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ABSTRACT

"

An in-flight evaluation of four cockpit controller configurations has
been made. These configuratinns include a conventional wheel and column,
and three new concepts: a circumferential wheel and colurn, a circumfer-
ential wheel and column with a hand controller mounted on the right hand side
of the wheel segment, and a dual side arm configuration integral with the
pilot's seat. Evaluation was based on three tasks; up-and-away cruise con-
dition maneuvers, low level terrain following simulated at altitude, and
" approach, landing and takeoff. Each task was performed under conditions
of different eimulated static and dynamic characteristics of a B-1'type air-
plane, using one of CAL's B-26 variable stability airplanes. Fouar evalua-
tion pilots, two USAF and two CAL, flew all four controller configurations
four times each through each of the three tasks. Data obtained was both
qualitative and quantitative. Qualitative data consisted of pilot in-flight com-
ments in response to a prepared comment guide. Quantitative data consisted
of pilot ratings based on the latest Cooper-Harper handling qualities rating
scale, and measured tracking error data obtained during the simulated ter-
rain following task and the approach maneuver of the approach-landing-
takeoff task. Results of analysis of all types of data obtained indicate that
all three new concepts would be accepted by pilots of large airplanes with
only a nominal associated learning period, that all three new concepts are
preferable to the conventional wheel and column, and that the dual side arm
configuration, despite some detailed design deficieacies, is the most pre-
ferred of the three new configurations. The data also indicate areas for
improvement in detailed side-arm controller design, and the need to establish
new handling qualities criteria for side arm controllers, particularly when
integrated with other factors affecting overail flight control systems design.

-
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SECTION

‘ INTRODUCTION L

Current programs for the development of fly-by-wire flight control
systems require a concurrent evaluation of new concepts in two-axis con-
trollers (pilot hand controls) to provide syste‘m«p'g;fpr;nance capability and

acceptance by pilots for application in next generation aircraift.

Eventual acceptance of new cox;cepts of flight control systems for air-
craft will be to a great extent dependent on the manual link (the hand control)
between the pilot and the vehicle system. Future evaluations of the overall
control system will be strongly influenced by the characteristics of the hand
control itself in terms of size, shape, force gradient, displacement, break-

_out force, damping, cemfort, and ease of precision control.

To implement the investigation of these concepts, Hughes, Aircraft
Company, under sponsorship of the Air Force Flight Dynamics I..aboratory.
undertook a study to evaluate, in terms of pilot opinion, several | promxsmg

controller concepts based on observation of mock-ups.

The results of this study are given in Reference 1, and to a significant
extent, helped shape ‘the experimental design ph1losophy of the preseit inves-
tigation. Fxrst, it noted that certain concepts should be subjected to dynamic
testing in a ﬁ;ght simulator. Secondly, it led to a refinement of these-con-
cepts and finally to the development and fabrication of three designs suitable
for installation in an aircraft (Reference 2). Thesé designs (described in
_detail below) all had ohe common characteristic, namely, improved visual
accéss to important flight instruments. It is reasonable to assume that such
a characteristic can be critically and a’ccurately judged from a ground mock-
up on the bisis of observations of the physical configuration. It is also rea-
sonable to assume (as pointed out in Reference 1) that a design which improves
ins’trument panel visibility is nd: necessarily the best design for the overall

pilot-control-mission airplane system.

Ws«“‘




_q'l'hus, if one now proceeds on the basis that a signifi};ant de?ign
improvement has kteen made, \the next step is to determine/whether charac-
teristics of the total éystem wiﬁ‘outweigh or nullify this i(tfnprovement.

) rae
\

There are two basic questions to be answered. Is the pilot'able to
perform his assigned mission at least as well with the,new concepts as with
the conventional cénfiguration, and considering the possibility that these new
concepfs will be used as an integral part of his control system under opera-
tional conditions, is there significant evidence that all of thesé’concepts will
be accepted by thé';ilots? The answers/to these questions n{ust be affirma-
tive in order to take advantage of the cockpit envi;‘?nmental -design improve-
ment already considered significant.

