 --

Continued
NAME DATE PROBLEM SHEET OF BOARD NO.
POT. | ARAMETER DESCREPTION (:oND.C-STGL 1 comng_% 27 COND.C-SA 29 COND.th [ OND.loh conp, 00 2l
M- ol console L GN SET GN SET GN SET GN SET 6N SET GN SET
38
39
Lo | B fe0m0 .05 - - .01 - -
U1 | VERT RAR GAIN @ | 1.0 1.0 | 10 1.0 1.0 1.0
42 | BAR GAIN 1.0 S 11,0 1.0 ol «25
L3 | VERT BAR GAIN D 0,0 ' | 0.0
L, | RMS 5F .05 .025 .05 029 .02% .025
L5 e
L6
U7 ;
L8 | BMS S 2 A .1 .1 .1
b | mMs  Ge/s .1 B 51 .1 A 1
50 43 <143 I
51 | GLIDE SL. BEAM GAIN | 857 .857
52 .S FLARE SWITCH .50 .50 .50 .50 .50 .50
§3 | .5 FLARE SWITCH .50 .50 .50 .50 | +50 .50
5h | .5 FLARE SWITCH .50 .50 .50 .50 50 .50
55 S
pte) L -
57 areraL poepee | 1 1 a1 | a .1 Q0 1
FL rT D REdroe. :
58 BMS irusrvbiwe [Poivw L1 S T R Y S o S § .1
59 ] e
60 L
61 N
62 1 Lo i
63 o o ‘
Bl
65 .
5 0 |
67 | RS 100, merke | .1 005 2 .05 .005 005
68 | RMS comvem cowmn | 41 2 1 1 .1 A
69 o
70
7L o
72

96




NAME

Table XIV. Potentiometer Assignment Sheet, Console 4 --

DATE

Continued

PROBLEM SHEET OF BOARD NQ,

POT.
NO.

PARAMETER DESCRIPTION

Congole h

C

CND.C-SA 1 coNn.c'SAE? coun.c'5A 29 cowo].'thAND corm.m)‘l [

COND.

100

2h

GN

SET GN SET GN SET GN SET GN SET

GN

SET

73

75

76

17

ms /2

.2 .1 .2 N Il .1

.1

78

rs W/e

.5 .1 R S a

ol

79

SIM MOTION

g0

81

82

83

8y

5IM MOTION

85

86

87

RMS /2

88

M3 Nz ¢.;,

100 -2 ) ) 02 'lno -2

fo

SIM MOTION

6l .6l .6l L6l .6l

90

91

RMS! C(G

92

9l

95

96

97

38

1 | a1 .1 a 2

L

S B

97




Table XIV. DPotentiometer Assignment Sheet, Console 4 --

98

Continued

NAME DATE PROBLEM SHEET OF BOARD NO. -

POT. | pamaETER DESCRIPTION conp Cm0R 1 oo 27 conp. 2 29 corqo.lohmm) oo O 5 - 24
My | console ki &N SET GN SET GN SET aN SET GN SET GN SET
00 | L/T 32 57 »125 55 1,0 .17%
Ol | GUST GAIN .2 .15 . W1h .1 «05 «05
02 | 1R A A | . L A A
03 | TFR .01l LOLY 01l L0LY .01l L01h
oh TIMFE DELAY L B 4B .8 .8 .8
0% 32 | ] .32 .32 .5 .5 o5
06

07

ot | 10/7 .28 28 .28 .63 .63 63
09 TERRAIN GAIN .25 25 .25 «25 .25 .25
10

11 |

12

13 |

1L R

15 TIME DELAY .8 B .8 W8 8 s
26 N

17 ‘ L B |
18 I
19 | |
20 SR S N R A
.21 | IFR W05 |1 W05 || .05 .05 .05 05
: 22 ~ i

23 o i :

2 | FLARE HOR, PAR OAIN| 1,0 1.0

25 I .

26 .

27

28 o |

29 S RS DU RN S |

30 | IFR, TERRAIN 35 | .32 | .35 | .35 .50 .35
D ) d .028 a2 1 .063 1
33 | ™R 000 000 | (0.1 .00 | | 000 0,1
3L | 1/573 ,000 .000_| .157 .000 000 .035
35 0.05 .09 LJ+012 .2 1l L012
36 | :

37 f i




NAME

Table XIV. Potentiometer Assignment Sheet, Console 4 -~
Concluded

DATE

PROBIEM

SHEET

OF

BUARD NO.

POT.
N
P

PARAMETER DESCRIPTION

Censole L

C

OND .C- oA 1

CQND .

Y
052

7 |cono’

C-5A 29

COND

10“LAND

;owo?‘oh 5

COND.

%,

GN

SET

GN

SET

GN SET

GN SET

GN

SET

GN

SET

38

33

40

I

h gain

1.0

11,0

«117

<117

h gain

.25

.5

.5

L3

by

b5

L6

L7

L9

g0

51

52

dpg Trim

53

8pg Trim

5h

s T Trim

55

56

57

58

59

61

62

gpq Scale

63

SRS Seale

6l

65

66

67

5'1' g Scale

68

63

L

.33

I T

99




Table XV. Potentiometer Assignment Sheet, Simulation Console

NAME DATE PROBLEM SHEET - OF BOARD NQ. -
FOT. | pARAMETER DESCRIPTIDN&N_D;C-BAJ.:M CDND.C-EA 27 COND.C-bA 29 cowo.rlgﬁm) COND.FIw 5 cownljlou 2L
NG SIMULATCR CONSOLEGN SET GN SET GN SET GN SET GN SET GN SET
1 |h Scale 1.0 1.0 1,0 1.0 1.0 1.0
2 |U Scale .22 .22 22 | .22 .22 .22
3 | U Bias 0 0 0 0 0 0
4 |h Scale 222 222 | | 222 222 222 222
5 |h Bias \552 552 4552 '552 552 | .552°
6 Xseale 393 .393 2393 393 393 | .393
7 |3 Scale 305 <308 .305 305 +305 .305
8 B Bias W16 014 016 016 016 016
9 "Heave to R Act .75 .75 .75 .75 : .75 | .75
10 |Heave to P Act | .80 .80 .80 .50 B0 .80
11 |Heave to H Act .806 806 .806 .806 .B06 .806
12 |Horiz., Bar Scale .‘iﬁ(‘\u | .580 580 .580 .580 580
(13 | "0" Scale .315 315 315 315 315 315
1k | Bottom Pointer 70770 770 .770 770 770
15 | side Pointer 796 | 2790 L] .790 .790 .790 790 |
16 | h Bias .005 005 005 005 .005 005 |
17  Heave Seale .1 .1 RS a1 .l «1
18 = Roll Scale 3 .3 o3 o o3 3
19 | Pitch Scale 1.0 | o 10 e e 1.0
I_gg_“ | Piteh Bias .07 | .07 W07 07 | e0T 07
© 21 | Vert, Bar Scale 1.0 | {1.0 1.0 1.0 | 1,0 1.0
| 22_| Piteh Limit Lot 200 lo ohio Lo ko
i 23 'Feel Serve 1 - - - - - .
24 . Throttle Bias | = .ll_ 4oLk A1 _-l-ll e el -M_-
25 | Heave Test o 0 - B L 0 0
26 | Airspeed Biag 550 £550 | i .550 .550 2550 4550 |
27 |Roll Bias N 003 .003 .003 003 .003 1,003
28 |Heave Blas . 228 .128 | 0128 .128 .128 .128
29 |Roll Limit + .275 L2750 .21 L] L27s 275 275
30 |Roll Limit - 275 | | 215 oS 275 0 | .27 275
71 | Pitch Limit - CeB2 1 W53 .83 <53 .53 W53
32 | Parallax - - 1. = = =

100




Table XVI. Potentiometer Assignment Sheet, Limiters

NAME LIMITERS DATE PROBLEM SHEET OF BOARD N-O.

POT. | paRAMETER DESCR|PTION COND.C-SA 1 connC oA 27 coneT5A 29 CONDF‘IERND F:ONDF.‘-loh 5 coua?"lohzh

NO. | mensole 1 GN SET GN SET GN SET GN SET GN SET GN SEF

17 | Throttle Rate +100 +100 +100 +100 +100 +100

28 |Flap Positien +15V $157 +15Y 15V +15Y +15V

29 |Flap Rate 20V 20V | |+20V +20V +20V +20V

37 | Afleron Rate/10 £2,5V 2.5V 12,5V 5V 25V 5V

L7 |Elevator Positioh 1425‘7 | 25V +25V +25V +25V +25V

' l i :
L9 |Elevator Rate/5|  #5V | 5V 5V £10V . [#10V 1 s107
. ! I[ : ‘ ]

18 | ~X/200 ‘ +100¥ L £100V_ . #100V | +100V +100V +100V

7 | -2/20 +100V +100V +100V +100V +100V +100V

27 | Airspeed +100V | #100V $100V - | £100V +100V +100V

09 | -Y/10 +100V 1007 $100V | | £100V 100V +100V
Conzole 4 ) 1 _ _

09 |Horiz, Bar and +17.5 +17.5 +17.5 +17.5 +17,5 +17.5
Glideslope Beam |

27 |Flare error #100v |  +100V 100V +100V +100V +100V

47 | Localizer Beam +2),9 +3h.9 +34.9 +3L.9 #3591 x3h.9
Error ) - ;

08 |Glideslope Inter 100V +100 | [#100 £100V | | +100 +100

07 | Touchdown £100 +100Y +100Y +100V +100V +100V

19 | Vertical Bar *+100V +100V +100V +100V +100V +100V

38 | Heave Drive 20 £20V | |+20V +20V 20V +20V

39 | ngep Display 23V £3V +3V +3V +3V +3V

29 | @* Drive *+50V 50V +507 50V +50V +50V

17 | #* Drive +507 £50V +50V +50V +50V +50V

18 | AMP ;2 +100 +100V +100V +100V +100V +100V

101




APPENDIX V

INSTRUCTIONS TO PILOTS -- DIRECT LIFT
CONTROL SIMULATOR PROGRAM

INTRODUCTION

This simulator program is designed to obtain information on the bene-
fits that can be obtained by the use of closed-loop direct lift control
(DLC) blended with conventional elevator control. Some aerodynamic
control surface (flaps, spoilers) combined with elevator is used to
control the lift of the aircraft.

Previous flight tests of high-gain, self-adaptive flight control systems
have demonstrated significant improvements in aircraft stability and
maneuverability, However, with conventional elevator control precise
flight path control is difficult in certain flight regimes because of the
pitch rate overshoot that occurs when controlling normal acceleration.
Both lift and normal acceleration are controlled by pitching the air-
craft with the elevator. This is shown below in a typical transient re-
sponse for a step elevator input:

PITCH NORMAL
RATE ACCELERATION

There is also the initial acceleration reversal because of the down
force of the elevator. The aircraft has to pitch and change angle of
attack before normal acceleration builds up in the proper direction.

The DLC configurations that will be investigated will tend to speed up
normal acceleration response and reduce pitch rate overshoot as com-
pared with conventional elevator control. This is shown on the follow-
ing page in a typical transient response for a step control input.
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PITCH NORMAL
RATE ) ACCELERATION

In some of the evaluation tasks you will be required to drive a flight
director needle to zero. The signals to this director have not been
optimized and in some cases have not even been quickened. This is
because the signals and quickening to the director would be different
for different control configurations and the purpose is not to evaluate
flight director control laws, but rather to evaluate the benefits of DLC.

PROCEDURE

Four basic control configurations will be evaluated. These are con-
ventional elevator control, blended closed-locop DLC, blended open-
loop DLC, and separate DLC. Two aircraft types, a large transport
(C-5A), and a fighter-bomber (F-104), will be used in the evaluation.
The missions to be evaluated are landing, in-flight refueling, and
terrain following. A general pilot evaluation of overall handling quali-
ties will also be made at certain flight conditions. Evaluations will be
made in turbulence and smooth air and without airspeed control. The
primary evaluation will be concerned with the pitch axis.

Numerical (Cooper) ratings, answers to a pilot questionnaire, and
pilot comments {written and oral) will be obtained at the end of each
set of runs. In addition, when a tracking task is being performed,
quantitative data will be taken to evaluate the pilot's performance

of the tracking task. The pilots will be told which configuration they
are evaluating. FEach run will be approximately three minutes long
and each distinct run will be repeated twice.

LANDING TASK
Start each approach with the aircraft trimmed for level flight at
800 feet altitude and on the localizer. You may have to make some

minor trim corrections for computer offsets. Maintain constant
altitude (800 feet), airspeed, and control to the localizer until the
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glide slope needle comes off the peg. Acquire the glide slope and
follow while maintaining localizer and airspeed. At 60 feet altitude
vou will begin the flare maneuver. Information for flare control will
be presented on the flight director. You will be required to fly the
flight director needle to zero. Pitch attitude at touchdown should
correspond approximately to the initial pitch attitude during the level
flight portion of the run. Sheet E-1 gives the evaluation maneuver and
pilot comment check list for this task.

GENERAL HANDLING QUALITY EVALUATION

Start each run in straight and level flight. Some minor trim adjust-

ments may be necessary for computer offsets. In this evaluation you
will be asked to make certain specified maneuvers. Sheet E-2 gives

the evaluation maneuver and pilot comment check list for this task.

TERRAIN FOLLOWING

Start each run in straight and level flight. Some slight retrimming
may be necessary for computer unbalances. After the aircraft has
been trimmed you will fly some simulated terrain following task. A
random flight path command signal will be generated and summed with
the aireraft flight path. This signal will be presented on the flight
director. You will be asked to fly the flight director to zero. Sheet
E-3 gives the evaluation maneuver and pilot comment check list for
this task.

IN-FLIGHT REFUELING

Start each run in straight and level flight. Some slight retrimming
may be necessary for computer unbalances. The error between the
drogue altitude and your altitude and drouge altitude rate and your
altitude rate will be displayed on the flight director. You are to zero
this needle while maintaining a constant heading. Sheet E-4 gives the
evaluation maneuver and pilot comment check list for this task.

COOPER RATING AND CONFIGURATION DEFINITION

Sheet E-5 gives the Cooper rating scale that will be used and an
identification of the control configurations.

PILOT EVALUATION SHEET

Sheet E-6 gives the pilot questionnaire that will be used for each
series of runs.
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SHEET E-1
TASK CARD -- LANDING

EVALUATION MANEUVERS

1.

{(a) Trim aircraft for straight and level flight at 800 feet.
(b) Localizer needle - zero.

(a) Glide slope needle - acquire and maintain to zero.
{b) Localizer needle ~ zero,

(c) Reference airspeed (C-5A--112 knots, F-104--220 knots).

Flare - flare will automatically start at 60 feet altitude -
continue to maintain horizontal needle to zero.

Touchdown - touchdown pitch attitude should correspond
to level flight pitch attitude.

PILOT COMMENT CHECK LIST

10.
11.
12,

Was it difficult to trim and maintain constant altitude?
Was the glide slope difficult to acquire and track?
Was the localizer difficult to track?

Did you consider presentation for glide maneuver
adequate for evaluation?

Was the flare maneuver difficult?

Did you consider presentation for flare maneuver
adequate for evaluation?

Was aircraft damping satisfactory?
Was airspeed difficult to maintain?

Do you have any comments on the stick force and
displacement characteristics?

Was the total task difficult or easy?
Was sink rate easy to control?

Would it be advantageous to have a separate DLC control?
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SHEET E-2
TASK CARD -- GENERAL HANDLING QUALITY EVALUATION

EVALUATION MANEUVERS

1. Trim aircraft for straight and level flight:
(C-5A -- 15, 000 feet and 370 knots)
(F-104 -- 15, 000 feet and 500 knots).

2, (a) Climb 1000 feet at 4000 feet per minute.
(b) Stabilize altitude,
(¢} Descend at 4000 feet per minute to 15, 000 feet
and stabilize altitude.

3. {a) Bank 30 degrees and change heading 30 degrees;
maintaining 15, 000 feet altitude.
(b) Roll out and stabilize new heading and altitude.
4, {a) Bank 45 degrees and change heading 60 degrees;
maintaining 15, 000 feet altitude.
{b) Roll out and stabilize new heading and altitude.
5. In the F-104:
(a) Bank 70 degrees and change heading 90 degrees
maintaining 15, 000 feet altitude.
(b) Roll out and stabilize new heading and altitude.
6. (a) Make a rapid 1-g pull-up, stabilize g's.
(b) Hold for two seconds.
{c} Return rapidly to zero incremental g's
and stabilize g's,
PILOT COMMENT CHECK LIST
1. Is the aircraft difficult tc trim?
2. Is attitude control satisfactory?
3. Is your vertical acceleration response satisfactory?
4, 1Is altitude difficult to hold in turns?

5, Was lateral control a problem?

6. Was there a tendency toward pilot-induced oscillation {PIO)?

106



10.

SHEET E-2--CONCLUDED

Was aircraft damping satisfactory?

Do you have any comments on stick force
and displacement characteristics?

Was task difficult or easy?

Would it be advantageous to have a separate
DLC control?
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SHEET E-3
TASK CARD -- TERRAIN FOLLOWING

EVALUATION MANEUVER

Trim aircraft for straight and level flight.

When simulated terrain is introduced, track by
driving flight director needle to zero.

Maintain constant heading and airspeed.

PII.OT COMMENT CHECK LIST

1.
2.

Were you able to perform task easily?
Was airspeed difficult to maintain?
Was heading difficult to maintain?

Was there any tendency toward pilot-induced
oscillation (PIO)?

What effect did turbulence have on your ability
to perform the task?

Do you have any comments on stick force
and displacement characteristics?

Was information presented on display adequate?
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SHEET E-4
TASK CARD -- IN-FLIGHT REFUELING

EVALUATION MANEUVER
1. Trim aircraft for straight and level flight.
2. Fly flight director needle to zero.

3. Maintain constant heading.

PILOT COMMENT CHECK LIST

1. Were you able to perform task easily?

2., Was heading difficult to maintain?

3. Was there any tendency toward pilot-induced oscillation (PIO)?

4. What effect did turbulence have on your ability to perform
the task?

5. Do you have any comments on stick force and displace-
ment characteristics?

6. Was information presented on display adequate?
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SHEET E-5

COCOPER PILOT RATING SYSTEM

Primary
Operating Adjective Numerical Mission Can Be
Conditions Rating Rating Description Accomplished | Landed
Normal Satisfactory 1 Excellent, includes optimum. Yes Yes
operation 2 Good, pleasant to fly. Yes Yes
3 Satisfactory, but with some
mildly unpleasant character-
istics. Yes Yes
Emergency | Unsatisfactory 4 Acceptable, but with unpleasant
operation characteristics. Yes Yes
5 Unacceptatle for normal opera-
tion. Doubtful Yes
6 Acceptable for emergency con-
dition only. Doubtful Yes
No Unacceptable 7 Unacceptable even for emer-
operation gency condition. No Doubtful
8 Unacceptable - dangerous. No No
9 Unacceptable - uncontroilable. No No
Catastrophic 10 Motions possibly violent cnough
to prevent pilot escape. No No

lraiture of stability augmenter
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DATE

SHEET E-6
PILOT EVALUATION SHEET

PILOT

RUN NUMBER

TEST ENGINEER

COMBINATION

TASK

COOPER RATING

Pitch
Lateral

Overall

COMMENTS:

HOW DID YOU DO?

1. Above Average
2. Average
3. Poor

4. Lousy

111

WORK LOAD?

1. Light
2. Normal
3. Heavy

4. Extreme



APPENDIX VI
PILOT EXPERIENCE
INTRODUCTION

All pilots except one had military flying experience and were currently
flying. The nonmilitary pilot had light aircraft experience and a large
number of simulator hours. Filot experience is summarized in Table XVII,

Table XVII. Pilot Experience

Type of Pilot Experience (Hours)

Alrcraft Pilot 1 | Pilot 2 | Pilot 3 | Pilot 4 | Pilot 5 | Pilot 6 | Pilot 7
Jet fighter or
trainer 2000 2500 150 --- 271 --- 700
Jet bomber -——- --- --- -—- 1470 --- ---
Jet cargo -—- -—- --- 1700 660 --- .-
Reciprocating 1000 --- 3200 1700 720 - 1400
Helicopter -— -——— -—— - 21 ——— ———-
Light aircraft --- - 150 --- --- 100 -—-
Total 3000 2500 3500 3400 3148 100 2100

PILOT RESUMES
Pilot 1

My previous aircraft experience has been mostly fighter F-86, and T-33.
I have about 2000 hours jet and about 800 to 1000 hours of piston airplane,
mostly small airplanes, some Dakota time, and some C-45 time.
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Pilot 2

Personal experience has been limited to single-engine jet aircraft.
I have a total of 2500 hours of which over 2000 are single-engine jet.
The past 10 years I have been flying the F-84.

Pilot 3

[ have approximately 3500 hours flying time. This includes about 600
hours of instrument time and 700 or 800 hours of night time, My experi-
ence has been in the T-33, T-37, and T-34 jet trainers, also about 1800
hours in the C-124, 1200 hours in HU-16's 150 hours in light aircraft,
and 200 hours in the C-47 which [ am presently flying,

Pilot 4

Aircrafts experience includes KC-97, KC-135, C-45, C-123, T-39.
Total time approximately 3300 to 3400 hours and 12 years of flying.

Pilot &

I have a total of 3148 flying hours of which 277 are in single-engine jet;
226 are in the T-33: 48 are in the F-104;: 2-1/2 are in the F-106; and
65 are in the T-38. I have 50 hours in the two-engine T-28. I have
700 hours of reciprocating engine time, in addition to power training
time. This includes 682 hours in the T-47;: 3 hours in the U-3; 3 hours
in the Aero Commander; 7 hours in the B-26, and 5 hours in the B-25,
I have 43 hours in the KC-97; 20 hours and 50 minutes in helicopters
(the 11-19 and the H-13); 6 hours and 30 minutes in a B-57; 10 hours in
the C-141; 1460 hours in the B-47; 650 hours in the KC-135; and 20 or
30 hours in the UH-1 and T-39.

Pilot 6

I have ahout 100 hours of light aircraft time. I also have very large
number of undocumented simulator hours; that is, flying different air-
craft configurations in the AFFDL moving base simulator and in several
of the other simulators located at Wright-Patterson Air Force Base.

I have about 800 hours total time in simulators in the past four years.

Pilot 7

My flight experience consists of about 300 hours of F8U-type aircraft,
300 hours of B-26s, and approximately 800 hours in training command-
type aircraft, both single-engine jet and single-engine prop, 150 hours
in A5A {7) aircraft and 700 hours in C-47 and transport-type aircraft.
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APPENDIX VII
PILOT COMMENTS

These edited comments, in chronological order, were taken pri-
marily from a tape recorder, There were 112 pilot evaluation
gheets, some of which had written comments in addition to Cooper
ratings. These written comments are included here. The Cooper
ratings are summarized in Appendix VIII,

Questions or comments by persons other than the pilot are enclosed
in parentheses. Titles or other information added for identification
are capitalized. The term '""PIO" refers to pilot-induced oscillation.
Run number codes are defined in Figure 43,

PILOT 1, INITIAL COMMENTS ON THE SIMULATION (9/12/87)

First of all 1 think the simulation seems quite realistic, It feels

like a real large sluggish airplane as far as the controls are con-
cerned. There is some question in my mind about the motion of the
simulator. I noted that going into a bank was fine, that the simulator
tipped; but then coming out, the simulator actually tipped the other way
when the horizon was still indicating the bank in the initial direction,
which is a little bit confusing. I haven't resolved in my own mind
whether this is really good or bad, it seems a little unusual to me.

(As a result of these comments, the simulation roll input to the moving
base was changed from 10:1 rate-to-attitude ratio ratio.)

PILOT 2, C-5A GENERAL TASK (9/12/67)

25G2015, 16 (elevator with turbulence)

No difficulty experienced in trim of the aircraft. Didn't appear too far
from normal. The attitude control seemed satisfactory when considering
longitudinal pitch control only. A little difficult when I was combining the
attitude control along with turn. Normal acceleration response seemed
satisfactory except in rapid pull-ups, where it looks like a tendency to
over-control. In other words, it is difficult to lead the point where I
should stop the pitch in the rapid climb-up maneuver. Lateral control
did not appear a problem. Altitude in the turns is difficult if you have

to roll in rapidly or roll out rapidly. If you are given sufficient time

to roll into a turn or roll out, there should be no difficulty in holding
altitude. Is there any tendency toward PIO? It's this point of pro-
ficiency with the trainer. There seems to be a lot of that.
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This could be damped out somewhat with practice with this particular
trainer. The displacement characteristics are difficult depending on
whether or not the maneuver gives you sufficient time to, for instance,
roll in or to roll out of a bank after going through a required amount of
"heading in a turn'. The main difficulty in the total task was due to the
turbulence which limited the amount of feel you could develop for the
maneuvers that were required,

25G3018, 19 and 28 (elevator -- no turbulence)

The aircraft does not appear difficult to trim, The attitude control is
saomewhat easier without the turbulence factor thrown in. Normal accel-
eration appears to be satisfactory. Without the turbulence factor thrown
in again, attitude or altitude is much easier to hold in turns. Lateral con-
trol presented no problem, There is still a tendency toward PIO in the
45-degree bank in maintaining altitude., Displacement characteristics
appeared to be somewhat more normal than what I'm used to without the
turbulence facter thrown in. The task was easier than with the turbulence
factor thrown in.

25G5020, 21 (closed-loop DL.C with turbulence

Attitude control is a little improved over the last run, Lateral contirol is
no problem. PIO is reduced as [ get more practice in the trainer. The
task difficulty was less as more practice is achieved. I noticed very
little difference, if any, over the no direct lift control mode without
turbulence.

25G6022, 023 (closed-loop DLC -- no turbulence)

Attitude control appeared improved. Acceleration response is okay.
Lateral control no problem, With practice, PIO decreases. Aircraft
damping appeared normal., The tasks presented no problem. It appears
that direct lift control does present advantages over a normal system.
I'Ym trying to remember how it was without direct lift control. It seems
like it's easier to hold or establish a satisfactory 45-degree steep turn,
and the initial execution of that maneuver, if begun correctly, is much
easier to maintain throughout the rest of the turn,

25G8024, 25 (open-loop DLC with turbulence)

With turbulence present, attitude control is much more satisfactory with
DIL.C than without DLC., As I have more positive normal acceleration
response, the altitude is much easier to hold in turns than that without
DLC conirol, Lateral conirol is no problem. There is definitely less
tendency toward PIO. The task was less difficult than without DLC,

115



25G0026, 27 (open-loop DLC -- no turbulence)

Trim is okay. Attitude control is definitely more satisfactory than with-
out DLLC, with good normal acceleration response, Altitude is less diffi-
cult to hold in turns. Direct lift control appears to help in initiating
steeper turns such as the 45-degree bank maneuver, There is definitely
less tendency toward PIO. Whether that is because of being more familiar
with this trainer here or not is hard to tell as compared with the DLC
versus no DLC mode. The task is becoming more easy to perform with
the added assistance given by the direct lift control,

2533028 (elevator ~- no turbulence)

There is no difficulty in trim. In attitude control there is a difference
between the DI.C mode and the no DLC mode. It appeared that overcontrol
on the other control (elevator control?) was occurring, especially in the
steeper turns, This is also apparent in the rapid climb where there is
more tendency to overshoot the given altitude. The normal acceleration
response still appeared satisfactory., Again the altitude was a little more
difficult to hold in the initial portion of the bank. Lateral control was no
problem. The tendency toward PIO returned without the direct lift con-
trol, Damping appeared satisfactory, Stick displacement characteristics
are okay. The task is a little more difficult without DLC when you depart
from straight, level conditions or constant maneuvers, The DLC appears
to give an advantage in smoothing out your maneuvers when rapid pull-ups
or roll-ins into steep banks are required.

PILOT 3 C-5A GENERAL TASK (9/13/67)

35G2029, 30 (elevator with turbulence)

Stick force ig light, Following through the maneuvers, first of all we made
an altitude change of 1000 feet at 4000 feet a minute rate of climb; then we
stabilized and descended back to 15, 000 feet at 4000 feet a minute and
stabilized again, Then we made a 30-degree turn at a bank angle of 30
degrees. The fourth maneuver is a 45-degree bank angle to a change of
60 degrees in heading, and the last maneuver is a pull-up for two seconds
after which we obtained level flight and reverted back to initial conditions,
The aircraft is not difficult to trim in normal flight, It's a little touchy

in the control, I think it reacts quite fast, so I haven't been trimming
well in a turn because of the response that is there already. Altitude is
not hard to hold in a turn. I would say there is moderate turbulence, with
the needle fluctuating 80 1o 100 feet at the peak gust as it is now, Lateral
control is not hard to maintain because there is no side load. At least it
feels like there is no side load with no rudder control, I think that's quite
easy because of the sensitivity of the control to get part of the yaw oscil-
lation if one is abrupt on the controls. I would rate the task as not hard,
although not easy either.
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35G3031, 32 {elevator -- no turbulence)

Without turbulence it was a lot easier to handle, The stick force is stili
extremely light, It doesn't take much of a movement to change one- to
two-thousand feet rate of climb, which seems a little too light compared
with the aircraft I've flown., Maintaining altitude and heading is much
easier. [ average about t50 feet on altitude during both 30 degrees and
45 degrees of bank, Airspeed doesn't fluctuate as much either direction,
The aircraft is quite easy to trim, and it doesn't take any trim going in
the turn., The stick force is probably quite light, Attitude control is
satisfactory., Lateral control tends, even when it looks like it's straight
level flight, to drift a little to the right, but I think it's this one needle
offset that gives a false indication of left turn anyway. Because of the
light stick force, I think probably it!s still possible to put in pilot-induced
isolations. It doesn't take much stick movement to get 4000 feet a minute,
either climb or descend, maybe something like one to two inches at the
most, I would say the task was relatively easy with no turbulence,.

35G5033, 34 (blended closed-loop DLC with turbulence)

The turbulence appeared to be less., There was less fluctuation on the
altimeter and it was easier to control. The stick force is still light and
still a little sloppy in the neutral position. The mission is getting easier.
The directional control was easy. The altitude control was, [ think, more
rapid, In other words, it gained 1000 feet quicker than before. On de-
scending, it was easier to control the rate of descent than it was the rate
of climb, I think DLC probably damps the turbulence a little bit, and the
task, I think, is rather simple, I think the aircraft was easier to handle
as far as the climbs and descents are concerned, It is quite easy to get
to steady rates and to hold. I have been holding about 14, 000 feet until
about 150 feet prior to level-off altitude and coming on back; it seems to
blend through quite well. I am still not trimming while turning or climbing
because it takes a thousand feet just to put the trim in., By the time the
trim is in, you take it back out. Altitude is quite easy to hold within £50
feet. The task is quite easy, and I think that if it were possible to put
more force on the stick, it would probably be more realistic, although the
aircraft simulator handles quite well, Lateral control is better, now that
I've become used to the one needle sticking off at an angle,

35G 6035, 36 (closed-loop DLC -- no turbulence)

This was very easy to handle, although pitch is still sensitive.

35G8037, 38 (open-loop DLC with turbulence)
With turbulence, I think there is a tendency to get a slight pilot-induced

oscillation with light stick force, This tends to make an altitude control
a little bit unstable. Other than that, it was a pretty good run, Lateral
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control is no problem at all. There wasn't quite as much damping on the
turbulence this time, as with the closed-loop DLC, and the stick force is
still light, The task is the same with or without turbulence; it is quite
easy. Compared with the closed-loop DLC mode, the turbulence is more
effective -- at least there tends to be more oscillation on the altimeter,
probably twice as much. I think closed-loop DLC tends to damp out the
turbulence, whereas the open lcop is either lagging behind or is not
damping at all, Concerning control of the aircraft, the biggest factor is
the turbulence itself, With the open loop, the turbulence being more
effective, the altitude is more critical to hold. Therefore, it is harder
10 maintain altitude and heading with open loop as compared with the
closed loop. I think the time to get to a 1000-foot altitude change is prob-
ably quicker. I think it's easier to stabilize with either closed loop or
open loop than it is with just elevator control,

35G9039, 40 (blended open-loop DLC -- no turbulence}

There seemed tc be some oscillation at the 4000 feet per minute rate of
climb. This appeared to be pilot-induced about 600 feet plus or minus
either side. Descent was better. Altitude control was a little sloppier
that time, mostly pilot-induced, Altitude in the turn is still easy to con-
trol, Lateral control is easy. I think as time goes on the tendency toward
pilot-induced oscillation will probably increase as time staring at the
gages increases. I would still rate the task as easy, and stick force is
light, (Do you think you would have this PIO if you didn't have this low
force gradient around center on stick?) I don't think so. I think you
would be faster on the control, and you can watch a little closer. As it

is now, you just think about a climb and you have a tendency to maybe
just pull it back or think you're pulling it back and it's already climbing
up maybe one or at least a thousand feet per minute, or maybe 1500, It's
kind of like flying a helicopter, You think about moving to the left and it
moves. (How would you compare the three configurations that you have
just flown?) Okay, meaning open loop, closed loop, and conventional
elevator only. The closed loop was by far the easiest to fly and maintain
both rate of climb and altitude, and altitude in the turns. The closed loop
is much preferred over the open loop and both are preferred over elevator
alone. It takes less time to climb (1000 feet) with DLC, At least I think
it does, I haven't been timing it, but it appears that it doesn' take as
long.

35G11041, 42 (separate DLC -- no turbulence)

It keeps one very busy centering; first of all you bring in the control and
bleed it off to zero, maintaining let's say 4000 feet a minute rate of climb.
Then you bring the control back in as you start down to level off and again
bleed it off to zero as you come back with the elevator control, It's hard
to coordinate and to know how much control you need for such a short or
small change in (1000 feet) altitude., For 2000- or 3000-foot altitude
change it might be easier to know how much to blend in. The DLC is not
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needed for turns. Elevator control is plenty effective., You can't tell

from degree or increment on our dial the effect of DLC as compared with
elevator alone. I did not use DLC for the turns and only used it for altitude
changes. When one has to keep an eye on the dial for DI.C and on the rate
of climb in the altimeter, as well as trying to watch the airspeed, I think
it's easier to get pilot-induced oscillations, Once you get up to 4000 feet

a minute rate of climb, you then take out the DLC, starting the rate of
climb back down. By the time it staris down and you start back on the
elevator control again, you are little bit behind it, and it tends to produce
an oscillation., DI.C was not used to hold altitude in turns. The task goes
from an easy task to a moderate one, as far as work to be done all at once.
I think a good configuration would probably be to have the DLC spring-loaded
to a neutral position so that it could be bled off automatically, and not have
to watch the dial to find out if it did go or if you have to zero DLC when

you would hope to have it there. In other words, start back on the ele~
vator conirol, get 4000 feet a minute rate of climb, release the control,
and give it a rate bleedoff back to zero. Then one just has to worry about
the elevator maintaining the 4000 feet per minute rate of climb.

Concerning having an independent control, I don't see any advantage. I
think it was much easier when it was in the closed loop., It's a lot easier
to fly. I would say that it's at least twice as hard to fly with a separate
control, Maybe with more practice one could see a greater benefit in it,
Right now I would say it's much easier to have a blended control.

PILOT 2, C-5A GENERAL TASK (9/13/67)

25G11043, 44 (separate DLC -- no turbulence)

There was no difficulty in trimming the aircraft, The attitude control is
unsatisfactory when using the separate direct lift control, in that throttle
control is required almost simultaneously when you make pitch changes
such as climb or rolling in turns, In order to maintain altitude, and then
being required to move from throttle to the separate DLC control, makes
for unsatisfactory operation. Normal acceleration responds satisfactorily,
If separate DLC is used, it is difficult to hold altitude in turnsg, especially
at the start of the turn where coordination between throttle and control
stick is required. Lateral control did not appear to be a problem, There
was a tendency toward PIO when attempts were made to use separate DLC.
Damping is satisfactory. Stick displacement characteristics are okay.
The task was somewhat more difficult when attempts were made to use
DLC separately. If some method of providing the separate direct 1lift con-
trol, such as has been devised for our normal trim operation on a control
stick, can be devised to be combined with the control stick, it would help
the operator quite a bit in smoothing out and coordinating any maneuvers
such as rapid climb or rapid roll in due to a turn. Any device that does
not require additional hand movements would help tremendously,
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2516045, 46 (closed-loop DLC -- no turbulence)

The task was relatively easy. No problem arose in maintaining heading.
There was little to no tendency toward PIO,

2515047, 48 {closed~loop DLC with turbulence)}

The task was relatively easy, with no difficulty in maintaining heading,
There was just a slight tendency, when atiention was relaxed, toward
PI0, and corrections were made back to stabilized conditions, The effect
of turbulence was that it took a little more concentration to maintain
attitude, but other than that, it didn't present any major difficulty.

2518049, 50 (open-loop DLC with turbulence)

The task was a bit more difficult to perform than with closed-loop DLC
and still maintain the horizontal needle zero. There was no problem on
heading. There was a slight tendency toward PIO in trying to maintain

the horizontal needle zero, The turbulence in this case required more

concentration and more work to maintain the stabilized condition.

2512051, 52 {elevator with turbulence)

The task was difficult in that much more concentration was required to
maintain the zero horizontal needle zero deflection. The heading did not
present a problem. There was a tendency toward PIO in trying to main-
tain the zero horizontal deflection, The turbulence increased the tendency
toward PIQ, which made it a little more difficult to maintain the horizontal
needle in zero deflection,

2513053, 54 {(elevator -- no turbulence)

The task was performed easily, without much difficulty. There was no
problem in maintaining heading. There is still a tendency toward PIO if
the deflections on the horizontal needle would be three to four bar widths
from the center dot.

2519055, 56 (open-loop DLC ~=~ no turbulence)

The task was performed without difficulty as long as the corrections to
zero needle deflections were maintained two bar widths or less, Beyond
that, the task tended to be a little more difficult, Heading was maintained
without difficulty, There was a tendency toward PIO if the deflections
were more than approximately £3 bar widths. The turbulence required
more concentration on the part of the cperator to maintain the desired
accuracy.
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25111057, 58 (separate DLC -- no turbulence)

The task was more difficult with separate DLC, In this case, the hand
motion to feel the effect was greater than the hand motion of the control
stick, which felt somewhat awkward. There was no difficulty in main-
taining heading., There was a tendency toward increasing IPO when sep=-
arate DLC was used. Stick force and displacement characteristics
appeared okay., Separate lift DLC may prove advantageous if a means is
found to reduce the hand movements that are necessary in the setup in the
simulator and also a means of determining how much DLC is being applied
visually and located so it will not distract from the primary instruments
that are being monitored to maintain the proper attitude,

Comments on Four as a Group

The choice would go to blended open-loop DLC. Separate DLC was, I
felt, at the bottom as far as any advantages to the operator. No DLC
with just elevator alone was better than having separate DLC in the simu-
lator as it exists. Correcting my ratings, my first preference is blended
closed-loop DLC, Second choice is blended open-ioop DLC, and third
choice is elevator alone. Separate DLC is the last choice,

PILOT 4, C-5A IN-FLIGHT REFUELING TASK (8/14/67)

4515059, 60 and 61

I didn't find any difficulty in maintaining position on the bar itself, How-
ever, the airspeed, I think, is unusual and peculiar to the simulator, and
in a normat flight situation, it wouldn't vary that much with that small of
an altitude change., At one time there was about 50 knots variation, and
not quite 100 feet of altitude throughout the whole three-minute period. 1
think this is an unusual situation, and, at first, it was a little annoying that
vou couldn't pin down the airspeed. At first it shocked me because it was
holding level for some time. Then all of a sudden it shot up and, because
it did shock me, I was distracted from the pitch control, The pitch con-
trol, itself, seemed to be no problem at all,

4513062, 63

This is the second in the series; I believe the firgst was better. The task
wasn't difficult at all. The pitch horizontal bar seemed to be less sensi-
tive than the first two runs that we made, and the aircraft response seemed.
to be slower, not as effective, but it did seem smoother ~- apparently not
as much turbulence. Heading was no problem at all. I was told that there
wasn't any turbulence in these last two runs, although there seemed to be.
The information displayed was okay. They say the aircraft seemed to
respond a bit more slowly, but again perhaps more smoothly too. So how
do you rate pitch in that situation, I don't know. I think it's still very good,

121



4512064, 65 (elevator with turbulence)

I think maintaining pitch and heading was relatively simple and not much
of a task at all, There were no PIO tendencies. Turbulence doesn't seem
to effect it that much. I don't think I have a tendency to chase the needle
that much. I think the information displayed was okay. Perhaps I'm
slowing down my cross checks somewhat. I feel that I should be able to
maintain a closer relationship with the pitch bar.

4516066, 67 (closed-loop DL.C -- no turbulence)

All conditions and responses were satisfactory.

4519068, 69 and 4518070, 71 (open-loop DLC)

I think the task was fairly simple; it didn't require much effort, I think
perhaps the cross check is a little slower, and it seems that perhaps the
flight controls were a little less responsive on that run. Then again, this
might be my own reaction that is slowing down too,

45111072, 73 (separate DL.C -- no turbulence)

I didn't see any advantage in separate DLC, In fact, at times it was a
handicap when speed had to be adjusted. I tried to ease it in conjunction
with the elevators and I found that actually my attempts to maintain the
horizontal pitch attitude on the bar was a little more difficult, I think by
concentrating on elevators alone, I could have maintained the relative
motion more easily, Certainly airspeed could have been handled better,
Speaking of airspeed, I think again it was out of proprotion. I was climb-
ing and maintaining 62,5 percent and still the airspeed remained at 385
for a period of, I would say, greater than a minute, which shouldn't have
been the case. Other than that, I see no advantage to the flaps, at least
not on this test. (Would you comment now on all four -- comparatively?)

I didn't know which was which at the time, The difference, I think, is so
slight. I think your difference would have to be seen from the means of
absolute value data, I didn't think that I could really tell the difference.

At times, I was getting a little more tired. Other times, I just wasn't
interested in getting right to the pitch bar. At other times I was interested
in getting to that point immediately; at other times my cross check was
glow. I think that probably would have been my best run, but then, again,
your results indicate that it was not. .

My opinion of the overall ease of handling and the results you get out of it
is that it is satisfactory. I found no difficulty at all, I think if you were
flying in ILS with that pitch bar with that sensitivity, some other things
demanding exactness wouldn't have any difficulty at all. (Did you find any
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advantage of one control configuration over another?) From the feel of
the control, no. As I say, the difference among them is so slight that I
can't see the advantage of one over the other. That doesn't mean there
isn" an advantage., You have to check the mean of absolute value results
on that. I don't think there is any extreme workload on any one of them,
The pitch bar, I thought, was easily handled.