In an effort to gatn these answers, an in-flight investigation of the
characteristics of these controllers has been condiicted using a Cornell
Aeronautical Laboratory (CAL) B-26 variable sta"tbility airplane as a test
vehicle. In addition to the configurations tsuppli;ed by the Air Force, the
normal B-26, wheel and column, wigh-\??ﬁééi rotation about a centé¥ hub, was
inveétigated. The supplied conf,ig’(;lrationsr were; circumferential wheel seg-
ment and column, with wheele/x/otation ac'fhieved:by moving its circumference
through a point on the top of the column;, the circumferential wheel segment
with a hand-size controller mounted on the right hand top of the segment,
and finally, dual side-arm,.-hand-size controllers inteéral with: the aircraft
seat. 4

The controllers were evaluated by the pilots while perfo/rming various
up-and-away and approach flight maneuvers. The B-26 variable stability
airplane was mechanized to simulate the characteristics of a B-1 type %).ir-
plane in three task flight gha;;es. The first configuration was represen‘tative
of 'the high-subsonic, medium altitude condition for which’a variety of ma-
neuvers were performed such as obstacle avoidance tutns, clearing tun{:e,
zero "g" arcs, climbing and descending turns. The’second configuratioh

was representative of high-subsonic terrain follo,x(ing maneuver which aé‘;

'
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mechanized in the B-26 airplane, provided a precision tracking task at
altitude. The third configuration was :epresentative of the ILS approach,

touchdown and takeoff maneuver.

The experimental design was constructed so that two U.S. Air Force
pilots and two CAL pilots evaluated each controller configuration four times,
resulting in a total of sixteen-evaluations for each pilot and sixty-four eval-
uations for the complete flight program. Controller configurations were
chesen at random for each pilot. Each evaluation inciuded all three B-1
type simulations and Ege/ihaneuvers noted above. ' N

In-flight data was obtained in two fundamental forms for each eval-
uvation. The first was qualitative and consisted of wire recorded pilot com-
ments in response to a comment guici‘e prepared by the engineer. This guide
was desigx/)ed to extract pertine’nt information from the evaluation pilot in the

areas of longitudinal and lateral-directional handling qualities, and cockpit

T environment. The pilot was free to use as much time as needed to fully

explain and give his estimate of the configuration, The-second form of data
v.:as quantitative and consisted of/gilot'ritiz;é; for the combined airplane-
controller-mission as ou_t;;inea'{)y the Cooper-Harper handling quality rating
scale (Reference 3), a’ﬁ& oscillograph recorded controller input and airplane
response data.‘ The latter was obtained during the tra‘cking and ILS approach
tasks wherein deviations betwéen command and actual pitch and yaw motions
were noted. The raw data was reduced to obtain comparative power spectral
density, RMS and variance.
/

Although the primary objective of this study was to determine the
relative merits of the controller concepts as presented in an overa l/a;rplane-
mission oriented environr;aent, it was of equal importance to detf/mine both

the attributes and deficiencies of the controller designs themselves.




\ SECTION II

TEST EQUIPMENT

This section describes the equipment used in this investigation. It

} pertains primarily to airborne components which contributed significantly

to the program.
!

1.

THE CONTROLLERS

a. Conventional wheel and column (Figure 1). This is of basic
B-26 design with the -wheel rotating about a center hub. For
normal B-26 variable stability system (VSS) ol;eration it is
instrumented to provide electrical signals proportional to
position and force. It is connected to a longitudinal feel
system-providing various amounts of column travel per unit

_—"0f column force, and also has provision fot simulating break-
out force and hysteresis. Mechanical springs provide lateral
control force gradients. The wheel and column are not
mechanically linked to the aileron or elevator, rather, elec-
trical pick-offs are used to generate command signals for the
variable stability system which drives the control surfaces

using electrohydraulic actuators.

b. Circumferential wheel and ;:olumn {CWj. This configuration,
shown in Figure 2, differs physically from (a) above in that
the circumference of the wheel rotates in a track at the top of
the coivmn. The center hub has been eliminated. Installation
will afford the same capabilities as (a), the differences being
only in the motion geometry. The grips contain switching for
communications and VSS disengage as well as a pitch trim
control. Also visible is a modes select panel which was not

evaliuz.ted.







c. Circumferential wheel and column with alternate hand con-
troller (CW-AHC). This configuration differs from (b) only in
that the right hand grip can be unlocked to provide two axis,
limited authority control in combination with the circumfer-
ential wheel and column. Pitch control is accomplished by
fore and aft motion of grip about a pivot at the center of the
hand and roll control is accomplished by left and right motion
of the grip about a pivot just below the hand. These details
are more evident in the closeup of the controller shown in

Figure 3. Feel is provided by fixed springs.

d. Dual side-arm controllers (DSC). This configuration is shown
in Figures 4 and 5. The slaved left and right hand grips, their
adjustments, and their feel system are mounted as integral
parts of the seat (the normal B-26 seat is removed). This
concept ascumes a fly-by-wire flight control system and
features quadruply redundant synchro transducers. The feel
system has variable force gradients (replaceable springs),
breakout forces and damping. As with the other configura-
tions, the grips contain pitch trim, communication and system

disconnect controls.