PILOT 3 F-104 GENERAL TASK (9/15/67)

34G6074, 75 {closed-loop DLC -- no turbulence)

Aircraft altitude is hard to maintain, Pitch attitude is very sensitive to
stick movement, especially at these airspeeds, Altitude in a turn over
30 degrees is quite hard to hold as is airspeed. I think the throttie lags
a little bit for putting in airspeed, Airspeed is hard to keep up with.
Lateral control is not too hard to maintain for pitch changes only, and the
vertical velocity is quite sensitive in all modes, both in turns and in
altitude changes. The stick force is very light again, and the task has
gone to a moderate task, I believe, because of the airspeed in this con-
figuration. It's quite easy to get a pilot-induced oscillation in the pitch
axis. Altitude is rather difficult to hold in turns,

34G3078, T7 (elevator -~ no turbulence)

In the 70-degree bank angle, it was not possible to hold airspeed and
maintain altitude, even with full throttle. Altitude is still hard to hold in
turns, Pitch is very sensitive, As you increase the bank angles, pitch
becomes even more critical, It is not logically possible to end up at the
correct heading turning to the left, although to the right there seems to

be no great problem. There might be a slight overshoot, but yet the angle
changes as much as 10 degrees on the heading. Lateral control during
pitching maneuvers is not difficult to maintain, but airspeed is very sensi-
tive, as is pitch. In all conditions, I think, PIO is quite prevalent,

(These next runs were made to see if, by flying out-of-trim, the stick
stop at zero force could be avoided. )

34G3078 and 34G6079 {elevator and closed-loop DLC -~ no turbulence)

These last two runs were made with an in-trim condition. We actually

had to hold back stick pressure to maintain altitude. This was to alleviate
the sloppy position of the stick and to see if we could get rid of some of

the oscillation that was due to the sloppiness of the stick. Altitude changes
were easier, I think, because setting a rate of 4000 feet a minute appeared
to be easier than before, althouﬁh now it comes down through zero. At
least I had a tendency to think, "okay it's going to be neutral", and it
wasn'., Because of that, I think, I had some oscillation in maintaining an
altitude. With direct lift control blended in, it was possible to maintain

70 degrees of bank and altitude and also to maintain about 500 knots
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airspeed, which was not possible without DLC, I made two runs with the
70 degrees of bank because I really messed up the first one. I did not
trim the aircraft though, either in the turns or in altitude, but just held
steady the trim that was set in the beginning to keep it out of the neutral
position. Vertical velocity and pitch are still quite sensitive, and any
movement at all tends to create a little oscillation. Lateral control is a
bit of a problem, I can now see that pitch tends tc change attitude some-
what, maybe three or four degrees, when you go into about 45 degrees of
bank. Just by changing the pitch while in a bank, you can see that the
rate of change in the heading also changes a little bit. Of course, there
is quite a bit of stick force pressure coming up to get a positive rate of
climb and to go down to a negative rate of climb when there is also no stick
force pressure -- that's about how much trim is in there. The task is
gtill about moderate, and blended DLC seemed to be easier to control
than with conventional elevator. (Pilot 3 did not complete this task on
this date. Task was completed on 18 September 1867,)

PILOT 5 C-5A TERRAIN FOLLOWING (9/16/67)

55T5080, 81 (closed-loop DLC with turbulence)

I found that it was a little difficult to maintain airpseed because the pitch
and acceleration commands I received on the pitch steering bar were of
moderate intensity, and I was found climbing and diving at 20 degrees.
Therefore, airspeed varied considerably, and I found that I was spending
a lot of time cross checking the airspeed with appropriate power settings
and, of course, this being a big airplane, a power lag was evident because
of the requirements to accelerate the mass, This seemed to detract
somewhat from the ability to center the pitch turn bar, The task wasn't
difficult. I think I made an average run.

55T2082, 83 (elevator with turbulence)

This run was, I would say, considerably more difficult if you want to
differentiate between considerable and extreme. It was more difficult to
control pitch because I had to integrate the pitch rate to stop the steering
bar on the dot. Therefore, I tended to be slower in responding in order
to alleviate a tendency to overshoot. If the condition was more difficult
to fly than the other, it was not nearly as accurate as the other. 1
wouldn't consider it unacceptable performance, I think that you could
complete a mission like that, but certainly the performance was degraded
from the initial performance, primarily due to the tendency to overshoot
or to slow in correcting to the pitch bar so you wouldn't overshoot. When
trying to respond to corrections on the pitch steering bar, the airplane
has a tendency to overshoot. (By pitch do you mean the ball?) The dot,
For example, in a pitchover, the pitch steering bar would show in some
cases a congiderable deflection, and I would abruptly pitch over, But I
would have to begin the recovery from the pitchover in some cases before
the pitch steering bar moved the correction to center the dot (with the pitch
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steering bar) because I knew that I would overshoot if I held the correction
in until it came up. There are two ways to fight that, One is to let the
pilot learn how to anticipate it, and the other is to change the gain in the
pitch steering bar so that you can see the response sooner -~ then in
minor corrections you have a tendency to overcontrol,

55T8084, 85 (open-loop DLC with turbulence}

Probably the workload was considerably reduced here because overshoot
was not as apparent, although I did see overshoot. I had a tendency to
disregard it, and correct from the error after a large response. In other
words, I would make a correction to what would seem to be the proper
value and, although I know there would be some overshoot, I was too busy
to try to integrate it since it didn't seem to be sufficient magnitude, I
could make a second correction back to the center of the board and the
dot. Attention to the pitch steering task was not as great a magnitude as
in the previous task, and therefore I was able to pay more attention to
heading and airpseed than I did before, I think with practice you could
probably tighten up the pitch loop and make a flight very accurately.

This task was more difficult than the first one, slightly more than the first
one, I thought. (The first task was blended closed-loop DLC, and the task
just prior to this one was the conventional elevator. This was the open-
loop DLC task.)

Of the three turbulence runs, closed-loop DLC was by far the easiest to
fly, and the response of the pitch steering bar relative to the dot on the
attitude indicator was easier to control. It seemed that I could directly
place the pitch steering bar on the dot without having to consider the
ramifications of overshoot or undershoot, The next easiest system to
control was open-loop DLLC, It was more like that of the closed loop than
it was of the straight C* (elevator control) system without any DLC. It
seemed that in the second system, open loop, I noted some tendency for
the dot to overshoot after I had removed control pressures., In the third
setup without DL.C, there was a considerable tendency to have the dot
overshoot the pitch steering bar or, if you wish, overcontrol, and I had to
ease up on the gain so that I would not do this.

55T9086, 87 {open-loop DLC -~ no turbulence)

In this task, I tried to tighten the pilot's loop since the turbulence was
out. I was able to make direct response from what I saw in the attitude
indicator pitch steering bar and, in addition, to the seat of the pants. 1
found that I could fly fairly accurately by using the magnitude of the
distance between the dot and the pitch steering bar as an indication of the
magnitude of the input required and then removing the input as soon as the
pitch steering bar started to move. With practice this task could be
flown much more accurately with turbulence.
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55T3088, 89 (elevator -- no turbulence}

The learning curve for this task had a rather large slope initially, The
pilot loop could be tightened considerably such thzt, with one more
practice run, I would estimate that maximum deviations from the pitch
steering bar would probably be two or three units, with a mean of one,
and airspeed control could be controlled within five knots or less, except
for the very large attitude deviations where you don't have enough power
to control it.

55T6090, 91 (closed-loop DLC -~ no turbulence)

This was a very easy task when compared with the rest of them. The
pitch steering bar was flown within approximately one bar width except
for very large changes in attitude or when attention was diverted from the
pitch task for such things as times when I caught myself staring at air-
speed and roll attitude, I thought this was a very easy task and, of
course, I have learned the system much better now than I had initially.

I think that has a lot to do with the more accurate flying.

55T11092, 93 (separate DLC ~-- no turbulence)

Ag you stated, this task is not designed properly. Unsatisfactory mechani-
zation of the task makes it even more difficult than it would normally be,

A better configuration, one for two-handed people though, would require a
lot of practice so that the cross check could be improved, Even then, 1
would estimate that a moderate to poor response would be obtained because
you have attention divided into several additional areas. I think perhaps

a mechanization which would incorporate lift response with the stick for
this task would be more satisfactory. (Would you comment now on the
group which you have done without turbulence?) Okay, if you wanted to
optimize the learning curve, it would be best to l2t the pilot fly the non-
turbulence group first. That way, you could evaluate his experience more
easily., When you add turbulence, there are other factors that you have

to consider in response. He could learn to fly without turbulence and then
take that experience and add it to turbulence. I think you should do it both
ways. I now find that the task was not difficult at all without turbulence,.
Disregarding the task with separate lift stick, all three modes were easy
to control and, with practice, you could become quite accurate with it. I
did not notice the tendency to overshoot toc be as great, even with the
manual mode. Although I could distinguish between the three, I thought
that closed-loop DLC was by far the easiest to fly of the three. The second
best was open-loop DLC and the third was complete manual,

(How does this motion simulator feel to you in this task? I think the initial
accelerations are too big., While we were practicing after the apparent
malfunction, just a very small movement of the stick would give me a
pretty good size acceleration feeling, and I think maybe you could slow
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that down so that you get more realistic feel. I was getting all my move-
ment from the play in the stick, After I went through the sloppy zone and
into the zone where there were increased forces, the thing had already
washed out and that's where I think you would begin to feel more accelera-
tion,

PILOT 6 C-5A TERRAIN FOLLOWING (9/16/67)

65T6094, 95 (closed-loop DLC -- no turbulence)

Heading was not sensitive enough. I question the power change required
to maintain airspeed while following terrain, I'm putting some lead into
pitch command while tracking bar. Longitudinal motion is okay but lateral
doesn't seem natural,

65T9096, 97 (open-loop DLC ~- no turbulence)

Pitch required slightly greater work concentration, Autothrottle leading
attitude change commands would probably make holding constant airspeed
easier in following terrain.

65T3098, 99 (elevator -- no turbulence)

Pitch excursions {command signals) seemed larger., I still feel too much
throttle is required to hold airspeed. It's more difficult to track the bar
~-- fransients occurred during the run.

65T11100, 101 (separate DLC -- no turbulence)

(Motion system malfunction after run 100. Run 101 was fixed-base.)
Lack of motion makes it slightly more difficult to fly. I do not like this
configuration -~ it's too difficult to hold airspeed, I get behind it, It's
easier to track the bar than with elevator only.

(You've had a chance to try all four combinations without turbulence. How
would you compare the four?) The task with closed-loop DLC was relatively
easy. [ would say it was not easy, but it was easier than it was with the
other configurations, Airspeed was somewhat difficult to maintain, but I
feel that was due more to the amount of throttle travel required from stop
to stop, to hold it, rather than to a fault in the system. Heading wasn't
difficult to maintain, There was no tendency toward PIO, Stick force

and stick displacement seemed okay, although there was a little more
stick pressure than I personally like. I think the displayed information
was suitable and apparently had some lead in it, since there wasn't too
much overshoot occurring, Perhaps the lead was due to my tendency to
lead instruments after spending a lot of time in simulators. I have that
habit, I don't think, based on the task flown, that a separate direct lift
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control does anything or would be worth having. 1 prefer not to have it,
I would rate the configuration in the first pair of flights as significantly
improved over any of the others. I would say that the second configura-
tion flown is perhaps half way between the first and the last two, and I
would say the last two are about equal and not very good. (The first was
closed-loop DLC, the second was open~loop DLC, the third was conven-
tional elevator, and the last was separate DLC.)

6578102, 103 (open-loop DLC with turbulence)

This was essentially equivalent to same case with no turbulence, but had
greater excursions in bar and slightly greater difficulty holding airspeed.

65T104, 105 (elevator with turbulence)

A great deal of concentration is required in order not to get too far behind
the bar or zirspeed. If other simultaneous tasks were introduced, I feel
this condition would be difficult tc fly.

65T106, 108 (closed-loop DLC with turbulence)

This was significantly easier to control than other configurations with
turbulence. On the first run I got behind airspeed and couldn't bring back.
I feel this is the throttle setup. 1! appeared that commanded attitudes
were much larger than other runs without turbulence,

(Would you compare these three configurations you've just flown in tur-
bulence?) Again, I would say that the configuration with DLC was signifi-
cantly easier to fly than the other configurations., I far preferred the set-
up with the normal acceleration feedback as part of the DLC loop. I still
feel that I question the amount of throttle movement required to track air-
speed. To me, the problem became quite severe in this setup where
turbulence was also included. Several times I had to throttle against
either stop for a significant period of time, I couldn?t keep up with air-
speed. Perhaps it's my piloting technique, but in tracking airspeed it
seems to be difficult not to get behind it. It may be due to slow throttle
response on my part, I'm not sure. There is a generally noticeable dif-
ference in workload; let's say flying turbulence against the no turbulence
conditions. There is more to do with turbulence introduced. In main-
taining heading, I didn't really notice much difference between any of the
three different modes. With me in the loop, there were times when I felt
I was on the verge of coupling with the long-period motions of the aircraft,
As I gsaid, turbulence just made it harder to fly. Again, I felt that stick
forces were higher than I personally like, although I guess they are satis-
factory for a big heavy airplane. Information on the display was adequate,
I think the significant thing is thal there is obviously a difference between
DLC, especially with the accelerometer feedback, versus just pure ele-
vator control, I think it's significantly easier to fly with DLC,
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PILOT F-104 GENERAL TASK CONTINUED FROM FRIDAY,
9/15/67. THIS IS MONDAY, 9/18/67

(First runs will be 34G6109, 110, which repeats runs made on 9/15/67,
No comments. )

34G9o111, 112

I just finished combination nine, This was done with a trimmed aircraft
as compared to the other day working the complete run and flying it out-
of-trim to get rid of the neutral condition, Today it is the trimmed air-
craft and all flight conditions are flown with this in~trim situation, I was
unable to maintain airspeed in the 70-degree bank angle with this open
loop, whereas in the closed loop it is possible to maintain airspeed. When
stabilizing at either 4000 feet rate of climb, one tends to put in PIO at
the limits because of the fast acceleration to these limits, In other words,
you're going to 4000 feet rate of climb quite rapidly and tend to overshoot,
and then the stick being as sensitive as it is in the pitch mode, there is a
tendency to put in some PIO, I think the task without turbulence here is
light, easy to normal, and in the open-loop heading tends to be more
critical than it was either in the closed loop or in the elevator only. It
takes more power to fly open loop than it did closed loop, but this might
be something with the trainer, I don't know.

Commenting on the configurations without turbulence, I think that the
closed-loop DLC has many possibilities, For instance, I think it takes
less power to fly. This may be because one does not tend to throw the
controls back and forth quite as much; therefore, this does not induce
quite so much drag. Airspeed is easier to maintain in closed loop; head-
ing is also easier to maintain in closed loop. Altitude is as easy to
maintain, and I think that rate of climb and descent are easier to stabilize
in closed loop. I would say that the task is easier in closed loop also
because of being able to maintain the limits that you are trying to set.

The throttle is a bit slow, I think for an F-104, if you shove it 20 percent,
that you should get more response in airspeed; you should get it imme-
diately.

34G113, 114 (open-loop DLC with turbulence)

The turbulence, with the slight stick force, tends to set up a PIO, In
other words, when you try to establish a 4000-feet-per-minute rate of
climb, it will tend to set up PIO every time you try to change into a new
stabilized condition, The turbulence probably varies about 50 to 75 feet
on the altimeter at peak gust, and with turbulence, airspeed went com-
pletely wild in the 70-degree turn, I think it went as low as 400 knots,
That's with full throttle and maintaining altitude. The aircraft is just as
easy to turn, turbulence or not, and the altitude tends to jiggle around a
bit, but it maintains a rather steady 15, 000 feet, I think the altitude
becomes more critical in turns with turbulence mostly because the induced
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oscillation tends to make you overcorrect or undercorrect and the pitch
force, being light, tends to make it easier to do this., The task, with
turbulence, is more difficult, I would say, than without, only because of
the PIO that is induced,

34G5115, 116 {closed-loop DLC with turbulence)

The aircraft handles better with closed loop than open loop, Bank angles
are hard to hold over 45 degrees -- very sensitive, I was unable to main-
tain airspeed at 70-degree bank angles -- it is worse to the right, The
task is light to normal and the aircraft is quite easy to trim in all attitudes
and altitude control is not too hard,

34G2117, 118 (elevator with turbulence)

The aircraft is very sensitive in pitch and heading with turbulence, and
is very prone to PIO, I am still unable to turn to the right with banks of
70 degrees.

PILOT NUMBER 3 F-104 GENERAL TASK (9/18/67)

243119, 120 (elevator -- no turbulence)

Attitude is more sensitive than what I'm used to, so I would have a ten-
dency toward PIO on attitude changes where a large displacement is
required, Vertical acceleration response seems satisfactory, Lateral
control did not appear to be a problem. Regarding the stick force and
displacement characteristics, they are slightly different than what I'm
used to, but I'll have to assume that they are close to what the F-104
requires. The tasks did not appear to be too difficult,

24G6121, 122 (closed-loop DLC -- no turbulence)

Attitude control is significantly improved. Vertical acceleration response
is very satisfactory., Much less difficulty was experienced maintaining
altitude during turns, Lateral control did not present a problem, The
tendency toward PIO was decreased to the extent that there was very little.
Stick force and displacement characteristics appeared favorable., The task
was much eagier than the previous task.

24G9123, 124 (open-loop DLC -- no turbulence)

The attitude control was just about the same as in the previous run,
Vertical acceleration response was very satisfactory, as in the previous
run., Altitude was somewhat difficult to hold in the last six percent of the
steep turns, Lateral control about 90 percent of the time did not appear
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a problem. There was little tendency to overcontrol in steep turns,
There was also a tendency toward PIO, especially in rapid pullups,
Stick force and displacement characteristics appeared okay. The tasks
did not appear difficult to perform.

Comments on Three Relative to Each Other

The first mode (elevator control} was more difficult than the last two,
There was hardly any difference between the last two that I could detect in
performing the maneuvers required,

24G8125, 126 (open-loop DLC with turbulence)

Attitude control is satisfactory, even though turbulence was thrown in,
Vertical acceleration response was very satisfactory, Altitude was gen-
erally held without difficulty in turns, except during the last portion of
the turn, say the last 40 percent or so, Lateral control was not a prob-
lem, except for overcontrolling slightly in rolling out of a steep turn,
Turbulence produced a tendency toward PIO, somewhat more than without
turbulence. Stick force and displacement characteristics appeared okay.
The tasks did not appear to be too difficult to perform.

24G2127, 128 (elevator with turbulence)

Attitude control required more work to maintain the proper attitude.
Vertical acceleration response was not as satisfactory during the recovery
from a rapid climb or descent, Altitude was somewhat difficult to hold,
especially in rolling in and rolling out of steep turns. Lateral control did
not appear to be a problem, except when rolling in and rolling ocut of a
steep turn, There was a tendency toward PIO during recovery or when
initiating rapid climb or descent, Stick force and displacement charac-
teristics appeared okay. The task did not appear too difficult to perform.

24G5129, 130 (closed-loop DLC with turbulence)

Attitude control wasn't too much of a problem for straight and level flight
and for moderate turns of 30 to 45 degrees. Beyond that it was a little
difficult to maintain a proper attitude, more so rolling out than rolling in-
to a steep turn. Vertical acceleration response is very satisfaciory as
compared without the DLC mode, Altitude was again difficult to hold in
the last portion of the turn and during rollout., Rolling in, in the first
part of the turn, didn't seem to present any problem, Lateral control
was generally no problem except when rolling out of a steep turn, I
tended to overshoot or overcontrol, Tendency toward PIO was at a mini-
mum, Stick force and displacement characteristics? Here again I have
been describing them as okay or normal. I really have nothing to com-
pare them with, other than the aircraft that I'm current in, In that
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regard they seem satisfactory. The task was relatively easy to per-
form. Little work was required except in rolling out of the steep turn,
Other than that the task was relatively easy,

Comments on the Three Controllers in Turbulence

As far as open- or closed-loop DLC is concerned, I didn't feel too much
difference, especially in turbulence, The main difference was between
those two and the elevator conirol only. The difference was noted the most
in establishing climbs and descents. It was much easier to establish the
4000-feet-per-minute rate of climb or descent using the DL.C modes as
opposed to the elevator alone, It was definitely easier to hold altitude in
turns with DLC, Here again, I couldn't notice too much difference be-
tween the open~ and closed-loop modes.

(How does the motion feel to you? Do you think that the motion you feel is
adequate, is it a good cue as to what you are doing, and does it give you the
feeling you should get as far as turbulence is concerned?) The turbulence
induced in the simulator is normally not felt to a great extent, It appeared
light to moderate. The longer you experience the turbulence the more you
tend to describe it as moderate to heavy, whereas, for short periods of
time, it will be light to moderate. I consider the motion of the simulator
of secondary importance as opposed to the movement of the instruments,
or response of the instruments with respect to throtile movement, stick
movement, g application, This is the thing I look for to set myself in a
realistic atmosphere. I iry not to pay too much attention to the motion,
because we're trained to disregard it to aveid spatial disorientation, I
concentrate on instrument response with respect to throttle or stick
movement, In fixed-~base, I believe you can get just as good response
from an operator, if given a realistic response from the instruments. To
really get an effective overall feel, the simulator would have to bank to
the extent that you are banking, In high banks, from 45 up to 70 degrees,
you should probably have to experience the g-forces too., So just the bank
alone for the high banks is, I believe, not sufficient, and I believe you can
do just as well without the motion when you go into these high banks, I
you are making shallow turns where you are nof required to go in rapidly,
the relative motion produced by this simulator does help.

PILOT 1 F-104 TERRAIN FOLLOWING TASK (8/19/67)

14T6131, 132 {closed~loop DLC -- no turbulence)

(According to the checklist, were you able to perform task easily?) I
found the task quite difficult, In other words, the erratic movement of
the horizontal bar was such that I was not able to anticipate where it was
going or how far it would go, so that it was difficult to keep it at zero,
(Was airspeed difficult to maintain? Airspeed was not difficult to main-
tain except when there was a prolonged climb or descent. You would not
know whether the climb or descent was going to be prolonged and, if it did
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turn out to be prolonged, then your airspeed would get off and throttle
required a long time for it to build back to the desired speed. Heading

was not difficult to maintain, I didn't notice any PIO tendencies. Stick
force and displacement characteristics felt good, I think, for this kind of
airplane at this kind of airspeed; they were just about right, Information
presented on display is adequate for this purpose. Since this will be a
factor with all other runs, I would think this was satisfactory. As to the
advantages of having a separate direct lift control, I don't think it advisable
on this kind of a task. You are extremely busy trying to keep the error

as near zero as possible, and I don't think a separate control would help
you in this case. I found this to be an airplane that responded quickly to
both lateral and pitch inputs -~ it is a very good airplane as far as response
is concerned. The problem was just that the task was fiarly difficult in
spite of a good responding airplane.

1479133, 134 (open-loop DLC -- no turbulence)

This run I found very similar to previous runs with closed-loop DLC, 1
was rather hard-pressed to really note any significant difference. Overall
though, I got the impression that the task was slightly more difficult this
time, so I rated it a 3 rather than the previous 2.5, However, I was not at
all sure of whether this was, in fact, not quite as good a configuration as
the previous one, The difficulty was that as the task at various times was
easy or difficult, it made me think one way or the other as to which was
the best configuration. So I think they are very close. This one is per-
haps slightly not as good., (Was airspeed difficult to maintain?) My com-
ments are similar to the last one, Airspeed was not difficult to maintain,
provided there was not a significant change in altitude, And, when this

did happen, then airspeed would get low and the throttle took rather a long
time to get it back to the desired amount. Lateral response was very
good, and I found no significant difficulty with heading. I did not notice
any PIO tendency. Stick force and displacement characteristics seemed
about normal and information presented was as previously commented on
-- it was adequate for this task. I found that perhaps the information dis-
played is more like close formation flying than I would expect for terrain
following, although I have had no experience following terrain on radar.

14T3135, 136 {elevator -- no turbulence)

(Would you comment on the performance of the task?) One general com-
ment on performance that applies to all of these runs is that it is difficult
for me to say how I did on it as regards to average, poor, and so on,
because I'm not quite clear as to the performance that is required. There-
fore, I put these in the poor category. I think the comments on airspeed
that I made in the previous runs apply also to this one. Airspeed is not
difficult except when there is a prolonged climb or descent, and then air-
speed is a little difficult to maintain, There was no particular in difficulty
maintaining heading; it was the same as for the other runs. I thought

stick force and displacement characteristics were quite satisfactory, as
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you would expect for this kind of an airplane in -his flight condition,

Some general comments on this particular run: I again found no signifi-
cant change from the previous runs, I did think that I had more difficulty
when an error was displayed in that when I corrected to zero the error, I
tended to overshoot the bar more so than the other times, In other words,
I kind of bobbled around the zero error. Perhaps pitch response was not
quite as good as the previous one. There was no significant deterioration,
but I think there was some deterioration. One other comment on these
runs applies to all of them. It is the rather large amount of negative gls
that are required when the pitch bar indicates a descent is required, that
I go to more negative g's than I think a pilot would actually do in a flight,
It would be uncomforiable to say the least, going up to, in some cases,

an increment of two negative g's.

14T2137, 138 (elevator with turbulence)

This was run with turbulence; basically I found very little degradation due
to turbulence., Even in the runs that had noc turbulence, there was a certain
amount of jerkiness to the simulator itself, and I think that is as significant
as anything, With turbulence, I didn't really notice that the task was
appreciably more difficult, Therefore, my comments for this particular
run with just elevator are almost identical with the previous one without
turbulence., I thought that the turbulence possibly made the task slightly
more difficult but very, very slightly, if, in fact, at all.,

14T8140, 141 (open-loop DLC with turbulence)

This run was with turbulence, and again I found no significant deteriora-
tion in the task. The turbulence possibly would be annoying and maybe
more 50 in flight, but it seemed to have little significance on the ability
to zero the error on the horizontal bar. This airplane generally felt very
good and responsive and, as I noted before, there was less tendency to
bobble around a zero error than there was with the previous elevator con-
figuration.

14T85142, 143 (closed-loop DLC with turbulence)

Again, I found that turbulence did not significanily deteriorate performance.
The turbulence might be slightly annoying, but I really couldn't tell that it
made the task any more difficult. This combination is an improvement
over the others, so I rated it a 2, 0 in spite of the turbulence, The response
was good, and the notable improvement in my mind was the ability, when
the error is zero, to keep in on the zero rather than bobble around it as I
did, particularly with the elevator alone configuration,

In flying the three combinations with and without turbulence, I found no

deterioration due to turbulence, You could feel the simulator bump
around a bit, but as far as the display instruments are concerned, there
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didn't seem to be any significant difference. With regard to the three
combinations, I am fairly well convinced that closed-loop DLC was supe-
rior, primarily in that it gave a quicker initial response, primarily on
the ability, once you have reduced your error to zero to maintain it on
the zero. With open~loop DLC, I found it very similar but I thought not
quite as good as the closed loop, though there was not any real difference
between the two, I was quite satisfied with open=~loop DLC; it gave a
fairly quick response. I thought that you weren't able to zero out the
error quite as readily as in this case. Going to the elevator alone made,
it seemed slightly more sluggish although still a pretty good airplane, but
I found that my tendency, when I had the error almost zero, was to over-
shoot it and go above it and below it. This was not really a PIO, but a
tendency that you couldn't settle it right on zero. Regarding the task, I
realize it's supposed to be terrain following., Although I've never done
any terrain following on instruments, it seems to me that there was a
lack of anticipation as to what was going to happen that you might more
normally expect. I thought that part of it was more like close formation
flying. When you are flying close formation you can see erratic move-
ments of the other airplane and you attempt to follow them as quickly as
you can, keeping the error zero. However, I think this was a good task
to demonstrate the differences between the three and my only question was
on the actual terrain following.

{On this task would you say there is a small difference between elevator
and DLC, or am I incorrect? Would you say there is a large difference?)
The difference I really couldn't call large, I thought there was a signifi-
cant improvement but not really a large one,

(You checked heavy on workload on all of these runs. Would you say that
workload was the same for all runs?) That's right, I thought the work-
load was the same for all of them -- heavy. I thought heavy in the sense
that the movement of the bar was fairly erratic, that you couldn't antici-
pate it, and since it was moving quite rapidly, you had to work quite hard
to keep it at zero. It was the same for each configuration, I found that
DLC was of greater benefit as the workload became heavier. In other
words, with elevator alone, when there was a very light workload, or
smaller movement of the horizontal bar, then I could follow the task quite
readily; but when it became more complex, DLC paid off more.

(Forgetting about the comparison evaluation that we're doing here now,
what do you think of the motion simulator?) First of all, with regard to
the turbulence, there is a certain amount of jerkiness to it anyway, with-
out turbulence, and a little bit more with the turbulence, so I felt the
turbulence simulation didn't come through very clear to me as turbulence.
I could sense the rolling, but I'm not sure it really added anything to the
evaluation.

I think the pitch helped a little more., You could tell, when you initiated
say an up~command, that you could feel going down in the seat of it as you
would expect, I think that the pitch movements added some although I'm
more in question about the lateral, I don't think the lateral detracted
though,
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(Does this control system feel like a real airplane to you?) Yes, I thought
the controls felt good, They were quite responsive and fairly light, al-
though, as you would expect for an airspeed of 500 knots, they were

fairly solid as well, I thought them quite realistic, much as you would
expect this kind of airplane to be. I had no complaint at all with the con-
trol feel or displacement or forces,

PILOT 2 F-104 TERRAIN FOLLOWING (9/19/67)

24T6143, 144 (closed~loop DLC -- no turbulence)

The task was difficult to perform when the horizontal bar required the
greatest movement, For slight movements the task was relatively easy.
Airspeed was difficult to maintain due to trying to maintain zero bar
deflection as close as possible. This required a lot of attention which
detracted from keeping airspeed within limits. Heading was not too dif-
ficult to maintain., There was a tendency toward PIO, especially where
the greatest corrections had to be made. Stick displacement character-
istics appeared normal, Stick forces were not too much out of the
ordinary. The information appeared adequately displayed.

24T3145, 146 {elevator -- no turbulence)

The task ranged from difficult to moderatley difficult to perform. The
task was moderately difficult when small deflections were required to
correct a zero needle and difficult when large deflections were required
to correct to zero conditions. More attention was needed to maintain air-
speed, Displacement characteristics appeared normal, Stick forces
were abnormally heavy.

24T9147, 148 (open-loop DLC -- no turbulence)

The task was moderately difficult when correcting small to zero needle
deflections, and became progressively more difficult when large deflec~
tions were required, Airspeed was difficult to maintain when attention
was directed toward attitude., However, it seemed like it could be main-
tained within £10 knots. Tendency toward PIO still occurred when large
deflections had to be made to correct to zero needle. Stick displacement
appeared okay. Stick forces, however, were heavy when large deflections
had to be made for zero needle corrections.

24T8149, 150 (open-loop DLC with turbulence)

The task was moderately difficult, Airspeed could not be consistently
maintained when large corrections to correct to zero needle deflection
were required, The time devoted to the flight director detracted from
maintaining from airspeed properly. Heading was maintained without any
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difficulty. A tendency still exists or occurs toward PIO when requiring
large deflections for zero needle correction. Turbulence increased the
workload which decreased the ability to maintain a proper instrument
reading, Stick displacement characteristics were okay. However, stick
force characteristics were a little on the heavy side, especially where
making the larger control displacements.

24T5152 (closed-loop DLC with turbulence)

The task ranged from moderately difficult to a task of little difficulty,
depending again on the amount of control displacement required to correct
back to zero needle deflection. Airspeed varied as corrections were being
performed with the flight direction, There was no difficulty maintaining
heading, Tendency toward PIO occurred when the deflections were large
and were presented by the flight director and corresponding large correc-
tions had to be made with control stick to return to zero needle deflection,
Turbulence increased the workload and decreased the ability to maintain
the proper heading for the task., The control displacement characteristics
were okay. The stick forces were still a little heavy when large control
displacements were required.

24T2153, 154 {elevator with turbulence)

Most of the task was moderately difficult, again depending on the amount
of control displacement required to achieve zero needle condition, Air-
speed could only be maintained without difficulty when less time was
devoted or required by the flight director during the cross check, I found
the throttle movements a little excessive to maintain airspeed at times.
Heading was maintained without too much difficulty, Tendency toward
PIO occurred primarily when control displacements were high when cor-
recting for large deflections in order to obtain zero needle deflection.
Turbulence increased the workload with a corresponding decrease in
ability to perform the task, Here again it applied primarily to correcting
large zero needle deflections. Displacement characteristics were okay.
Stick forces were somewhat heavy, which, in turn, I believe, were the
major contributing factors toward PIO tendencies.

{May we have your general comments on comparing the three configurations
that you tried this afternocon? How about comparing them first of all with
turbulence which you just finished?) It was difficult to note any differences
between open- and closed-loop modes when using DLC. Comparing the
two with the elevator alone, there was a definite decrease in the workload
in that the controls were more responsive in maintaining the zero needle
condition. Lateral roll control was about the same on all three modes,

It was still difficult to detect differences between the open~ and closed-
loop modes, There was, however, a definite difference between the DLCs
and the elevator alone control, The task was much easier to perform with
DLC than with elevator alone, especially when the deflections were large.
I believe DLC also reduced the tendency toward PIO, whereas the elevator
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control, where the stick forces appeared heavier, contributed toward
PIO more when correcting from large deflections,

PILOT 1 F-104 LANDING (9/20/67)

(How do you normally land an aircraft?) My normal technique would be

to fly down the glide path, either ILS or visual, to an altitude on the order
of 100 feet or so and, at this point, judging whether the landing looks
good, whether you can start an initial flare, then touch down at your
desired point. Part of this time you would have been carrying some
throttle which would have been giving the right rate of descent that you
wanted, Assuming the approach locked good, you would start the flare

by elevator input, and I think your main reference in this case would be
your pitch attitude., Then, if the landing looked like it was good, you
would reduce the throttle and come back on the elevator so that the air-
speed would bleed off at this time and you would hold off touching down by
attitude, using depth perception to tell how high you were from the run-
way. In this case you would use an attitude. I the attitude was getting
too high and you still were not touching down, then you would be concerned
thinking the landing is not going right. In this case, you would add throt-
tle, realizing that your airspeed was coming low, to reduce your rate of
descent, That's about it.

(How do you conirol glide slope during an ILS approach?) Glide slope
would be almost entirely controlled with elevator,

141.6155, 156 (closed-loop DLC =-- no turbulence)

First of all, the impression I had was that the stick was very sensitive,
In other words, it required very delicate handling to fly it, However,
response to inputs was quite rapid and apparent so that precise control
was possible with this configuration.,

With regard to how much pitch to put in, I was afraid of putting in too
much or not quite enough., It wasn't immediately apparent as to the exact
amount, Aircraft damping seemed satisfactory, Airspeed remained
constant by itself without throttle movement, Again, I thought stick force
and displacement were very small for this kind of configuration, The
total task, I would say, was about normal difficulty as you would expect
for this kind of airplane., Sink rate was fairly easy to control. Elevator
response was quite rapid so that sink could be altered quickly. I would
see no advantage to a separate direct lift control,

141.9157, 158 {open-loop DLC -- no turbulence)

On this configuration, I found no significant differences from the previous
one with closed-loop DLC, However, there seemed to be some difference
in the pitch in that, putting in a small amount of elevator input, nothing
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would happen momentarily and then it would rather quickly take off to the
amount that you would put in, Sort of an initial lag, followed by a quick
response, This meant that while things were centered it stayed centered
quite readily and tracked down very nicely., Whenever a correction was
required it usually meant overcorrecting. So I thought this configuration,
though not bad, was not quite as good as the previous one and, therefore,
I rated it a four instead of a three. There was no need to trim, and main-
taining constant attitude seerned quite easy to do. Glide slope was acquired
without difficulty. Tracking was a little more difficult in that I wasn't
able to track as smoothly and immediately correct an error as with the
previous combination, The localizer was the same as before. I could
easily track it. I didn' note any tendencies toward PIO. The flare man~
euver seemed a little more difficult this time, Again it was hard to know
how much you had flared and so you had to flare, then wait for the indica-
tions on the needles to tell you how much, and then, unless you weren't
quite sure whether it was enough or too much, wait unitl it was rather
late to make a correction, Do I consider the presentations the flare man-
euver adequate for evaluation? I'm not too sure about this one, Flaring
is not really the same as landing. However, it's the same for all config-
urations, I think really it makes a valid comparison between the different
combinations. Aircraft damping was satisfactory, Stick force and dis-
placement seemed rather delicate again, although it seemed to require
only slightly more force in this configuration than the pitch movement than
the previous run. The total task was, I would say, not difficult, but in the
ILS landing phase, more difficult than in a normal visual landing, Sink
rate seemed to be fairly readily controlled,

(This ended Wednesday's runs. )

THRUSDAY, 21 SEPTEMBER 1967

141.6159, 160 (closed-loop DI.C -- no turhulence)

I rated this a three. I considered this good. The only thing slightly un~
pleasant about this which made me rate it a three rather than, say, a two
was that again it was a very sensitive and very delicate control, It
required control movements which were too small and too delicate. How-
ever, the aircraft seemed very responsive, It corrected almost imme-
diately in the direction that you put an input and made it possible to per-
form the task reasonably well. Going down the checklist, I didn't have to
trim it. It seemed trimmed to start with and not difficult to maintain
constant altitude. Glide slope was acquired quite readily and was not
particularly difficult to track. It became more difficult, as you might
expect, when you got close to touchdown, but it still doesn't seem too bad,
The localizer was about the same as the glide slope -- fairly sensitive
but not too difficult to track, There was no tendency toward PIO, The
flare maneuver was not difficult, The only difficulty in my mind was how
much nose-up attitude to put in when starting the flare. It was a little hard
to know if you were giving it too much or not enough. I think the flare
maneuver was adequately presented for the evaluation, To me it was not
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really the same as landing where you have outside reference of the run-
way, but I think that is almost impossible to achieve in a simulation, and

I think this was quite adequate for an evaluation. Aircraft damping seemed
satisfactory, I didn't need to maintain airspeed with the throttle. Stick
rather forces and displacement were rather small, The total task was not
particularly difficult, although not exactly easy because of the very high
sensitivity, but it was a task that could be readily accomplished, Sink
rate seemed to be very readily controlled when the flare maneuver was
initiated.

141.9161, 162 (open-loop DLC ~- F-104 landing)

I can really detect very little difference between this and the previous runs
as far as the performance of the aircraft. It szcems very similar really.
The tracking task in each case on the ILS seemed identical, It seemed to
me that each time on the flare I did not do as well, but I think it was my
own incorrect input that time, It didn't feel quite as nice on the flare,
Each time I got a little too nose-high on attitude and then had to correct
back down which wasn't the smooth flare that I would like, but I really feel
that wasn' the fault of the input, it was just my initial overcorrection on
pitch attitude, Therefore, I really can't make any other comments re-
garding this configuration as opposed to the previous one, All comments
would equally apply to both.

141.3163, 164

No comments,

141.11165, 166, 167 (separate DLC)

I found that, particularly at long range, you could controcl the aircraft on
the glide path quite precisely by just holding attitude constant and moving
the DL.C, When you got down to short range you would overcontrol the
DLC, going from almost pull-up to pull-down, Also, for the actual flare

I found again that if you put in both elevator and DLC, invariably you would
overcontrol it. The best technique was to hold the attitude with the ele-
vator apparently constant and put in DLC to make the flare., The difficulty
here was how much DLC to put in so you didn' overdo it or didn't underdo
it. I think with practice this could be accomplished quite readily, I rated
this a four because of the different technique rsquired. I think that with
practice on this separate DL.C, you could do a reasonable job on the landing
approach and certainly better than with just the elevator, Going down the
checklist, I found the aircraft in trim. I didn't need to trim. Maintaining
constant altitude was not any problem., Glide slope could be quite readily
acquired, and once acquired, the DLC could track it quite readily, parti-
cularly at the longer ranges. The localizer was the same as always., I
found that, since I was using a different technique on the glide slope, per-
haps I, through lack of concentration on the localizer, permitied it to

140



wander more than I had on previous runs. I think it is a matter of
training, though, to coordinate the whole thing together and do quite a
reasonable job, I didn't notice any tendency toward PIO, With regard to
the flare maneuver, I think once you got the technique down it would not
be difficult in the learning process., It was a little difficult to know just
how much DLC to put in to accomplish the flare, With regard to presenta-
tion of the flare maneuver, the same comments that I made before apply.
Aircraft damping was satisfactory. I didn't control airspeed. Stick force
and displacement again were rather small and sensitive as I commented
previously, As for the total task, I found it difficult at first, but I think
that learning comes into this., Once used to this technique as a separate
DLC, it was not particularly difficult., Sink rate could quite readily be
controlled., The difficulty was in knowing how much DLC to put in. This
perhaps would be more peculiar to a simulator than an actual airplane.
The sink rate might be more readily apparent by seeing outside and ob-
serving the runway. With regard to the advantages of having separate
BLC control, I am kind of on the fence about this because I found DLC to
be quite a different technique. Once that technique was mastered it
appeared that the performance was comparable, I really think, though,
that I would still prefer to have the DLC blended into the stick, As I say,
that could change with training, using the control separately,

(Are you familiar with the Navy studies on DLC? Would you comment on
separate DLC as we have it mechanized here? That is, is it adequate, or
what changes would you recommend if it is not adequate?) DLC is, as it
is used in this simulator, quite satisfactory provided, and this is a require-
ment, that you have at an autothrottle. That is, you couldn't be working
both the DLC and your throttle with the left hand., So if you didn't have an
autothrottle, I think it would be required to be on the stick so that you
could control the DL.C with your thumb of your stick hand, leaving your
throttle hand available for the throttle. In a situation where you have an
autothrottle, I think it works a little better to be able to use your other
hand to control the DLC and save your right hand for the stick,

{Assuming we have autothrottle, do you think it would be better to have the
separate DLC spring-loaded to center rather than having it stay where you
leave it right now? What do you think about that?} Yes, although I'm not
too sure about that. I found it not bad the way it is, At first, though, you
would think maybe it would be better to have it spring-loaded to the cen-
ter, but I didn't find any fault with it the way it is, that is, if it stays
where you put it. There might be some tendency to leave it in a position
that you're not really aware of, I'm not too sure about that. I think I
would have to try it both ways.

{You have completed the block for the case of no turbulence., Would you
comment comparatively on the four controls that you have tried for this
task?) On the four controls that I have tried, I found that I liked closed-
loop DLC the best. Open loop really was very little different, I think I

had a slight preference for closed loop, but there was nothing very much
wrong with open loop. As for separate DLC, my comments here indicate
that a different technique is required. But, once this technique is mastered,
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it could well be that this could be considered as good as that of the closed
loop or open loop. My opinion at this moment is that closed loop is a

little better but I'm not sure. With training, separate DLC might be con-
sidered quite all right, Of course, I think the elevator is the worst of all
because of the lack of response, DLC, whether open, closed, or separate,
certainly improves on the elevator control,

(You have commented with regard to the task a3 a whole here. Could you
comment on the devices for the flare maneuver and then separately for the
glide slope following portions?) On the flare maneuver again I think I
like closed-loop DLC the best because it is more normal to me to flare
using the stick, Open-loop DLC seemed to be pretty much the same on
flare. I don't recall any significant difference between flaring with open
loop and closed loop. The elevator I found not so good because of the lag,
and with the separate DL in, the flare was a completely different tech-
nique, It was flaring with the DLC holding the attitude pretty much con-
stant and, as it turned out, this worked out fairly good. At least the per-
formance seemed satisfactory once you got on to the idea of flaring with
the DL.C. There was one trouble, though, flaring with the separate DLC,
and that was how much to put in so that you were careful not to overdo it
or underdo it, I tended to go from pull-up to pull-down rather rapidly in
a bang-bang operation in order to get the right amount.