Additional photographs of the new concepts are shown on Figures 6and7.

2, CONTROLLER SYSTEM MODIFICATIONS

The following is a description of several modifications made to the,
new concept control systems. These were made because of malfunction or

as deemed necessary to permit performance of the investigation.

Circumiferential Wheel \

One of the recurring problems of any mechanical control system is

6
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Figure 4 SIDE-ARM CONTROLLER
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lack of centering of a control element, usually caused by friction which is
contributed by many parts of the system, e.g., pulleys and springs. After
some usage, (pre-evaluation flights and part of the evaluation flights} the
circumferential wheel began to exhibit a lack of centering which was felt to
be just slightly greater than tolerable. Examination revealed some wear of
the nylon type rollers and some evidence of misalignment, The i'oife;s wer”:
replaced by CAL - fabricated aluminum types, which, combined with

realignment, reduced the lack of centering to within a tolerable limit.

-~

However, later during the evaluation flights a notable increase in
wheel rolling friction was_ evidenced when the column was pushed full for-
ward. This became intolerable and the uuit was again modified. The cover
of the box-like structure containing the rollers which seat the wheel seg-
ment was refastened in a manner which was hoped would maintain alignment.
(This procedure had been previously suggested by Hughes Aircrafi, the
designer.) In addition, the rollers were spiit in a vertical plane such that
the front and rear portions could rotate independently. Thus, if because of
load, looseness or misalignment, the chamfered end of the roller rode in its
chamfered seat at some radius slightly different from that of the other end,
it would do so independently without contributing sliding friction. This was
the final adjustment made to this unit, and no difficulty was experienced

throughout the remainder of the program.

Dual Side Arm Controller

The modifications described below are primarily electronic in nature
and, with one exception, were not applie® to the coniroller unit itself, but

were made part of the overall control system.

In order to provide jconsistent and positive cehtering of the two hand
grips in the roll mode, it was necessary to reduce the unit's mechanical
damping to a low value. On the ground, this was accepted by the pre-
e;valuation pilots. However, during the pre-evaluation flight testing, it was
noted that it was easy to bang the full throw stops, which in turn caused a

W
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high frequency "ringing" which, when transmitted through the B-26 sekvo
system, caused unrealistic airplane motions. To counteract this, a first-
order lag circuit with a time constant of 0.2 seconds was ins(te_tlled bétween
the controller and’aileron servos. The in-flight difficulty was corrected,
and pilot comments and records indicated no significant change in the roll
response of the simulated ai'rplane. .
During the pre-evaluation flights a controller displacement. to elevator
deflection linear goin (§,/ Ses‘) was selected thit was thought to provide ade-
quate authority (%) to perform large maneuvers including landing the air-
plane, while limiting the sensitivity to a point where/ pilot-induced oscillatigns
(PIO) would not occur during precision mag,euversf./ As experience accumu-
lated, it became evident that the selected gain, in fact, did not provide ade-
quate authority for the .landing maneuver. Increasing the gain provided ade -~
quate authority, but resulted in a sensitivity tha;taproduced PIO. At leasta
partial answer to the problem is to assume the éain required for large maneu-
vers and increase the spring gradient (stick force per stick displacement) so
that the stronger force cues will preclude PIO. . However, it was determined
that in order to achieve this, a modification to the dual side arm controller
(DSC) would be required which would be beyond .the scope of this program.
A quick and inexpensive solution was to stuff thé cores of the mecharical
springs with re‘silie/nt materials such as hard rubber and plastics. This
resulted in an increase in spring gradient by a factor of four. This config-
uration was flight tested by Evaiuation Pilot A (USAF), who commented that
‘there was a significant improvement, ‘but that it was insufficient.. Because
it did not appear feasible to modify the DSC ‘qt that time, it was- decide)d to
conf.lude the evaluation by Pilot A wi‘thouf performing the landing maneuver.
Likewise, Pilot B did not perform the landing maneuvey as part of his formal

evaluation.

»

[
M

However, it was felt that the landing maneuver was essential to the
evaluation. Thus, another method. of partially solving the problem wasa
envisioned. -This was to mechanize a nonlinear function expressing slevator

deflection output as an ever increasing function of controller deflection input.