141.8168, 169 {open-DLC with turbulence)

First of all, the turbulence I thought was insignificant. I could hardly tell
that there was any. In fact, if I had not been told, I doubt that I would
have noticed any difference between that and other runs as far as turbu-
lence was concerned. Consequently, my comments for open-loop DLC I
think are identical with those already given. I noticed nothing different
this time than from the previous runs with open-~loop DLC and no turbu-
lence, so I have no further comment at this time. (Turbulence increased
from 0.5 degree to 1,0 degree angle of attack on subsequent runs,)

14L.8170, 171 (open-loop DLC with turbulence)

In this case, the turbulence was doubled from the previous run. The
turbulence this time became significant, at least on the instruments, I
didn't notice that much difference as far as the motion simulator was con-
cerned, However, turbulence definitely made the task more difficult.
Because of the gust it would vary the vertical velocity of the aircraft so
that it made it more difficult to track and flare because you could not
depend on a particular pitch attitude to give you your desired attitude rate
of descent, The aircraft I rated as a three still because the aircraft is
really a good aircraft. It is responsive and performs as you would desire
it. The only reason it is not higher than a three is because I feel it rather
sensitive and rather delicate to fly. The turbulence, though, definitely
decreased the performance and similarly made the workload a little
heavier. On the checklist, I would say that I had no occasion to trim it.
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Maintaining constant altitude was not too difficult, although perhaps a
little more so than in smooth air. Glide slope was about the same as far
as acquiring and tracking it. It became more demanding because of the
changing vertical velocity of the aircraft. Localizer difficulty to track is
the same ag it has been, other than perhaps the fact that more concentra-
tion on the glide slope then gives you less time to look at the localizer,
Flare I thought was more difficult, again because when the flare is initiated,
if there is a gust at that time, it would give you either more than you
intended or not as much, so it made it again a little more difficult to know
how much to flare the aircraft to give you the desired touchdown, Air-
craft damping seemed satisfactory. Airspeed maintained itself, Stick
force and displacement were rather light and sensitive, The total task
was more difficult with turbulence, although not a great deal more dif-
ficult, just somewhat more difficult. Sink rate was quite readily con-
trolled.

14,5172, 173 (closed~loop DLC with turbulence)

There were no significant differences between this run and the previous
run with open-loop DL.C and turbulence. Turbulence seemed about the
same in each case. It seemed fairly severe, I guess, in the sense that,
on looking at the instruments, there were vertical gusts which seemed of
quite strong velocity., The turbulence didn't made the simulator move

that much, I think turbulence was about equal in either case, and aircraft
responses also were quite good and rapid, pretty much as you would
desire them to be. The turbulence, though, had the effect of making you
work harder to fly accurately and at the same time decreasing the perfor-
mance, In flare, turbulence can be guite hard to judge so that vou are not
sure of how much to flare, and this could make your touchdown very signi-
ficant. In both cases, turbulence simply makes the task more difficult,
although the airplane itself responds quite well, With reference to the
checklist, there is really very little difference from the ones that I men-
tioned before, I think turbulence makes it more difficult to track the glide
slope and the localizer in the sense that spending more time concentrating
on the glide slope leaves you less time for the localizer. There is no
tendency toward PIO. Flare is more difficult because the veriical gust at
the time makes it harder to know just the amount of flare, that is, the
amount of pitch attitude to put in.

141.2174, 175 (elevator control with turbulence)

My major impression of this was that the turbulence seemed of greater
intensity or that at least it had more effect on the airplane., I would
probably expect that turbulence really wasn't much different but it had
more effect in the sense that, when putting in an input to correct against
a vertical gust, the airplane was slower in responding, hence giving the
impression that the gust was of greater intensity or of longer duration.
So I rated this configuration somewhat lower, and gave it a four, It
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didn't seem bad. I didn't have too much trouble tracking, at longer range
at least, Flare, however, was rather an indefinite thing, and I really
wasn!t sure how much flare to put in, The lag and the control, and also
the awareness of the turbulence, made the flare maneuver more difficult,
Commenting on the checklist, maintaining constant altitude was about the
same as always, not especially difficult, Glide siope required more
effort to track it accurately, With more concentration on the glideslope,
there was less tendency to concentrate on the localizer, and hence I
allowed some localizer error that was undesirable. I did not note any
significant tendency toward PIO, Flare was more difficult as previously
commented on., Aircraft damping seemed satisfactory. Stick force and
displacement were still rather sensitive, The total task was fairly dif-
ficult. Sink rate was not exactly easy to control vwith the lag there from
an input that allowed you to keep sinking when you wanted to halt the sink
rate.

(Would you comment now comparatively on these three configurations in
turbulence?) It seemed to me that with open-loop DLC or closed-loop
DLC there was no significant difference. I really couldn't detect much
difference between the two. With the elevator alone, it seemed that turbu-
lence was more severe, or that turbulence had greater effect on the air-
plane, so the task became more difficult and you had to work harder,
particularly in the flare maneuver.

PILOT 2, F-104 LANDING

2413176, 177 (elevator with turbulence)

There was no difficulty in acquiring and tracking glide slope. Localizer
was not difficult to track. Tendency toward PIO occurred primarily during
the flare portion. The flare maneuver was difficult, especially if you

were several bar widths from the zero needle deflection position. The
presentation for flare maneuver was inadequate, It was okay for evalua-
tion, but it could use a warning light, for example, amber to standby to
flare, then the red light for the actual flare itself. Airspeed was not dif-
ficult to maintain, Stick force and displacement characteristics were okay.
The total task was not too difficult. Sink rate was easy to control if you
could interprete the horizontal needle during the flare correctly. Other-
wise, the sink rate was difficult to maintain and it tied in with the PIO
tendencies.

2416178, 179 (closed-loop DLC -- no turbulence)

PIO was significantly reduced as compared with the elevator alone control
mode, The flare maneuver was moderately difficult to normal, once the
(presentation) interpretation could be acquired during the flare, The pre-
sentation of the flare maneuver was adequate for evaluation. Airspeed was
easy to maintain within three knots or less. Force and displacement
characteristics were okay, The total task was easy to perform. Sink rate
did not present too much difficulty.
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2419180, 181 (open-loop DLC -- no turbulence)

There was no problem acquiring glide slope and track and no problem in
tracking the localizer, There was very little tendency toward PIO during
this maneuver, The flare maneuver was performed without any difficulty
during this particular task, even though I didn't have the rate of climb
working, It was strictly following the horizontal needle, Presentations of
flare maneuver was adequate for evaluation. There was no problem on
airspeed, Stick force and displacement characteristics were near normal.
The task was relatively easy. Sink rate was easy to control according to
the needle.

241,11182, 183 (separate DLC -- no turbulence)

No difficulty was encountered in acquiring glide slope. The localizer was
fairly easily tracked, Tendency toward PIO occurred during the flare out,
trying to find a correction to zero needle deflection. The flare was dif-
ficult to perform. I didn't seem to be able to properly blend in the DL.C
to smooth out the flare the way it should have been. Presentation for the
flare maneuver is adequate for evaluation. Airspeed was not difficult to
maintain, except when having to leave the throttle to use the DLC indepen-
dent control. Stick force and displacement characteristics were okay.
The task was ncot too difficult to perform except for the last portion of the
maneuver where the flare was concerned. The sink rate was hard to con-
trol when I tried to use the DLC where I tended to overcontrol and produce
a tendency toward PIO. I don't think it would be advantagecus to have a
separate direct lift control.

(You have flown all four now without turbulence. Would you compare
them? The open- and closed-loop modes of the DLC were very similar
in responses. They had a definite advantage over the elevator control,
The tasks were performed easily and the corrections were significantly
smoeothed out as compared with the elevator alone control, As far as
separate DLC is concerned, I would prefer to not have it at all. I would
prefer elevator alone control.

241.8184, 185 (open~loop DL.C with turbulence)

No difficulty was noted in acquiring glide slope. No difficulty was experi-
enced in tracking the localizer until about the start of the flare. Tendency
toward PIO appeared during the flare, especially when first initiated.

The flare maneuver was moderately difficult. Presentation for the flare
maneuver was adequate for evaluation. Airspeed deviated a little more
this time because of the added workload due to the turbulence in trying to
maintain the zero needle deflection, Stick force and displacement char-
acteristics were okay. The total task was not too difficult except for the
flare maneuver itself, which was moderately difficult, Sink rate was
easily controlled during the glide portion. It tended to be a little difficult
to control during flare.
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241.5186, 187 {closed-loop DLC with turbulence)

There was no difficulty in acquiring glide slope., There was no difficulty
with localizer except during the flareout portion and a little difficulty in
trying to maintain track, There was a tendency toward PIO only during the
flare maneuver. Possibly in this case it wasn't quite on the zero needle
when the flare started, Presentation for the flare maneuver was adequate
for evaluation. Airspeed was not too difficult to maintain, Stick force

and displacement characteristics were okay., The total task was moderately
difficult, The glide was easy except for the initial portion of the flare
where 1 was overcontrolling somewhat. Sink rate was not too difficult to
control,

241.2188, 189 (elevator with turbulence)

No difficulty with glide slope. No difficulty with localizer during the glide
and a little difficulty to maintain it during the flare portion of the maneuver,
Tendency toward PIO occurred during entry into, or just prior to, the

flare or during the flare, The flare maneuver was difficult to perform as
smoothly as it should have been, Presentation for flare maneuver was
adequate for evaluation, No difficulty in airspeed. . Stick force and dis-
placement characteristics were okay. The task was moderately difficult

to difficult during the flare maneuver, A consistent sink rate was not
maintained. This was due to PIO, especially during flare portion of the
maneuver,

(Would you now give a comparative evaluation of the three controllers in
turbulence?) Again, I didn' notice too much difference between the open-
and closed-loop DL.C modes., However, the control response was signifi-
cantly greater (better?) and the effort to maintain the proper instrument
readings were more smoothly performed using DI.C as opposed to the ele-
vator control only. The tendencies toward PIO were damped considerably
and it just made for a more comfortable maneuver transitioning from the
glide to the flare portion of the maneuver.

741.6190, 191 {closed-loop DLC -- no turbulence)

No difficulty at all with trim. Glide slope was easy to control. Localizer
was easy to track, No tendencies toward PIO., No difficulty with flare.
There was adequate presentation of flare. Airspeed was easy to control
and stick forces seemed normal., The total task, I would say, was quite
easy. No difficulty with controlling the sink rate,

7419192, 193 (open-loop DLC -~ no turbulence)

No comments.
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741.3194, 195 (elevator -- no turbulence)

No difficulty in maintaining altitude. Glide slope was a little more dif-
ficult to acquire and track under this condition., No difficulty in tracking
localizer, There was a slight tendency toward PIO, Flare maneuver was
not difficult, but more so than in condition 6. There was adequate pre-
sentation of the flare maneuver, Airspeed was not difficult to maintain,
Stick forces and displacement appeared normal. The total task was not
difficult but was a little harder than the other two conditions, Sink rate
was a little more difficult to control in this condition.

(Separate DLC was not flown, )

(You have flown the three configurations now without turbulence, How
would you compare them?, .. Relative to each other?) Conditions 6 and 9
were quite easy to control on glide slope and quite a bit easier to execute
on the flare maneuver. Condition 3 I suppose you would consider as a
normal glide slope control and flare,

741.8196, 197 (open-loop DLC with turbulence)

No difficulties were experienced in trim or in maintaining altitude. Glide
slope was not difficult to acquire, but was rather difficult to track., No
difficulties were experienced in tracking localizer. Didn't notice any
tendency toward PIO. The flare maneuver was not difficult, Flare pre-
sentation was adequate. Airspeed fluctuated a lot more under turbulent
conditions but was able to maintain it satisfactorily. Stick forces and
displacement were normal., The total task was not difficult, Sink rate was
considerably harder to maintain under turbulent conditions.

741.5186, 187 (closed-loop DLC with turbulence)

Altitude was easy to obtain and to maintain constant. Glide slope was easy
to acquire and not at all difficult to track. Localizer was easy to track.
There was no tendency toward PIO. The flare maneuver was easy. Flare
maneuver presentafion was adequate, Airspeed was easier to maintain
under this condition, Stick force and displacement appeared normal, The
total task was relatively easy. Sink rate was much easier to control
under this condition.

7412200, 201 (elevator with turbulence)

No difficulty was experienced in trim and maintaining constant altitude.
Glide slope was fairly difficult to acquire and track. Localizer was not
difficult to track, There was no noticeable tendency toward PIO, The
flare maneuver was considerably more difficult, Flare maneuver pre-
sentation was adequate, Airspeed was more difficult to maintain but could
easily be maintained within limits, Stick forces and displacement were
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normal. The total task was relatively difficult. Sink rate was relatively
difficult to maintain,

(Would you compare the three configurations in turbulence? Condition 5
(closed-loop DLC) was the easiest to control. There was relatively little
indication of turbulence under those conditions., Conditions 8 (open-~loop
DLC) and 2 {elevator alone) were relatively difficult to maintain on glide
slope, especially their rate of descent.

PILOT 3, C-5A GLIDE SLOPE (9/22/67)

35111202 (separate DLC -- no turbulence}

On the first run, separate DLC was used only for flare. On the second
run, it was used on the glide slope as well as on the flare. I think on the
glide slope it can be seen that separate DLC tends to induce some PIO,
whereas when used for flare only, I think it tends to help stabilize the air-
craft. What I tried to do was to fly 112 knots until the light came on,
indicating that the flare had started. At this point, I assumed that the
aircraft would be landed. Therefore, the throttle was brought back and
the flare continued until the altitude indicated zero and the airspeed had
come down to about 90 knots when the computer simulation was auto-
matically going into hold. So I think about 90 knots is a good landing air-
speed, or maybe 95 or somewhere in there, but at least the power is
available to decrease airspeed and to continue to flare until landing is
made. Although the horizontal bar indicated that we were quite low or
considerably below glide path on the flare, I think that flying with it at
zero all the way down to about 20 or 30 feet and then flaring out using the
power probably is more practical and achieves more what the aircraft
would actually do,

I think that the aircraft is quite stable with this condition, and I think that
DLC is advantageous for the flare,

35L.6204, 205 {closed-loop DLC -- no turbulence)

The task was easy to normal. Maintaining the aircraft horizontal and
vertical bars at zero was quite easy with closed-loop DLC. It was very
beneficial as compared with separate DLC or just conventional elevator
control, I think that the terminal conditions indicated that it was quite
easy to maintain zero on both pitch and latitude (altitude?) even during
flare. I didn't find any tendency toward PIO. I think this is due to the
fact that the airspeed was lower than it was up at altitude, let's say 550
knots, when you just barely touch the stick and get behind the aircraft,
Here on final approach and roundoff I think you will find that DLC really
helps in maintaining stability of the aircraft,
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35L.8206, 207 (open-loop DLC -- no turbulence)

Again we are flying airspeed and the vertical and horizontal needles until
the flare comes in and then pulling back the power and trying to flare to a
landing. The aircraft is not hard to control in either pitch or latitude. I
think that there is a slight tendency toward PIO in azimuth following the
vertical needle, but the horizontal needle again is quite easy to maintain

at zero. Airspeed is quite easy to control and the task is what I would call
normal. I think the sink rate on flare is relatively good and, in general,

it is only a bit more difficult to maintain than closed loop.

351.3208, 209 (elevator -- no turbulence}

I think the airspeed and needles were quite easy to maintain at zero,
although when tending to correct azimuth as well as pitch, it tends to over-
shoot a little, Maybe this is again back to the light stick force around
center. FEither that or just the controls are effective enough to change the
rate faster than what I'm used to. The flare is easy at first to keep up
with, and then it tends to go quite rapidly up and the aircraft just cannot
follow. Again the airspeed is probably down to about 90 knots so the pitch
change does not affect altitude very much., As a general rule, I would say
that the task is about normal and I did an average job in it,

(You have flown all four combinations now without turbulence, Would you
comment on them comparatively?) First of all, I think separate DLC is
not very good. At least with myself it tends toward PIO. I tend to over-
correct or undercorrect, so I don't bring it back to zero quick enough,

and then I have to go to the throttle. It is difficult to keep up with, I
would say that with conventional elevator control there might be a slight
tendency toward PIO both in lateral and in pitch. Airspeed is not hard to
maintain and the rate of descent is held rather constant. Into open-loop
DLC there is perhaps a tendency on the pitch axis toward PIO, although it
is not too great. In closed loop it is far superior to any of the other three,
and it is easy to maintain and the task is a lot easier. Airspeed is easier
to maintain, pitch and lateral=direction are also easier to maintain. The
rate of climb is again held rather constant. I think you provably have less
ground effect. At least the last 100 feet seem to fly a lot easier with DLC
than without. We used DLC for just the flare maneuver when using sepa-
rate DLC. I see where it probably will help if you had a fast rate of sink,
to blend it out and gain control of the aircraft. Coming down the glide
path the DLC is just an extra handle and you need three hands in the cock-
pit to operate it. Probably in the flare, once you have pulled back the
power and you're just rounding out, there is a good use for it,

35L2210, 211 (elevator with turbulence)

Tends to introduce a little PIO both in glide path and especially in flare
attitude. Airspeed is relatively constant but the horizontal bar is quite
hard to follow, The latitude (altitude?) is not too hard to maintain, I
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think the biggest problem is maintaining the horizontal bar at zero condi-
tions. The turbulence tends to help induce this PIO, especially with this
moving base. Turbulence tends to add when you wish it would subtract.
The sink rate is not really affected here, it is just a matter of trying to
follow that horizontal needle. It's moving so rapidly during the flare
portion that by the time you catch up with it, even when you try to antici-
page reaching zero, it still tends to overshoot. The glide slope on the
second run was better than on the first run down to about 100 to 150 feet,
It was almost zero at all times., From 150 feet on I think PIO tended to
shift it every direction, It is easier to fly trimming it down the glide
slope, but once you hit the flare attitude it is best to leave the pitch knob
alone,

351.5212, 213 (closed-loop DLC with turbulence)

This is blended closed-loop control. With this control it is relatively easy
to mainiain zero vertical and horizontal needles as compared with the
conventional elevator. The localizer is quite easy to track as well, and
the glide slope is quite easy to follow., As you get closer and closer to

the ground, I think it is easier and easier to overcorrect because of the
needle becoming more sensitive to even small changes. The sink rate is
not large. I may tend to make the rate zero for touchdown, to grease it

on rather than landing it at maybe four to five hundred feet a minute rate
of descent, This tends to prolong the touchdown point another 500 feet
down the runway. The total task I think is normal to easy, and even with
turbulence it's relatively easy to keep up with the needle. In the flarel
think it tends to get a little PIO, maybe right at the last phase, AgainI
think this is due trying to get the rate of climb down to zero for touchdown.

351.8214, 215 (open-loop DLC with turbulence)

There tends to be some PIO both in lateral and in pitch from 150 feet on
down. I think the airspeed is effected by ground effect as well as the

lift being effected, and, together with the PIO, the horizontal needle tends
to oscillate maybe as much as a quarter of an inch above and below at the
extreme values. The airspeed is easy to maintain if you keep your eye on
it, as well as the rate of descent, and get the power back quick enough,
Once you're low on airspeed, and this is on all runs, it is hard to build

it back up, which is probably going to be the case in the C-5A, Once you
dump the nose a little bit, the airspeed tends to build up quite rapidly,
which again is going to be true of the C-5A, The directional control I
would say in almost all runs was easy to maintain -- directional heading
is probably the only fallacy with this simulation. In the true aircraft, if
you're off maybe two or three degrees on heading you tend to correct with
rudder rather than with ailerons, and I think this will probably tend to
make the system more damped out because you're not throwing in the
aileron and pulling back and getting direct lift control to maintain the
altitude or the rate of descent that you were holding. Other than that, it
is a fairly realistic setup. The flare with the light as an indicator I think
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is probably quite good, it gives you an idea of exactly where you are.

You then check your airspeed, pull off your power, and you can complete
what I would call a pretty good flare for an aircraft, In open-loop DLC
there might be a little PIO both in lateral as well as pitch with turbulence
on. This is not too hard to compensate, although it is there and you can
see going by your zero values in both directions. I think in elevator con-
trol, as probably will be seen by the graphs, it was quite hard, almost
impossible, to control the PIO that was there with turbulence on., Itis a
relatively difficult task to follow the two needles and airspeed and altim-
eter with turbulence, I don't know what the rate was for the turbulence,
but I would say, just feeling the aircraft and watching the movements, it
was probably light to moderate, Closed-loop DLC has a distinct advantage
over all three, I would say that closed-loop DLC with turbulence on is
probably easier to fly than the elevator control with no turbulence. With
open-loop DLC I tend to get a little PIO on both runs. Maybe it is some-
thing in the simulation or in my flying, I don't know which. PIO is very
prevalent in elevator only. In the closed loop there might be a little PIO
in pitch, maybe the last 100 feet or so. Again, trying to change your rate
of descent so you're landing with zero rate of descent probably gave you
most of this, Airspeeds were not really difficult to control in any mode
except elevator only. With turbulence on it was quite difficult,

{Does the moving base simulator add to the realism?) The motion I'm
getting varies maybe five-six degrees of bank angle to maintain the
heading, I think it is good that it is there because it actually adds a little
more true simulation to what an aircraft would give you. With pitch I
think it is very good because otherwise you have no feeling of g's whatso-
ever, and this at least tends to give you an idea that you have flared or
that you're correcting the rate of descent. 1 think it is good.

I think probably you could do better because, with the stick being as sensi-
tive as it is, this little bit of motion in the simulator tends to couple into
the stick through me; as the motion simulator changes, the weight of your
arm changes a little bit to give a little g. I think it is more realistic
having motion rather than fixed-base,

{(When you pull up, does the simulator give you the type of acceleration
that you expected?) I think it does., It doesn't give as many g's, and it
takes more force to pull up in an actual aircraft I believe, [ think you
would actually feel more backpressure and you would feel more seat
pressure. Again you don't fly any of our aircraft tc a zero condition so it
wouldn't be on the gages so it is hard to tell, Here we are flying strictly
gages to touchdown so I don't know. I think you would have more g-feel
and more backpressure in an aircraft., This gives you a feeling of some
g's, although the amount of g's is probably less than half a g or less.

I mentioned once before, I think turbulence feels probably light to moder-
ate, probably even light. There is enough there to fluctuate the altimeter
and the angle of attack and the rate of climb a little bit, Airspeed changes
may be one or two knots in trim level flight,
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(In summarizing, do you feel that the motion that we have simulated here
helped in the evaluation of the various combinations tested? Yes, I think
it gives a more realistic view of what the aircraft is really doing, and it
tends to bring in the other factors that would be there should you be in an
actual aircraft, With turbulence on and banking, the weight of the body and
the arms gives a little bit of motion, both side effect and backpressure,

PILOT 1

151.3216, 217 (elevator -- no turbulence)

First, my overall impression of the aircraft is that it was extremely
sluggish, that is, very slow on response. The aircraft seemed, however,
very stable provided large corrections weren't required. It seemed to
track on the glide path quite well, I rated the overall pitch control a

four, probably because of its sluggish and slow response. The flare I
rated five because it was more difficult in this situation to know whether
you were arresting your sink rate or not, Airspeed seemed very critical,
If you could keep the airspeed about its proper figure the task was con-
siderably easier. However, if you let it get up to 10 knots off your
desired figure then it became very difficult to get it back to the proper
reading. The throttle response as you might expect in this kind of air-
plane was extremely sluggish, and once it got low under you could hardly
get it back at all, To go down the checklist, there was no need for me to
trim the aircraft, Maintaining constant altitude was quite easy. Glide
slope was not difficult to acquire, and in the initial part tracking was quite
good, This is particularly so if you can keep the airspeed at its right
value, When you get close in on the glide slope, it becomes more and
more difficult to track as you might expect because the small error shows
up larger on the artificial horizon, The localizer was not particularly
difficult to track. The big thing here was to not let the error get very
large. I didn't notice any tendency toward PIO, The flare maneuver I
found rather difficult in that I didn't know how much to flare., At the same
time you had to pull quite a lot of throttle off in order to touchdown or

else have quite a float. As for the flare presentation, I think it is adequate
for this evaluation, but it doesn't have near as much information input as
an actual landing would, where you would have the visual reference out-
side. Aircraft damping seemed satisfactory. Airspeed I thought was
rather difficult to maintain because of the extremely slow response in the
throttles that, once it was off the desired value, you didn't know how much
throttle to put in to correct it back, so you were overcorrecting or under-
correcting. Stick force and displacement were about right for this kind of
an airplane, The total task I would say was reasonably difficult and the
sink rate I thought was kind of hard to control, I'm not sure just how you
can control it with the elevator., It is a combination of elevator and throttle,
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151.8218, 219 (open-loop DLC -- no turbulence)

I found quite an improvement in this open-loop DLC configuration over
the previous one that was straight elevator. The quick response both on
the glide path and the flare enabled you to keep the errors very small so
that you could track much more precisely. The secret seems to be in
keeping a very small error and correcting that before it becomes large,
and then the task is considerably less difficult, This seemed like a good
configuration, It behaved quite well., Going down the checklist, there
was no need to trim, and there was no difficulty maintaining constant
altitude. The glide slope was not difficult to acquire, and it was much
easier to track this time than the previous time, The localizer was not
particularly difficult to track, The big thing there is to not let the error
get very large., There were no tendencies toward PIO, and the flare
maneuver seemed better this time, It is still a little indefinite as to how
much to pull the throttle off and how much to go back on the elevator to
give you the desired flare. The response being quicker this time gave
you better feel for the proper flare maneuver. Regarding the presentation
of the flare maneuver, the previous comments apply. Aircraft damping
seemed satisfactory. Airspeed seemed less difficult to maintain this
time, I'm not sure whether I'm becoming proficient in getting the right
throttle setting or possibly the quicker response of the aircraft controls
also helped in maintaining a more desired airspeed. Stick force and dis-
placement seemed quite good, The total task this time was, I thought,
much easier than the previous run, I still was not actually sure how much
input you need to control the sink rate, but at least in this configuration a
little quicker response from the elevator made it easier to control,

15L6220, 221 (closed-loop DLC -~ no turbulence)

These two runs were by far the best I've had, They seemed very easy.
Therefore, I rated this generally a two, It seemed very simple to center
the cross pointers and keep them more or less centered for the run on the
entire glide slope. The flare maneuver also seemed to go better this
time, All in all, it seemed a very good run., I really have no adverse
comments that I could make on this particular run., (We will gkip this
checklist, )

15L.11222, 223 (separate DLC -- no turbulence)

Acquiring and maintaining the glide path seemed quite easy with this con-
figuration. It presented no problem at all. The glide path can be con-
trolled very precisely down to about the 200-fcot altitude. One problem,
when you change the DLC then it changes the airspeed as well, so you're
rather hard pushed with your left hand to work both the throttle and the
DLC to give you the right airspeed. On the glide path, however, airspeed
changes are small so this doesn't pregsent much of a problem, In a flare,
however, I had considerable difficulty in coordinating the throttle and the
DLC to give me the kind of flare that I wanted. It usually resulted in
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considerably overcontrolling, Usually, when the airspeed was a little bit
low just before the flare, increasing the throttles would maintain the air-
speed, but then, as the flare was initiated, the airspeed would be too

high, requiring the throttle to come out and the combination of the two
made it pretty difficult to track the bar. In fact, I found that I really
couldn't track the bar satisfactorily at all. Going down the checklist,
maintaining altitude was quite satisfactory. Glide slope was easy to
acquire and easy to track, Localizer was also easy, but there was no
tendency toward PIO., The flare maneuver was the difficulty, and I rated
this configuration as low as a five. Aircraft damping was satisfactory,
Airspeed was rather difficult to control, This wasn't too much of a prob-
lem on the glide path because the deviation airspeed was fairly small,

but in the flare maneuver the airspeed was quite difficult to control, Stick
force and displacement seemed all right, The glide slope task was easy
and the flare was very difficult, Sink rate could be controlled quite easily,
but the trouble was the big effect on airspeed when you put in full-up DLC
that made the combination rather difficult,

(Would you now give a comparative evaluation of these four configurations
flown without turbulence?) In comparing the four combinations, it seemed
to me that closed-loop DLC was by far the superior. Open=-loop DLC was
nearly as good, and the elevator alone was not too bad except for the flare
maneuver; it was hard to get the right kind of flare, With separate DLC
the problem of coordinating the throttle and the DLC at the flare made it
very difficult too, So I like closed-loop DLC best and open-loop DLC just
about the same, The elevator alone was not as good and separate DLC
was the worst of all, primarily because of the problem of controlling both
airspeed and the flare at the same time,.

1501.8224, 225 (open-loop DLC with turbulence)

With the inclusion of turbulence, the main difficulty is maintaining air-
speed. Tracking is more difficult because there is more variation. The
airplane responds fairly well, but when fairly large elevator corrections
are needed, then the airspeed changes quite substantially, It is hard to
keep it at the desired value. This mades the glide path tracking workload
higher, It wasn't too difficult, although I did have some trouble main-
taining proper airspeed. To comment on the checklist, there was no need
to trim, Maintaining constant altitude was not difficult, although a little
more work was required., The glide slope also was not difficult to acquire
or track, although again turbulence made the workload a little higher and,
as I said, the problem of varying airspeed bothersd me more than any
other particular thing on the glide slope.

The localizer was as it had been as far as tracking, No special problem
there, There was no tendency toward PIO that I noted, although I noted
that in the flare maneuver there was a tendency to overcontrol, but it was
not really PIO as such. The flare maneuver was the most difficult; this
‘again was knowing the throttle setting for the airspeed that you want to
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make a proper touchdown, Aircraft damping seemed satisfactory. Air-
speed was, I thought, the biggest problem. It was rather difficult to con-
trol. Stick force and displacement seemed satisfactory. The total task
was more difficult due to the turbulence, and particularly the flare maneu-
ver was more difficult. Sink rate could be quite readily controlled, but
again, when you had to put large movements in to control the sink rate, it
had quite an effect on the airspeed.

15L2226, 227 (elevator with turbulence)

With elevator alone, I found that again the turbulence detracted quite a
lot to make the task much more difficuit than without turbulence. I found
that the glide slope wasn't too bad. The turbulence could be compensated
for; it made you work harder, but it wasn't too hard to maintain the glide
path., Larger corrections were required, and it meant more concentra-
tion on the airspeed, but this could be controlled with fair accuracy down
to the order of 200 feet., The flare maneuver again was the difficult one.

With turbulence, it made it difficult to know how much throttle to pull off
and howmuch up pitch to put in, and usually a gust then would mean that
you go too high. You then have to put it down elevator, and this is an un-
comfortable thing to do when you are very close to the ground. So turbu-
lence, then, made it hard to know what control inputs you needed to make
the desired flare maneuvers, I wouldn't like to land such an airplane in
gusty conditions, Commenting on the checklist, maintaining constant
altitude was not too bad. A little more concentration was all that was
required, I didn' need to trim it, The glide slope was little more dif-
ficult to acquire and track, but this could be done with a little bit more
concentration, Localizer tracking was about the same as always. There
were no tendencies toward PIO, although there was a tendency to over-
control both on the glide slope, and, more particularly, in the flare,
Aircraft damping was satisfactory. Airspeed was considerably more dif~
ficult to maintain because of the turbulence. Stick force and displacement
were satisfactory. The total task was more difficult and, in particular,
the flare maneuver was quite a bit more difficult. Sink rate was rather
difficult to control, the airplane being sluggish and slow on response,

150.5228, 229 (closed-loop DLC with turbulence)

With closed-loop DLC, turbulence didn't seem to have much detrimental
effect as on the other runs, particularly the elevator runs. I found that
the glide slope could be readily acquired and maintained and the turbulence
caused a little more concentration, but the aircraft was such that a rea-
sonably good job of tracking could be done. I found that with this configu-
ration the flare was quite a bit better than it had been with the other with
turbulence. There seemed to be a reasonable ability to initiate the control
and maintain a proper attitude until touchdown, so I think that this com-
bination is fairly superior in turbulence. Commenting on the checklist,
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glide slope could be acquired and tracked quite readily. Localizer was

as before, There were no tendencies toward PIO, and the flare maneuver
I thought was quite a bit better this time then in the previous configura-
tions with turbulence, Aircraft damping still satisfactory. Airspeed was
somewhat difficult to maintain, but there was less difficulty in this con-
figuration than I had in the previous ones. Sink rate was also more readily
controlled in the flare maneuver, and that helped quite a bit,

{(Would you comment now, comparatively, on these three configurations

in turbulence?) Comparing the three configurations in turbulence, I think
that, very definitely, closed-loop DLC gave far better results than the
others, particularly better than the elevator. The open loop was an
improvement over the straight elevator, but I seemed to have some dif-
ficulty with airspeed in this case, particularly in the flare maneuver,
With closed-loop DLC the turbulence seemed to have less effect, although
I think the degree of turbulence was as much as for the others, but it
didn't seem to effect the aircraft quite as much, and you could compensate
for the turbulence more readily. So I definitely liked closed-loop DLC
better with turbulence,.

(Regarding the motion system, does this help you in any way in performing
the task or do you think you could do as well without the motion?} I really
don't think the turbulence aids the task very much, No, I really don't
think there is much aid to the motion. Perhaps there is some in the pitch,
and hence some in the flare. When you initiate a flare, then you can feel
the whole thing move up. I think maybe in that situation there may be
some, but I think that would be about the only case, I don't think there is
much to the lateral motion. Of course, on this kind of run, there is not
much lateral motion anyway. Possibly the motion of the simulator makes
the turbulence seem a little more realistic, but I really couldn't say that
aids you in doing the task any better.

(I guess maybe I asked the wrong question there. What I want to know is
whether you feel the motion cues that you get in any way resemble these
you would expect in an actual aircraft?) No, I!m afraid the motion cues
really are not as much as in a real airplane; you don't really feel the sink
or the stopping of the sink in the flare maneuver. I do not think the
motion aids in the realism except in the turbulence, but other than that I
don't really think there is much derived from the motion cues as far as
the task is concerned.
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APPENDIX VIII
COOPER RATINGS, WORKLOAD DATA

The pilots were asked to give Cooper ratings, workload ratings, and
ratings on how well they did for each series of runs. Figure 42

is a sample of the Pilot Evaluation Sheet used to record this data,
There were 112 such sheets; a few had comments as well as numerical
ratings. These written comments are included in Appendix VII. The
ratings from these evaluation sheets are summarized in Tables XVIII
through XXIV,

5}4&55— 1_,1_.7

PILOT EVALUATION SHEET

DATE q// b PILOT No. ©

row woMmer_~ " T 4 0 9b, 77  TEST ENOINERR

COBINATION _ 1 ives . ooy ATRCRAFT

TASK g~ it {r FLIGHT CONDITION

COOPER_RATING _ HOW DID YOU DO? WORK_LOAD?

Piteh 5_;_{ 1, Above Average 1, Light

Lateral - 2, Aversge ‘ @ Normal

Overall 2_;5 _ @ Poor o 3. Heavy
L. Lousy he »Extreme

. f,,/-"_d : / / /_%/ ] :%-
DC‘MENTS! - & h /M‘}M-\,/ ,‘/ < - : L r_i

Figure 42, Sample Pilot Evaluation Sheet
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Table XVIII. Evaluation Ratings -- C-5A General Qualities
Handling Task

. . Cooper Rating How Did
Runs Controller Tuarbulence | Pilot No.| Trials Pitcthol]_ ]Overall You Do? Workload
18
19 out 2 3 2 3 3 - ——
28
31
29 3 2 3 2 2 1.6 1
elevator
15
16 2 3 3 3 3 S -
17 in
29 -
30 3 2 4 3 3 2
22
2 2 1.76 12,56 12,0 —- .
23
out
gg 3 2 2 1 1.5 1 1
closed-loop DLC
20 2 2 2,50 |2.5 [2.5 - i
21
33 in
3 2 2 2 2 2
34 1
26
27 out 2 3 2,0 (2,0 (20 . -
28
39 3 2 2
40 \ 3 3 2 1
open-loop DLC
24 2 2 2.5 |2.5 |2.5 .
25
37 in
3 2 1 2 2
38 3 1
43 2 2 5 (2.5 | 4 ——- .
44
separate DLC out
b 3 2 4 | 3 | 4 2 2
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Table XIX. Evaluation Ratings -- C-5A In-flight Refueling Task

. ) Cooper Rating | How Did
Runs Controller Turbulence |Pilot No, | Trials Pitch[RollIOverall You Do? Workload
53
=4 2 2 3.5 [2.5] 3.0 --
out
62
63 4 2 3 2 2 2 1
51 elevator 2 2 3.5 2.5 3.2 ---
52 )
in
64
65 4 2 2 2 2 2 1
45
48 2 2 2 2 2 -
out
g‘; 4 2 2 2 2 2 1
ar closed-loop DLC
48 . 2 2 2.5 2 2.3 -—- -
50 in
B0 4 3 2 2 2 2 1
61
55 R
56 2 2 3."5 | 2.5] 3.5
out
68 .
89 4 2 2 2 2 2 1
49 open-loop DLC
2 2 3.5 |2 3.0 --- ---
50 .
in
70 2
71 4 2 2 2 2 3 1
57
s |25] 5 --- -
58 2 2
separate DLC out
T2
73 4 2 5 2 2 2 1
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Table XX. Evaluation Ratings -- C-5A Terrain Following Task

. - : Coooer Rating (How Did
Runs Controller Turbulence | Pilot No. | Trials BITeh [Roll l hverall]l You Da? | Workload
88 5 2 2 3 2 1 1
89
out
98 5 2 4 13 |35 3 2
99
elevator
82 -
83 ] 2 4 3 4 2.3 2.5
in
104 -
105 6 2 3.5 3 3.5 3.4 2.5
g? 5 2 1 3 2 1 1
out
G4
95 6 2 3 3 3 3 1
80 closed-loop DLC
5 2 3 2 3 2 2
51
in
106
108 ¢ 2 2.0 3 3 3 2.5
gs 5 2 2 3 3 1.5 2
out
96 9
a7 3] 2 3.5 3 3.5 3 2
84 open-loop DLC
85 5 2 3 3 3 2 2
102 m
103 B 3 3.5 3 3 3 2
107
g§ 5 2 5 3 4 3 3
separate DLC out
100 6 2 4 3 4 3.5 3.5
101 ’ ’

160




Table XXI.

Handling Task

Evaluation Ratings -- F-104 General Qualities

Runs

Controller

Turbulence

Pilot No.

Trials

Cooper Rating

Pitch[ Roll [Overall

How Did
You Do?

Workload

Remarks

78

119
120

117
113

127
128

elevator

out

in

(V]

79
109
110

121
122

115
116
128
130

closed-loop DL.C

out

2.2 13,01 2.8

in

111
112

123
124
113
114

125
126

open-loop DLC

out

in

76
77

elevator

74
75

closed-loop DLC

Pilot 3 fly
out of trim

Fly
in
trim
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Table XXII.

Evaluation Ratings -- F-104 Terrain Following Task

Cocper Rating

How Did

Runs Controller Turbulence| Pilot No. | Trials Pitchl Roll‘ Gveralll You Do? Workload
135
136 1 2 3.5 3 3.5 3 3
out
145 ”
146 2 2 4,75{3.0 4.5 3 3
elevator
137
138 1 2 3.5 3 3.5 3 3
in
153
154 2 2 4.8 |3.5 4.7 2 3
131 1 2 2.5 |2.51 2.5 2 3
132
out
143
144 2 2 4 4 3 2
closed-loop DLC
141 1 2 2 2 2 3
142 )
in
151
152 2 2 3 3.8 2.5 2.5
133
134 1 2 3 3 2.5 3
147 out
Lag 2 2 1.0 1 3.0 4.0 2.5 2
139 open-loop DLC
140 i 2 2.5 2.5 2.5 2,5 3
in
148 -
150 2 2 3 4 2.5 2.5

162




Table XXIII. Evaluation Ratings -- F-104 Landing Task

Cooper Rating
Runs Controller | Turbulence | Pilot No, Trials Pitch Roll Overall How Did | Workload | Remarks
Glide | Flare| Glide | Flare] Glide [ Flare | You Do?
163
164 1 2 3.5 4 3 3 3.5 4 3 2
out
e 2 2 2215 |22 |25 |22 |45 2 2
174 elevator
1 2 4 4,5 3 3 4 4,5 3 2.8
175 :
in
188 .
189 2 2 2.8 5 2,5 2.5 12,8 4.8 2 2.7
15%
1 2 2 3.5 13 3 3 3 2 2
160 out
178
179 2 2 1.5 2.6 2.0 2.5 1.75 | 2.8 2 2
172 clased-loap
173 DLC 1 2 3 3.8 3 3 3 3.5 2,5 2,5
in
186
187 2 2 2.5 3 2.6 2,5 2.5 2.8 2 2.5
161 1 2 3 a |3 3 3 4 2.5 2
162
aut
10 2 2 0| 25 ]z0 [25 20 {25 1.5 2
170 open-loop
171 DLC 1 2 3 4 3 3 3 4 2.5 2,5
in
184 2 2 281 3 |25 |28 |27 |29 2 2.4
185
165
}gg separate 1 3 4 4 3 3 4 4 2 2
DLC out
182 2 2 2.5 | 45|25 |25 125 |45 2 2
183 . . . . . .
igg out 1 2 3 3 3 2 2 Run day
closed-loop before
157 DILC complete
158 n 1 2 4 3 3.5 2,5 2 task

163




Table XXIII.

Evaluation Ratings -- F-104 Landing Task -- Concluded

Cooper Rating
Runs | Controiler | Turbulence | Pilot No. Trials Pitch Reil How Did | Workload | Remarks
Glide | Flare | Glide [ Flare | Overall You Do?
184
185 out 7 2 2 3 2 3 - 2 2
elevater
200
201 in 7 2 3 3 2 % --- 2 2
180
181 out 7 2 2 2 1 2 --- 1 1
cloeed-laoop
DLC
198
109 in 7 2 2 2 - 1 2 --- 1 1.5
192
103 out 7 2 2 2 1 2 -—- 1 1
apen-laop
196 DLC
197 in 7 2 3 2 2 3 ——— 2 5
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Table XXIV. Evaluation Ratings -- C-5A Landing Task

Cooper Rating

Runs | Controller | Turbulence | Filot No, Trials Pitch Roll Querall How Did | Workload
Glide |Flare | Glide | Flare [Glide|Flare ; You Do
216
217 ant 1 2 4 4,5 3 3 4 4.5 _——— —_—
208
209 3 2 3 3 2 3 2. 3 2 2
elevator
226
297 ) 1 2 3 4,5 3 3 3 4,5 3 3
in
210
211 3 2 3 4 3 3 3 3.5 2 2
220 1 2 2 2.5 | 2 2 {2z lz25 2 1.5
221
out
2o 3 2 1.5 | 2 1. 1.5 | 1.5 |2 1.5 1.5
closed-loop
228 DL.C
239 1 2 3 3.5 3 3 3 3.5 2 2.5
212 n
213 3 2 2 2.9 2 2 2 2.5 2 2
218 ;
51g out 1 2 3 3 3 3 3 3 2 2
goe 3 2 2 3 2 2 |2 |25 2 2
open-loop
224 DLC 1 2 3 4 3 3 |3 |4 2.5 2.7
225 .
in
214
215 3 2 2.5 3.5 2 3 2, 3 2 2
222 1 2 3 5 3 3 |3 |s 3 2.3
223 out
203 separate
203 DLC 3 2 2 3 2 2 2 -—- 2 2
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APPENDIX IX
QUANTITATIVE DATA

During all tasks except the general task, quantitative data in the form
of mean absolute values and final values for landing of parameters indica-
tive of pilot performance was taken. This data is contained in Tables XXV
through XXIX. Fifteen mean absolute values and six final values at landing
were recorded., The units on HORIZ BAR, VERT BAR, and PITCH
POINTER are % FULL SCALE .