[y
=)
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This function is shown on F igure 8. . The design criteria are: 1) the slope, *
Q/{,u » around £, =0 is the sensitivity de.efired for émall precision
maneuvers, and 2) the maximum &, at the maximum controller deflection is

that required to land the airplane. .This function was electronically mech-

anized and used throughout the remainder i the evaluation prograra.

This configuration was separately 1light tested and fouqe by CAL
pilots to be at least a partial answer to the problem. However, proper
_Operation does assuxﬁe that ail deviations are from\ a tri_nfcondition, which
ié not always the case. Operation from a nontrim condiiion (toward the
extreme of the curve) can rés;ﬂt in undesirably high sensitivities. Further-
more, ’ad_ditional evaluation indicated that higher fo“rce/‘ cues -are desirable,

. and that-the us= of nonlinear gearing is not the compléte solution to the
"y

I

problem. o
, <

]
“x
.

As a result of the above, itis impd‘rtar{t to note that:

1) Pilots A and B did not use the landing flare mane.'ver as
part of the evaluacdon task for the DSC because oi lack of

elevator authority. ¢« . N ¢
# t

2) The othier two evaluation-pilots did use the landing flare
maneuver as part of the evaluation task for the DSC, but

™

with less than optimum fecel characteristics. .
’ .

v
.o .

3. TEST VEHICLE CAPABILITY . \

-

o e

The test vehicle used was one of CAL's B-26 variable stability air-
planes (see Figures 9 and 10). These airplafzeq-» are able to simulate a wide
range of aircraft statics and dynamics in flight. Details of this capability

are given in References 4, 5, and”6."'.‘2\‘--_brief sumnmary ig givenhere.

The re'sponse-feedba'::k method was used in this study, to alter the

A
natural stability derivatives and dynamic characteristics of the airpiane hy

12
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Figure 10 VARIABLE STABILITY INSTALLATION IN B-26 BOMB BAY, LOOKING
FORWARD | /
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mov@ the control surfaces proportional to sensed airplane motions. For
émple, a change in the derivative C,, by the increment 2 Cop, 18
obtained as Al = c’"5¢ (é'e /a:) - Similarly, a change in the derivative
C,,,4 is obtained as Aﬁ,,,’ =d,,,6.e (Jé/g) The former has a primary effect
on short period frequency and the latter has a primary effect on the short
period damping ratio. A simple diagram illustrating the general concept is

shown beiow.

r
! . -

\

PILOT'S CONTROL .
CONTROL SURFACE AjRFRAME = RESPONSE
COMMAND SERYOS

-

vss |
EA

The B-26 is presently mechanizéd to vary the frequency and damping
. i
ratio of the longitudinal short period and phugoid modes by sensing & , ¢ ,

4, and their derivatives, and feeding these to the elevator servo.

In addition to matching the dynamic modal characteristics ( @sp »

Zep Dp and Zp ), it is desirable to match the static stick force

per incremental normal acceleration ( ©g¢ /A»’ ), and stick force per

unit stick travel ( Fgg /5‘5 ). Stick force per incremental normal accelera-

’tion is defined as
F&s _ Fts ch 5¢ _ F;t . 5‘3
’ An’ T S 4, An’, T 3 An’

where 3, /An’_ isa characteristic of the basic B-26 airplane, but F;,/;,, y

and Jg¢ /a;g are capable of being varied. -

Other longitudinal control system characteristics such as breakout

force, hysteresis, etc., can be simulated by the B-26 feel system.

Simulation of lateral-directional modal characterist.ics was also
accomplished by using the responege-feedback technique. The concept is
similar to that described above for the longitudinal case. Correct com-

binations of the feedback gains also provide the desired Dutch roll

15
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characteristics { &y , ¥y and ’¢//3/a‘). the roll mode time constant
( ¢ ) and spiral mode time constant ( ZTg ).

In addition to matching the lateral-directional modal characteristics,
it is desirable to match control effectiveness, i.e., essentially the initial

moment outputs due to control inputs. Ideally, one would like to match both

the output due to control force input and the output due to controel displacement

input. To accomplish this, two adjustable gains must be available, one to
vary the control column forces versus control column displacement gradient,
and one to vary the control surface displacement versus control column
displacement gradient. In the B-26 lateral-directional variable stabi.lity
system, only the latter is readily available for aileron and rudder control. '
(Force displacement ratios can and have been varied by changing the
mechanical springs in the rudder and aileron control systems, but the pro-

cess is cumbersome and so is seldom used.)