100

The distance to glide slope intercept is positive for long and negative
for short at touchdown. The code for information contained in the run
numbers is shown in Figure 43,
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Run Number Code

Example; 3 L G 6 109
L—-3 digits for run numbsr
Combination 6
Taak G
Adrcraft L
Pilot 3
Plots Aireraft Tas
Seven pilots L - Fa104 G - General
Participated 5 = CaSA T - Terrain
following
I - In-flight
refueling
L - Landing

Control Combinations

2 -
3 -
5 .
6 -
B -

11 -

elevator with turbulence

elevator without turbulence
closed-loop DLC with turbulence
closed-loop DLC without turbulence
open-loop DLC with turbulence
open-loop DLC without turbulence

separate DOLC without turbulence

Figure 43, Run Number Code Identification

187



RUN

NUMBER

WHORT?
Bak
1513214 1%
1503217 W12
15,3208 o8
3503209 ol
1512228 elé
1512227 o115
350221¢ 30
3sLiZ1l Wlé
15L6220 W18
1506221 .10
3% 6204 Wi
3I5L6208 e12
1315228 fil
1505229 .19
3905282 16
3515213 wlé
1509218 T
isLg21g oi9
35,9206 o 10
I5LT26Y o1
18,8224 «20
15L822% W4
35L8214 24
35,8215 o 1¥
15011222 .13
1sL11223 13
35011202 $13
35011203 «l9
RUN

NUMBER
CELTA
FLAP
(VEG)
151321 +00
15,3217 +00
35 L4208 L00
153209 «00
1502226 T
1512227 400
%2240 400
3152211 +00
18,6220 1,34
1816221 W81
35L4204 1,27
35L6209 2,0
1808228 2,13
15L.5229 2,24
In 5212 2456
355213 2,71
15 9218 PES
151921 LY
3519208 1,01
3%, 9207 1,17
1508224 1412
151822y i,11
ELIN AT Lybd
35,8215 [T
1511222 Tei2
i5L11223 3,74
3511202 W26
3511203 1,75

Table XXV. Quantitative Data -- C-5A lLanding Task

*yERT
BAK

03
204
103
«03
W03
«03
207
203
204
+03
204
#03
203
«03
]
«02
W06
05
W93
W04
02
#03
«04
«0h
L.k
W02
«02
03

DERECY LIFT LONTROL MILOT [N §HE LOOP ST13Dv

wPITLH

POINTER

L]
W 1%
Wlf
213
o b o
L]
LE6
o1t
Y
13
W2
3
13
W21
W17
L)
W12
ol2
Wil
A7
20
Wil
W24
T
17
el
Nt
17

MEAN ABSOLUTE yALUEY

PITCH
STICK
{DEG)
latts
1e25
2ol
La#0
1,78
2,02
& 48
2,80
1.49
1407
Led7
1,94
1,63
l.80
2441
2,04
1,07
1427
Let5
Z4V1
1,47
1445
2,45
24VT
l.12
N-N)
laTs
L2480

MEAN ARSOQLUTE VALUES

ELEVATOR
RATE
({DEG/SEC)
2,99
2491
H,%8
8,38
6,87
8,02
13,85
10,74
2,5%
1,75
3,48
6429
3.9
750
9,72
1w, i
le82
2,20
Ge73
5,80
Te38
9,32
11,57
10,98
2,11
1,54
4,14
1,76

FLAK P1TLH
RATE RATE
(DEG/YEC) (UEG/SEC)
«00 oY
o] -1
.00 T
a4 7
200 .
U0 « 76
Nils) 1,40
<00 +53
1,10 ot
L 29
1,49 w37
2,11 50
L7 o8
2,71 « 20
3,90 -1
4,12 Y]
+ 39 « 33
LY -1
99 32
1,20 57
1,20 B0
1,34 W2
1,94 282
1423 Nl
1,00 W27
97 MY
W11 35
.1 L]

PITCH
ATTITUDE
(DEG)
8414
8483
4,82
5,01
A,47
1,37
5,98
4435
4,58
belb
4,04
5,68
243
4e51
2,90
3,62
%20
4y24
4,48
byl2
4,53

b7
6,00

ALTITUDE
RATE
(FT/5EC)
14,5
18,40
£1,50
840
15,50
6,80
21,50
B 40
13,70
3,50
3,40
10,40
3,50
5,90
24%0
4,50
9.00
10,20
10,00
13,40
11,20
4,90
7,30
920
13,90
& ,90
8460
17,00

168

HEALING
ATTITUDE
{DEG)
+48
W61
sd5
L
5
v 37
1,4¢
43
.ag
.
lls
Ty
20
Lt
»93
W3
Ly%l
Ve2g
v 38

DISTANCE
TO Gy
(F1)
-za;.oo
=T1la,00
s44 O
y2s,Ug
482,00
160,00
£94 ,U0
1726,00
128,00
346,00
1968 ,00
1234 ,90
142,00
ts710,00
25486 ,U0
822,00
T
113z, 0o
470,00
2350,00
596,00
058,00
344,00
« 728,00
379,00
34,00
S84, 00
1050,90

ROLL FOLL Coly
ATTITUDE  511CK BCCEL
|DEG) (PEG) {GEES)
1.78 1470 .03
1,68 1,76 +02
1,00 [ Y 08
1,80 3,83 +03
1,14 2436 «05
N:L] £,38 W06
4,30 6,12 .13
1e34 1,88 «07
1,37 2,14 W02
1.61 L 88 02
2,32 L4964 «03
1.02 2,75 +0%
la11 Zqbk »05
1,30 2,83 .05
2,29 2473 06
1,26 €417 W06
3,40 2,96 .02
2,89 2,36 «02
1,15 2,87 <03
198 3,865 +03
1,22 2,16 +06
1,28 2,02 N1
1,49 Y «08
1,6% 3,49 206
1ebl 1,39 W03
1,23 1,85 W03
.81 2,03 +03
1.8t 2,78 «07
FInAL VALUES
DISTANCE PITCH ROLL
TC R €L ATTITUDE ATTITUDE
tFTh {PEG} {DES)
2,00 22,86 1.12
10,20 24,50 1,02
28,90 20,64 2,76
52,80 18,00 1,88
14,50 20,12 72
10,20 11,00 36
46,20 3,52 4,34
Za.20 Bo88 Ty
67,70 2%,08 82
15,60 16,96 «58
2.20 24432 1,72
1,10 79,42 1486
w80 Tehd 1,62
24,00 11,08 2,60
1,30 1,86 2,12
9.90 1,74 1,52
T9450 23,62 2,82
41,20 24,18 1elb
23,40 29,36 56
18,10 3,36 3,46
27,20 17,86 2,98
46,70 10,08 3,10
de.7C 1L,96 2.%%
30,90 S.78 2e92
57.10 16,48 1,98
54,30 5,76 f.8%
8420 24,20 o 58
16,70 11,10 »54

ALPHA
GUBT
[DEG)
151
117
1,20
1,39
+91
1,33
1,23
lel9
1,34
1,23
1.2%
1,20
1420
1,56
La2%
L,20
1,35
s
«98
1,32
1,50
YY1
1att
1ylé
1,22
1,37
le28
la%2

DELTA
ELEVATOR

tDEG)
3,07
3,17
4401
3,20
3,39
.86
6453
3443
3,24
2459
laB6
296
3,98
2,93
4¢3
g2l
2412
2,33
3,18
3,33
EFLC
3,27
bhoh?
3,32
Lakg
«99
2.23
3,42



Table XXVI. Quantitative Data -- F-104 Landing Task

LIRECT LIFT CONTROL FILOY 1IN THE LCCP S5TUbDY

RUN MEAN ABSOLUTE VALUEY
NUMBER
RHURTZ FVERT ®PITCH PITLH PITCH  HEADING ROLL rOLL Colay AL PHA DELTA
GAR BAK POINTEH  STICK ATTITUDE AITITUDL  ATTITUDE  SHICK ACLEL GUST ELEVATOR
{DEW) {DEG) {DE, {DES) {PEG) (GEES) (DEG) (DEG)
19£3;63 all «03 Wt 9 g Tdd) 103 1.3% 248 «Q3 o4 w9
1413164 W18 +03 WL ) T430 1,14 1429 W32 «05 51 o 70
24T alS .03 W1 15 9.31 W 7h 1.58 266 +05 1.08 55
43T o} 04 W33 1457 16,860 1,92 2469 T 209 1460 1,08
1412174 «l8 «02 20 W88 94148 98 1,96 o84 +06 1,08 +62
14L2175% «28 W03 Ni 97 Li,2¢ 1,91 3,k7 L34 09 1.16 B4
2412188 o413 a02 o 3% (-1 13,59 95 2,13 W79 W13 1,20 1,10
24121894 27 «03 it 52 Te39 40 70 i3 1:14 281 »39
1406159 ald 02 sl L] Tabb 83 1.08 3% 0% 537 57
ThLE180 W12 W2 Wb «H9 8,35 «HY L.6A +20 0% «50 73
246178 «09 +03 W12 5y ToB2 25 1.28 240G 08 «B84 ekl
248179 w12 2 05 ok «79 P34 -0 -1 1,01 07 98 2]
TeL5L72 18 «02 olH 58 94,77 -1 1,48 71 +06 1,00 3%
1415173 il W05 ot} .98 10,76 z,0g 2.1 &b .10 1,20 76
2415188 W13 « 03 Lo 1,31 8,33 1,04 7256 lale all 27 b8
2% 5187 elé «05 et Laé 8.6 o75 1,58 W75 ol W89 W57
14L9Le) wl3 « 04 1% 77 8449 T8 1,87 PEl) q:1] 49 T2
1419182 $12 +03 Wlb KT Tobt 1.13 1e#0 a7 W05 o7 b
249180 o17 «G7 otl Lo¢s 12,36 Lloly 2.02 73 W10 1,23 55
2419181 W11 02 o l4 79 Beli4 otp 1,22 kb 206 W82 430
14,8170 e 03 W7 25 L1 1,¢1 1.71 o857 08 «7l 37
kaLgL?l o9 «03 o¥3 o9 11,8% 20 B2 226 W08 189 .75
24La1B4 16 02 o7 L,»0 Tell «T7 1445 «Th alz 13 73
T4LELHY .22 + 0% e 1437 11,15 1.24 2.57 L,L a2 1,10 95
14011185 el? «08 220 89 8,85 2494 2.54 .79 W06 +53 Th
[EIRRYYY W13 02 W17 ot Telé o9 1,23 27 o 0% il 42
L4 llleT W12 W02 W18 oH4 7413 29 1.19 W27 W05 L 167
24111182 19 06 o2 1433 11,76 »79 1.21 ) 209 1,24 «83
FLIN AR T} 23 02 28 la2s 10,63 o8 1,54 W71 « 0B 1,08 MY
TaLetss elb .03 L 18 oB1 10,18 lole 1.4% .50 08 W53 .55
14,4158 wll 201 W18 -1 10,39 .33 .42 21 W08 N1} 37
1%L 9157 16 03 »19 .13 1G,40 02 1417 +&9 « 06 533 1Y
1409158 o165 +03 it W73 12,52 b3 1,38 h «07 W57 W83
TAL 3 94 o22 »02 »2l L7 8,80 .95 1aTé W87 »09 Letl 1)
T4L NG5 w2h w6 27 [T "e22 1,.8g 2,44 1,08 09 .97 a8
Te| 2200 25 +03 ] 131 G 22 1,07 2,38 1,33 «10 97 97
ThL 2201 21 w04 w23 1,1k 10,00 1o71 1,99 1,08 $10 1,01 B8
TeLs190 ol6 «03 L0 L L L] 1,00 1,23 35 47 1,17 1]
TaLe1gl W8 .02 20 ] -4 T 2.1t ) i) 97 T
T4L 5198 23 +03 o Bh 1,22 L0, %5 1,4] 2,44 1.08 =11 1.25 ]
T4 5199 W18 .02 19 L.93 10,12 «?7 1.9h 1,34 +09 a7 67
T469152 el5 # 08 .19 »90 w17 2,92 ' 1,06 .06 1,17 036
TELIIS3 20 04 L] 299 9.52 2.l 3,R% 1,02 08 1] » 50
T4L 8156 o25 WY «Z6 140 10,20 1,47 6,25 1,04 12 1,14 T
Teb8LST 22 05 W23 Y] 1g,32 1,92 3,33 i,90 W11 .93 BB
RUN MEAN ABSOLUTE VALULS FINAL VALUES
NUNBER
EEL1A  ELEVAICR FLA® PITCH  ALT[TUDE DISTANCE D]S5TANCF PITCH ROLL ANGLE
AP RA RATL RATE RATE 70 ©) T0 R € ATTITUDE ATTIVUDE ATTALK
(VEG) {DEG/SEC) (DEG/SEL) (DEG/SECY (FT/5ECH {F Ty (FF) {PEB) (DEG) (DEG)
141.3)63 -0 1432 U PLL] 1s70 124419 4,40 Fak( *00 «00
L4l 3164 «00 Loit U0 52 14,50 50,00 55,30 Feu2 200 #00
2413176 200 2,11 Jud -3 4,90 iT6,UQ 185,90 13,34 1,0% 13,94
24 3177 200 1,57 LU 1,08 2,40  S53p4,Ug 203,40 13,44 1,88 12,82
1412174 .00 2,38 LU 32 TeT0  =3LE,UH0 lcp,20 17,456 3486 17,49
14 2178 .00 3,22 Kk o T5 5,50  l496,00 13,90 14,28 1,82 14,35
2417188 00 4,72 Kl 1,44 8,70 5200,0p 2p,20 to,58 l.18 11,68
2412189 200 2,74 Rii W83 12,30 158,00 214,80 10,58 «00 12,718
[SINIEL] 2,10 1,33 3,85 o 32 1,60  L4#44,00 72,40 10,54 «00 .00
L4, §160 2,uq l.28 2,82 $33 l.lo  2v3s,Up 55,00 10,34 «00 L,08
2416178 1,96 1,95 5,04 W40 4,00 3372,V0 257,90 15,0% 1,64 14,60
2416119 Za46 2,12 6,12 o0 1,90 19y0,00 343,00 13,42 5e42 13,07
L5172 2,78 £,33 5,83 ity 8,80 262,00 09,70 14,42 b8 15,02
1415173 3,46 3,08 8,5 W5l t,00 1374,00 210,60 13,12 4,00 12,70
2415186 4,88 3,40 11,14 $ 93 4,60 448,00 66,50 19,74 3,40 14,83
2hL 5187 LTL EY 19,30 280 8,00 14G, U0 277,20 1b, 08 3,96 4%
L419161 1,40 1,27 1,99 W30 1ad0  3288,00 149,50 4,88 «00 00
1419162 1,85 1,21 2,20 Y 4,90  1€58,00 112,20 9,16 «00 .00
2419180 3,31 2,92 T.74 o 15 2,60 434,00 366,90 14,72 3,30 12,32
2409181 2,02 1,8¢ b,b6a L 2,20 1950,0¢ 89,20 11,10 1] 11,87
14,8170 f,39 £,37 2,ue »43 4,20 848,00 207,10 13,24 2422 13,26
1aL817) by 29 2,97 2,92 B 6,30 1750,00 173,59 14,54 1,04 14,49
2418184 4480 3,88 g, 78 Lalg 1,80  1U72,U¢ 132,50 11,82 1,44 1,93
24L B18Y 4,18 3,05 7,83 1,03 3,50 1218,U0 177,20 11,82 1,470 12,08
14011145 4429 1,70 o34 W92 B.B0  2370,0p 485,80 T,5% 2,88 L0
14011168 249 1,29 50 «20 3,20 386,Up 66,90 Hohd 3,92 200
laLlifey 2473 1,29 Wbt o14 5,00 “8b,Up 64,20 Tob2 2,80 200
ZaLllle baus £.91 «32 13 4,80 41¢0,09p 272,50 11,80 162 17,46
2411143 2,04 2,35 212 Lais 5,70 a648,00 25,00 i3, b4 3,12 13,30
14 6135 L2 1,0y 2,34 o25 3,70 372,40 3,30 .00 200 W00
146156 Lait 1417 2,11 .22 2400 812,00 71,00 »00 400 «00
149157 LyC4 l.19 1,49 Iy 5420 570,00 145,40 200 +00 +00
149128 L,08 1,40 1,61 239 2,00  3In2s,up 0,70 <00 +00 #00
THLILE54 »00 2,88 .00 1,13 14,5q -298,0p 120,80 16,28 4,838 18,37
TRLILGS £ 00 2,81 .0a 1 0s 3,80 -170,u0 139,50 15,12 3,32 15,01
T4),2200 #0100 4,33 <0 Loy 6,00 L42,Ug 4,50 14,560 .90 13,11
TeL2201 00 L1} LU 1.06 9,40 1734,00 85,00 1i,76 282 12,55
T4L6180 2,37 1,39 3,80 o34 4,10  2104,00 243,10 12,28 3,60 12,43
T4 €191 1,88 1,87 1,77 o35 5,50 2024,U0 g bN TN 4,10 Il,98
MLﬁlle LT 3,3z Gat0 Rl 1,80 5104,00 75,50 i',qb 3,14 9 07
7415199 3,50 3,4l 8,98 W TE »,00 308,00 27,90 14,02 4,06 13,57
465192 1,9% E,%4 3,32 Y 9,30 U0 473,80 11,72 4,28 17,82
749193 %31 1,69 ENLE 80 5,00 368,00 17,50 13,14 2,58 13,30
9L819¢ 3,00 3,58 5,43 1,3 8,70 802, Un 299.80 16,90 13,46 11016
485197 aalt 9458 LS luls 6,50 810,00 234,70 1%,20 n.14 12,54
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L

RUN
NUMBER

58T308Y
5573089
4873098
A3T2099
ssv20at
3372082
53T 104
a5T2 103
9574090
3516091
4976094
8876099
3378080
LERELT B
4573106
E3T8104
5379084
579087
E5TRO0G4
A5T90%T
a5TR084
aTTAURS
s5T8102
6578103
4573107
35711051
85711083
55711100
(13223 11

RUN
NUMBER

55730488
5373089
8573098
5573099
asT2082
512083
ASTE 104
6872 108
9376090
5376091
§576099
378093
8572080
sara0s)
3T8106
43TS108
5379084
S4THOST
4873095
4379097
S5TADS4
STTA0SS
s575102
s5r8lad
s3Talo7
s5TilogR
53T110%3
48111100
IT1llel

Table XXVII.
LLULYHH SVERT
BaR BAR
o10 00
«09 200
ok W00
15 00
o1l 2 Q0
eld «00
[3%] 200
13 +00
» 08 200
»08 $0C
« 01 «00
«0h 100
«08 + 00
« 08 180
ell 200
+10 200
+10 +00
«0F 100
Wl2 +00
W17 00
107 +00
W10 $ 00
112 »00
ald «00
10 3y
ill «00
(31 # 00
o8 «00
113 «00

DELTA
FLAP
{0EG)

200

L

+00

200

2 00

00

+00

«00
3435
LILE
3el5
248)
3y6]
1138
128
283
Tyl
ledé
led9
e84
[PLL)
1e8)
ballS
1¢8S
328
3oty
B.04
Sem8
5Tl

Quantitative Data -- C-5A Terrain Following Task

DIRECT LIFT CONTROL PILOT IN THE LOOP STupy

SPITEN
ROINTER

.33
3,44
LY X]
1e%1
2.74
!"’
10
3488
Jvly
.07
2.5¢4
1,42
2.02
3.24
4,07
178
L]
3.3
3,98
4,77
4,04
303
4,35
3,04
LIRL}
3,00
377
3478
3487

MEAN 4BBOLUTE VALUES
HEADINE

PITCH
3TICK
{DEQ}
2437
2,83
2,11
a8
2el7
300

MEAN ABSALUTE yaLUEYN

ELEVATOR
R

ATE
(oEa/3EC)
701
(YR}
4.2
4,07
Ta38
TeST
be98
Teb}
4,12
4,4)
4.22
3.2
5,87
5498
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Table XXVIII. Quantitative Data -- C-5A In-flight Refueling Task

minlvmil

RUN

NUMBER

*UORIZ
BAR
513053 «10
2513084 W10
4513062 «12
4513063 o1l
3312051 o l4
2514052 o15
4512084 W4
451206% W18
2514041 ol?
2514048 o0
441808686 04
4516067 209
515047 W11
2515048 20%
4315059 .08
4915080 +09
4515061 J07
2519058 .10
2519058 W11
4519048 +09
4319069 09
2518049 o 14
2518050 W12
45318070 slb
4818071 L)
25111087 W12
25111088 W15
3111072 »19
4311107 W22
RUN

NUMBER
DELTA
FLAP
{LEQ)
291313 PLTH)
2513054 +00
4513062 »00
4513063 +00
2%1209) 00
2512042 +00
4512064 $00
4312045 #00
816048 B
2316046 67
4516066 1e19
AB16067 is36
2515047 1,29
2515044 1,12
4815059 F% 1
4518060 Boih
4315081 2,18
2519058 +99
2919058 88
4519068 o T4
4319069 Wbl
2518049 296
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AS18010 W71
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251110%7 1,08
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45111912 AelQ
411073 2,9
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»00
#0C
+00
«00
«00
«00
«00
«00
«00
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+00
«00
«00
«00
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«00
«00
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«00
»0Q0
#00
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%PITCH PITCH
POINTER  5TICK
tPEG)
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« V8 1o
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a9 o3
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e 1,d4
09 1,00
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WY 78
o132 35
2l 2035
W10 W73
10 1425
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RATE
{PEG/IEC)
[TY 1
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10,88
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L4385
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FLAP P1TCH
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<00 27
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«00 «91
+00 1.01
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217 ol
2,060 «32
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4,09 30
3,80 25
5,21 o8
4,T) 55
5,41 w32
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W29 W38
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3 o
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PITCH HEAD NG
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W91
1.00
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STICK
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Table XXIX. Quantitative Data -- F~-104 Terrain Following Task

RUN

NUMBF R

BLCRTY
HAR
147313 212
1413136 W12
T4TA14s W13
2473148 Wlé
idr2131 .12
L472138 W13
14712153 o1
2472154 o l4
f476131 ol
14741372 «10
2474142 o4
2414164 w14
farsi1a1 A1
1475142 W11t
2475151 eld
nrs1eg o8
1415133 W12
1479134 W12
NTH1AT sl2
2419140 o1l
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1478149 ol2
24ta1%o W13
RUN
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DELTA
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. (vEG)
147313y Loh
E4T3138 «00
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2473145 +00
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1672138 «00
2472133 «00
2472154 w00
1416121 3,81
IaTe132 1478
2416143 3,92
475144 31,84
{ay5181 1,89
1478142 2,75
2418151 « 00
2415192 «00
T1415132 4,04
1479134 3,87
14979147 8464
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lava13g 1,00
L4TRL4D 3,22
I8TB149 5,12
(23831 [ L PLY

vyley
[BF.1.1

» 00
.DU
00
oo
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»00
o0
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00
«00
«00
#00
»00
+00
00
00
L00
00
»00
#00
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+ 00
+00
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2,83
3,34
ENL
3,08
2,81
2,27
3,08
2,00
3,5¢
3,186
L. 14
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4,36
3,43
1,93
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2,49
3,18
4,09
4,16
3,29
3,19
L 1)
1,94

UIHECT LIFT CONTROL PILOT

MEAN ABSOLUTE vALULED

PETUH

K nTICK
tPEG:
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2449 00 o5l
3,27 Nl 3.82
2,99 .00 E Y.
2,19 W00 5,07
2454 LU 3,0
2491 00 e
2497 «00 32
1,64 B.6% 2.1p
laT% 9,29 24k
2,67 12,88 2,02
1,82 10,2% 3,29
2,01 9,99 2,29
2,05 10,45 2aly
10,34 «00 toly
13.64 «0 fh70
i.38 8,31 2,69
2,35 8,24 2,58
2480 1.08 Zab8
Lena 5,40 243y
2,37 %1 2,02
2,43 Te39 Fae 25
2,49 1,33 Zol17
2492 4,09 2450

H1TCH
ATFITUlE
1PEG)
5,78
5,98
4,79
8,39
4,93
5,75
.26
8,25
5,87
6e23
7.3
Te0b
6,78
6,50
1,12
2218
8,19
6,28
6,88
8,39
by 4%
6,37
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[ L}
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»37

1,01
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e
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i:ls

o5
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1,94
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APPENDIX X
LANDING TRAJECTORIES

Landing trajectory plots (ranges versus altitude) were made for all
landing runs. These are given in Figures 44 through 49. Touch-
down sink rates are also given on the trajectory plots for each landing

run.
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APPENDIX XI
SIMULATION DESCRIPTION

GENERAL
The AFFDL moving base simulator cockpit is shown in Figure 2. The
following instruments were used for the visual presentation:

e  Attitude direction indicator (ADI) (roll, pitch and heading
on the ball, horizontal needle and left side meter for glide
slope, and vertical needle and bottom meter for localizer)

. Sideslip

e Angle of attack

] Incremental g's

. Rate of climb, feet per minute

™ Engine rpm (for thrust simulation)

® A small gide meter (for flap deflection in separate DLC mode)

e Airspeed |

e  Altitude

® Flare light

CONTROL STICK

Control stick force-displacement characteristics were generated with a
pneumatic system that allowed adjustable force-displacement characteris-
tics. A schematic of the feel system is shown in Figure 50, The mech-
anical arrangement of this feel system allowed considerable play around
center in both pitch and roll., Both pitch and roll stick displacements could
be made with little or no stick force. This characteristic was annoying to
the pilots, especially since a force pickoff was not available and a stick
position pickoff was used.
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FORCE GRADIENT
ADJUSTED BY
VARYING AIR
PRESSURE

TRIM ° ®
ed PIS [
CONTROL
STICK y
PUSH ROD | _DASH
o POT
< e U
7 VA S S Ay v S A AR A A A A A A v 4

Figure 50, Schematic of Pitch Stick and Feel System (Roll Similar)

Figure 51 shows stick force and electrical characteristics versus stick
displacement, Comparing pitch voltage with force, 0. 3 volt is obtained
with zero force (at 0. 125-inch displacement)., This made precise control
difficult, For example, 0.4 g could be pulled within the stick play during
F-104 general handling qualities evaluation. The pitch trim was therefore
disabled, and diodes added at the pitch stick error amplifier, thereby in-
troducing a £1-volt electrical dead zone at the stick. The stick had a 24-
inch radius to grip center., It was desired to adjust the C-5A and typical
fighter force-displacement characteristics to this 24-inch stick. The de-
sired characteristics are listed in Table XXX,

All DLC configurations investigated used stick force displacement char-

acteristics of the C-5A and F-104 fighter. Electrical gradients, K zF and
K

CHF to flap and elevator, respectively, assumed a stick force pickoff and
were in g's per pound, This simulator used a stick position pickoff rather

than a force pickoff. In addition, the length of the stick did not correspond
to that of a C-5A or a typical fighter. It was therefore necessary to convert
force gradients to displacement gradients, Conversion factors used are
shown in Table XXX.
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Figure 51. Stick Force and Electrical Characteristics
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Table XXX, Force-Displacement Characteristics and
Conversion Factors

C-5A Aircraft F-104 Aircraft
Description Landing] M =0.6 | M=0.6 |Landing| M=0.% | M=0.9
Task |at 5000 It |at 20, 000 ff Task [at 5000 ft |at 35, 000 ft
() Column displacement, deg/lb 0.5 0.13 0.177 | Lo 0. 27 0.27
@ Column length, inches --- 31.3 --- ——- 18.8 -——
@ Desired simulator stick displace- 0.65 0. 20 0.23 0.78 0. 21 0.21
ment, deg/lb, 24-inch column
- X
4
@ Desired simulator force gradient, 3.7 12.4 10. 3 3.1 11.5 1.5
Ib/inch = @T—-—b
X
(® kK, . design stick force to 0,08 0.06 0.06 0.2 0.2 0,2
*F
normal acceleration gradient,
g/lb
(8) Desired simulator electrical 0.093 | o0.31 0.26 0.28 L. 04 1.04
flapgradient, n_ /deg = @,’@
@ Ko . design stick force to C” 0. 08 0. 08 0, 08 0. 28 0. 28 0. 28
F
gradient, g/lb
(& simulator electrical gradient, 0.12 0.4 0.35 0, 36 1. 35 1,35
Cteeg = D/1Q

The desired stick gradients could not be used due to the poor centering
characteristics. Table XXXI gives the actual pitch characteristics used,
and also the roll gradients which could not be independently adjusied.
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Table XXXI.,

Pitch Characteristics and Roll Gradients

Flight Condition | Desired |Actual | Resulting
Aircraft Mach | Altitude Pitch Used Roll
No. (ft) (lb/in) [(1bfin} | (lb/in) |
1

C-BA 0.17 |sea level 3.7 5.0 3.0

0.6 sea level 12. 4 11. 7 6.0

0.6 | 20,000 10.3 10.0 4.5
F-104 0.3 sea level 3.08 7.0 3.0

0.9 5000 11.5 11. 7 6.0

0.9 35, 000 11.5 11. 7 6.0

MOTION SYSTEM GEOMETRY

The motion system geometry is shown in Figure 52, and the analog com-
puter mechanization used to drive the motion system is shown in Figure
53, Using Figures 52 and 53, the actual motion drive equations can

be determined,.

Desired Pilot Motions

The desired pilot motions are given by:

g ° f (6,9 (pitch}
qsq = f (¢,p) {(roll)
Zp = f{ zp) {heave)

Actual Inputs to Motion Drive

The actual inputs to the motion drive are given by the following equations:
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™~
HEAVE ACTUATOR
HA)

ROLL

ACTUATOR
(RA)

NOTE: ACTUATOR STROKES £3 INCHES

Figure 52. Motion Simulator Geometry
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e = 0.04 (8 + 10g} -- [C-5A] (60)

p
ep = 0,04 (6 + 5p) -~ [F-104)] (61)
¢p = 0,038 (p + 5p) -0.012 n, -- [C-5A] (62)
p
by = 0.038 (p +2.5p) -0.012n_ -~ [F-104] (63)
p
zp = 0.064n, +0.022 (¢+5p) + 0.055(8+10q) -~ [C-5A]
P (64)
zZ, = 0.064 nzp+ 0.022 {(p+2.5p) + 0.055 (8+5q) -- [ F-104]
(65)
Actual Motion Drive Equations
1} Actuator feedback responses:
HA = 0.16 N, volts (66)
p
RA = 0.15N_ +0.06 (§+ 2. 5p) volts (67)
P
PA = 0.16 N_ +0.20 (5 + 59) volts (68)
P

2) Actuator Motions were 0, 4 inch/volt,

3) Pilot motions:

, -(g.;-_%di%) (PA-I—IA) (0.4%&) (69)

0.08 (% + 5q) degree

f=e)
|

s - () () oty

18 in volt
(70)

-0.012 N, +0.076 (§ +2.5p) degree
p _
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™
i

_{60in) . 15 in, 12) _
(45 in.) PA - (47 in.) HA +(18J (RA HA)
(71}
0.064 N_ + 0.045 (-gi +2.5p) + 0,11 (-g—+ 5q) inches
p

4} Analog recording of pilot motion:

1

Z (PA - 0,26 HA) volts (roll neglected)
p (72)

(1.33)(0.4) = 0,53i0Sh

volt
¢‘p = (0,64 (ZA-HA) volts
(73)
fo.4 ) .5,7._3) _ 9.0deg
0.64/\ 18 volt
9 = (PA-HA) volts
p 57,3\ /0.4 de (74)
= | — - = = 0.51_"‘g'
45 1.0 volt

5) Individual maximum displacements:
o =(=22Y(3in. +3in.
» () ) a9
= 7.6 degrees

q)p =(-517T3) (3 in, +3 in.)

= + 19 degrees

2, ~(B)6) (%) (4

= =+ 5 inches

(786)

Rate-to-Attitude Ratios

The ratios of rate to attitude were determined by pilot preference in pre-
vious experiments with the AFFDL moving base simulator. The pilot's
vertical motion, Zp, includes pitch and roll inputs, as well as pilot's
acceleration, NZ . Since NZ was in g's, and pitch and roll in degrees,

it can be seen that the pilot's vertical motion was due mainly to pitch and

roll inputs, i.e., N = rarely exceeded 2 g's, calling only for 0. 13 inch
p
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vertical motion,

STATIC AND DYNAMIC RESPONSE OF MOTION SYSTEM

At the conclusion of the formal test program the static (low-frequency)
and dynamic response of the motion system was investigated. The
following results were obtained:

] Heave Static and Dynamic
For - n,6 = +34 volts drive;
p
Calculated Measured
Zp = PA - 0.26 HA = 4,1 volts -4, 2 volis

0.64 (RA - HA) = +0. 25 volts 0.5 volt

>
i

g PA - HA = 0 volts -2 volts

P

For one-third maximum amplitude at low frequency:
-3 db at 0.4 cps

-11 db at 1.0 cps

. Roll Static and Dynamic
For ¢* = =40 volts drive:
Calculated Measured
ap = 0.64 {RA - HA) = 1. 54 volts 1, 6 volts

For one-third maximum amplitude at low frequency:
-3.6 db at 0.4 cps

-9.8dbat 1,0 cps
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. Pitch Static and Dynamic

For 6% = =20 volts drive:

Calculated Measured
Gp = (PA - HA) = 4 volts 4 volts
Zp = (PA - 0.26 HA) = 4 volts 4 volts

For one-third maximum amplitude at low frequency:
-2 dbat 0,4 cps
-8 db at 1.0 cps
The predicted static performance (low-frequency data) was obtained for
pitch and roll inputs, but pilot's acceleration input (NZ ) calling for

heave produced large pitch and roll, as well as vertical displacement.
1t was suspected that the heave actuator static gain was low.
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APPENDIX XII
DIRECT LIFT CONTROL POWER REQUIREMENTS

Mean absolute values of control surface rates and positions were obtained
in all piloted runs and are presented in Appendix IX. This data may be
used to estimate the power required to operate the direct lift controllers,
The horsepower required is obtained by:

(1) Assuming that flap null (or trim) position, 6'1" must be at
least three times the mean observed value to provide adequate
DLC authority.

(2) Assuming that the required flap rate must be three times the
mean observed value of flap rate, §&.

The mean aerodynamic hinge moment is assumed proportional to the
trimmed flap position and angle of attack. The horsepower required
is then:

=H66T+HQQT 36

550

RHS

H P. (78)

Note that with these assumptions (with angle of attack contribution small)
power required is about nine times the power consumed.

C-5A flap rates and positions are available for landing, terrain following,
and in-flight refueling. F-104 data is available for landing and terrain
following. Before estimating terrain following DLC requirements, note
the mean absolute value of normal accelerations of approximately 0.42 g
for the C-5A and 1,0 g for the F-104. These are excessive; the tracking
task did not impose the g-limits normally present in a terrain following
systemn, Honeywell analysis of another aircraft with a terrain following
system has shown that, with 10, 9=-g limits, the rms value of normal acceler-
ation was 0, 2 g; the mean absolute value (for comparison with the data in
this study)} would be about 80 percent of this, or 0. 16 g. If the simulation
had been scaled to result in these rates, both the mean positions and rates
would be reduced proportionately. In estimating terrain following power
then, the C-5A mean values are reduced by the ratio (0. 16/0. 42), and

the F-104 values by the ratio (0. 16/1.0).

Table XXXII presents mean absolute value data from Appendix [X, Table
XXXIII has estimates of C-5A hinge moment derivatives Ha and HG in
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Table XXXIIL

foot-pounds per degree,
Table XXXV uses data from Tables XXXII and XXXIII !
Seventy horsepower (delivered) is indicated for in-
I uses data from Tables XXXII and XXXIII to
Three horsepower must be delivered to the

required in the C-
flight refueling. Table XXXV
egtimate -104 DLC power.
flaps for approach.

Table XXXII,

5A.

Table XXXIV contains similar data for the F-104.
to estimate DL.C power

Mean Absolute Values of Flap Position and Rates --
Closed-Loop Direct Lift Control in Turbulence

—

Parameter

F-104 flap position, deg
F-104 flap rate, rad/sec
C-5A flap position, deg

C-5A flap rate, rad/sec

Landing | bt | Retueqmg
Task ___Task Task
3.95 0.65 --- ﬁ
0.16 0.029 ---

2.4 1.06 1.8
0.061 0.038 0. 065

Using Reference 4

C-5A Estimated Hinge Moment Coefficients and Moments,

Flight Condition

Parameter | L2°3INE {Me0.6 at 5000 ft. [ Ms0. 6 at 20, 000 f.
r'-_..: ——

q 43 533 245
aSpCy 343, 000 4, 260, 000 1, 960, 000
H , ft-lb/deg 1380 17, 100 7900
Hy, ft-1b/deg 3680 45, 500 20, 800
NOTE: C, = -0.004/deg; Sy = 1040 ft’

23
Cha = -0.011/deg; Cp = T.7f1t
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Table XXXIV. F-104 Estimated Hinge Moment Coefficients and Moments

Control Task
Parameter . Terrain
L Landing Following
P) e
a, lbfft 133 598
-4
q SFCF x 10 ° (ft-1b) 0. 88 6,9
H, ft-1b/deg -33 -250
Hy. ft-1b/deg -100 -730
. = - . - 2
NOTE: Cha = -0.004/deg; Sp =23 1t
Ch5 = .-0. 011/deg; Cp = 2.71t
Table XXXV. C-5A Flap Power Required in Turbulence
Control Task
Parameter .
: Terrain Inflight
L Landing Following Refueling
@ Mean flap variation from 2.4 1,08 1.8
Table XXXII, degrees
@ Minimum trim position 7.2 3.1 5.4
=3x
@ Selected trim, degrees 30.0 3.1 5.4
@ Z, per degree 1.5 18.6 9.6
@ Zg per degree 0.73 3.4 2.3
1
aT =, (32.2- Z56..] 5.8 1.1 1.8
® o7 Z, 6 T
® H,, ft-lb/deg 1380 117, 100 7900
Hy. ft-1b/deg 3680 45, 500 20, 800
@) Trim hinge moment 119, 000 199, 000 126, 000
=®x+© x@, ft=1b
{0 Mean flap rate from Table 0.061 0.038 0. 065
XXXII, rad/sec
@ Power requjred (horse power) 61,0 41,0 70.0
=3x @ x( 3}/ 550
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Table XXXVI. F-104 Flap Power Required in Turbulence

Control Task
N Parameter;_ Landing g:ﬁgilinn g |
'——-® Mean flap position, —U—_;QS 0, 65
(Table XXXII), deg
@ Selected trim position, 8., deg 33 2
@ Za per degree 2,17 31.6
@ 2’.6 per degree 0, 59 6.1
® agp = zl_a [g - 2, 5'1“] 4,7 0.63
® H_, ft-1b/deg (Table XXXIV) -33 -250
@ =, ft-1b/deg (Table XXXIV) -100 -730
Trim hinge moment, ft-lb -3420 | -1620
(@ Mean flap rate (Table XXX1I) 0. 16 0,028
@® Power required = 3,0 0. 85
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APPENDIX XIII
ANALYSIS OF VARIANCE

An order of magnitude improvement in performance with the use of direct
lift control was not expected. Therefore, it was desired to know that if
differences in performance resulted, were these differences significant
or could these differences be attributed to chance. An analysis of variance
was performed on the quantitative performance given in Appendix IX.

A three-factor analysis was used: controller (three), turbulence (in

and out), pilot (two, except three for F-104 landing). Results are sum-
marized in Table XXXVII, where only the levels of significance are given
for the main effects and interactions for the parameters of interest with-
in the five different control tasks. The results generally show that im-
provements in pilot performance and reduction in pilot work load with
DI.C were significant.

C-5A ALTITUDE RATE TRACKING TASK

First~ and second-order interactions are not significant for pitch director
tracking error, Controllers and pilot main effects are significant at the
0.1 percent level, With blended closed-loop DLC the mean tracking
error is 7,75 percent, With blended open-~loop DLC it is 11, 83 percent.
With conventional elevator it is 13, 12 percent.

First- and second-order interactions are not significant for pitch rate.
The controller main effect is significant at the 0, 1 percent level. Pilot
and turbulence main effects are significant at the 5 percent level.
Closed-loop DLC has a mean of 1.23 degrees per second. Open-loop
DLC has a mean of 1. 53 degrees per second and conventional eclevator
has a mean of 1, 86 degrees per second. Pitch rate is higher with tur-
bulence, as expected.

Controller and pilot main effects are significant at the 5 percent level
for the pitch stick position. Closed-loop DLC has a mean of 1.82 de-
grees,open-loop DLC has a mean of 2,03 degrees,and conventional ele-
vator has a mean of 2, 36 degrees,

F-104 ALTITUDE RATE TRACKING TASK

The controller-pilot first-order interaction is significant at the 1 percent
level for the pitch director tracking error, The turbulence-pilot first-
order interaction is significant at the 5 percent level. With closed-loop
DL.C, one pilot improved performance, while the other pilot had reduced
performance compared with conventional elevator. Both pilots had
improved performance with open-loop DL.C compared with conventional
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elevator. One pilot improved performance with turbulence. These two
interactions do not seem likely ones. Controller and pilot main effects
are significant at the 0, 1 percent level, Blended open-loop DLC resulted
in the best performance, followed by blended closed-loop DLC and con-
ventional elevator,

The controller main effect is significant at the 5 percent level for pitch
rate, Closed-loop DLC has a mean pitch rate of 2. 085 percent followed
by 2, 403 percent for open=-loop DLC and 2, 941 percent for conventional
elevator,

The turbulence main effect is significant at the 1 percent level for pitch
stick position, The mean stick position is less with turbulence than
without turbulence.

C-5A ALTITUDE TRACKING TASK

The controller~turbulence first-order interaction is significant at the 1
percent level, and the controller-pilot first-order interaction is signi-
ficant at the 5 percent level for the pitch director tracking error,

Controller and turbulence main effects are significant at the 0, 1 percent
level. Blended closed-~loop DLC has a mean of 9, 25 percent; blended
open-loop DLC has a mean of 11. 75 percent, Conventional elevator has
a mean of 13 percent of full-scale error.

For this task altitude error was not displayed to the pilot, Altitude error
was a result of tracking the sum of attitude and altitude rate, The first-
and second-order interactions were not significant for the altitude error,
The controller main effect was not significant. The mean data indicates
that altitude error was less with conventional elevator,

First-order interactions of controller-turbulence and controller -pilot
are significant at the 1 percent and 0. 1 percent levels, respectively,

for pitch rate. The probable explanation for the controller-pilot inter-
action is use of a different piloting technique between pilots using blended
closed-loop DLC. The controller main effect was significant at the 0,1
percent level, The mean stick position with blended closed-loop DLC
was about one-half that of the other two controllers.

C-5A LANDING TASK
Only the turbulence main effect was significant and only at the 5 percent

level for the pitch director tracking error. Without turbulence the
error was less.
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Turbulence and pilot main effects were significant at the 5 percent level
for pitch rate. Without turbulence the mean pitch rate was 0, 485 per-
cent. With turbulence the mean pitch rate was 0.731 percent.

Controller and turbulence main effects were significant at the 5 percent
level for pitch stick position. The pilot main effect was significant at
the 1 percent level, The mean for blended closed-loop DLC was 1, 646
degrees. The mean for blended open-loop DLC was 1, 755 degrees and
for conventional elevator 2, 377 degrees.

None of the main effects or first- and second-order interactions were
significant for the touchdown longitudinal dispersions.

The controller main effect was significant at the 5 percent level for
touchdown rates. Mean touchdown rates for blended closed-loop DLC
were b, 9 feet per second; for blended open-loop DL.C they were 9. 4 feet
per second and for conventional elevator 14, 83 {eet per second,

F-104 LANDING TASK

The controller main effect was significant at the 0. 1 percent level for
pitch director tracking error. The mean error for blended closed-loop
DLC was 14. 83 percent full scale, for blended open-loop DLC 17.25
percent, and for conventional elevator 23.08 percent, First- and second-
order effects were not significant,

The three main effects were significant at the 0. 1 percent level for pitch
rate. The mean pitch rate with blended closed-loop DL.C was 0. 55
degree per second; with open-loop DLC pitch rate was 0. 699 degree per
second, With conventional elevator, pitch rate was 0.8875 degree per
second,

The controller main effect was not significant for pitch stick position.
The turbulence main effect was significant at the b percent level, and
the pilot main effect was significant at the 1 percent level,

None of the main effects or first- and second-order interactions were
significant for touchdown longitudinal dispersions.

Only the controller main effect is significant and only at the 5 percent
level for touchdown rates. The mean touchdown rate for blended closed-
loop DLC is 4, 37 feet per second, for blended open-loop DLC 4.7 feet
per second, and for conventional elevator 7.53 feet per second,
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