Assuming the availability of only the one electronic gain, either the
control force or deflection gradients can be inatched, but a choice must be
made. Experience has shown that the pilot is more sensitive to forces than
to displacements. Therefore, the gear ratio gain is used to match the
moment output to force input. As an example of this matclung process,
consider Nz er (Yaving moment output due to rudder pedal force input).

It is required that Neo, )g.2c = Neeodsmate = 7 (0)/Feo , the
initial yawing acceleration for an .Fgp step input. This relationship may
be developed in terms of ‘the variable stability B-26 gain,

3, /V}’. ( I / Fap) <. afe

=

Srp 5 5er/far)s .

With a knowledge of the control characteristics of the two airplanes, together

with a calibration of the J,. / Jer cockpit gain, the desired matching can be
obtained. ]
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MISCELLANEQUS

In addition to the controllers and VSS test equipment noted above,

there were several specialized units installed in the B-26 airplane pertinent

to the experiment. These were:

a. Lear Flight Director System used by the pilot to fly the
airplane in the simulated tracking tasks.
i
b. C.G. sensor package. A compact unit containing a three-
axis linear accelerometer, three-axis hngular accelerometer,

three-axis rate gyro and associated amplifiers and power

supply.

c. Eighteen-channel CEC oscillogtraph recorder. This unit
was used to record time histories of all pertinent data,
both in the calibration and evaluation phases of the program.
d. Evaluation pilots' instrument panel incluﬂing flight director

system indicators.

17




- SECTION III
TEST DESCRIPTICN

The tasks chosen as a basis for evaluation of the contrcllers. include
a wide variety of maneuvers, and are categorized as follows:
a. Up-and-away maneuvers - subsonic cruise flight

condition.

b. Terrain following (tracking) maneuver - high speed,.
' low altitude flight condition.

c. Landing approach and takeoff maneuver - low speed,
low altitude flight condition.

The tasks provide the basic framework for VSS simulation of the B-1
type airplane, because they defined the flight test regions and associated air-
plane characteristics. Also affecting the detajls of the simulation was the ’
handling quality acceptability level; the airplane characteristic; should be
neither too "gooﬁ" nor too "bad" so that subtle differences among the con-

troller configurations are not masked by either extreme of pilot rating.

-~
&

As was previously noted, the response-feedback method of sim-
ulation was used for both the ,lb"ngitudinal and lateral-directional modes.
For reasons of convenience, éimplicity, reliability and ease of maintenance,
the primary longitudinal feedback signals used in this experiment were
and « . The use of these variables can produce characteristics as
specified by the revised Military Specification for Flying Qualities
(Reference 7), i.e., short period frequency and damping within certain

limits. Because thege lirits are .shown to be functmns of. 77 /e , a‘sim-

ulated flight condition (veloc1ty and altitude) is chosen to match the reqmred
value of this parameter.

- e = e R e m————

v

Recent interest in fly-by-wire flight control systems has centered

on use of normal acceleration, pitch rate and pitch acceleration feedback

is
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signals together with the C time history envelope criteria developed in

Reference 8.

It was not the purpose of this investigation to examine in detail the
relative merits of the revised flying qualities specification or the C* flying
qualities criterion. However, it was of interest to compare the results of
using the B-26 feedback mechanization (¢, € , ¢ ) with the 7 ',) g

¢ mechanization. To this end, an analytical study was performed which
indicated that within the constraints of the present investigation, the
longitudinal system as mechanized in the B-26 simulator ( & , & , 'J 3
feedback) was suitable. In particular, it is shown that @ , @ , and 2
augmentation will satxsfy both the frequency-damping flying qua11t1es criteria

of Reference 7 and the C envelope criteria proposed in Reference 9

The following discussion of simulated B-1 type airplane char‘acter-
istics will use the aforementioned tasks for reference because, as n‘oted,

each defifes a set of airplane characteristics and a flight condition.

Forjeach task, the basic -unaugmented longitudinal characteristics
were/analyzed by first formulating a set of three-degree-of-freedom

equations of motion. The pertinent characteristics resulting from the
’ -
so}ution of these equations are noted in the table below along with the re-

quirements ps stated in Reference 7.

t

Unaugmented characteristics Reqmrement of Reference 7 for noted ﬂ,/d‘

f @y /a ip . @sp
Task ("‘}Zac) Bsp |(0/cleg) |(Yoex) -Yip (red/ sec) gsr (rad/ scc) ) g-p
] a) 1.1 4 10.1 .05 .04} 1.8-6.0 | .35-1.3 | No require-| > .04
/ , ment
/ b) 1.52 | 147 | 18.4 .044 1.084} 2.4-8.0 |.35-1.3 | No require-| > .04
5 ' N ment
c) .7 [463] 3.1 (.19 .07] .7-3.1].35-1.3 | No require-| = .04

ment
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C\hoice of the B-26 flight conditions for the stated tasks begins with
matching . 77,/,:5 = (p5v¥/2w) (C1,) . Without direct lift control {thereby having
the capability of changing eéd ), only altitude ( # ) and speed ( V ) can
be selected: for this purpose. At a nominal test alt'itude of 8000 ft, velocities
necessary to match 7, /e are 160 knots for Task a and 214 knots for Task
condition b, both within the capabilities of the B-26 simulator. In the case
of the landing approach manet;ver, however, altitude is fixed as is the
minimum approach velocity of the B-26, The 120 knots chosen results in
an 7 /¢ slightly higher than that estimated for the B-1. However, flight
test data has indicated insignificant differences in pilot performance between

these lower values of this parameter.
!

Because it was desirable to evaluate the controllers on the basis of
the augmented B-1, equations of motion were developed (for each of the
above chosen flight conditions) in terms of the feedback gains required to
achieve the requiréd augmented characteristics. These gains were then
used as a starting point for the in-flight calibration necessary to finalize
the longitudinal portion of the evaluation coafiguration. Values of the sim-

ulated longitudinal modal characteristics are noted below.

Task mj;;:g g.'.r nda/?:“ ) _\gﬂ '
a 3.3 .7 ~.l > .05
b 4.2 .7 ol > .05 : "
c 1.5 .7 ~.05 | > .05 !

/

' ki
The stick force per incremental acceleration, F;,/Anz was matched
to the B-1 type airplane characteristics for the conventional and circumfer-

ential wheel configurations as follows: -

[ )

»
——— < A




Task |  Bs/8%5 (1b/g)
w a C27
: b 26
56

(]
»_..s«_‘& )

e B e e

!
]
The stick force per stick travel, Fs /8es (conventional and circumferential

wheel) was chosen by CAL pii’ots during the pre-evaluation flights and was

approximately 33 ib/in. for dll tasks.

!

The lateral-directionjb.l characteristics simulated for each of the

above flight conditions were;based on estimated data for a B-1 type aug-

mented airplane. From th  table below, it may be noted that the simulated

parameters compared favorakly, but not exactly, with estimated data.

Although more exact matching could have been obtained through additional
I

calibration flight testing, it was felt such effort would be unwarranted, and

the degree of mismatch would not detract from the validity of the experiment.

Task B 7 L (sec) Te /¢/ﬂ/,,
SIM. EST. / SIM. EST. SIM. EST. SIM., EST.
a .45 .43 8 9 <1.0 .71 1.8 2.5,
b .52 .63 7.7 7.8 .30 .2 6.9 10
c .4 .39 7 10.4 <1.5 1.3 1.3 - 2.0
21
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For the converntional and CW controller configurations, rolling
moment output due to aileron stick force input [VSS gain & /5, combined
with fixed aileron spring constant s;s//;s ] was based on estimated data
($/5,5 ) for Tasks band c. For Task a, a value of §, /5 was chosen by
CAL pilots during the pre-evaluation flight test phase somewhat lower than
that indicated by the estimated data. This was done on the basis of achieving

reasonable harmony with other characteristics of the simulation.

Due to lack of specific ieel characteristic data for the AHC porf'.ion
of the CW-AHC configuration and the DSC configuration, values of 54/5,',,”
were chosen by CAL pilots, again to provide for simulation harmony. This
was done for all three tasks. \

Likewise, and for the same reasons noted directly above, yawing

., moment output due to rudder pedal force (VSS gain 5,./5'” ) and- yawing

moment due to aileron stick force input (VSS gains 3,./J4 and 5,'/5,.-.“ )

were chosen prior to the evaluation flight phase by CAL pilots. The latter
i

coupling gains were chosen to minimize the conupling characteristics. This

was done for all controller configurations and tasks.

For the roll power VSS gains actually used for each task, values of
the roll power parameter L"’4s =,:/a;,, are given in the table below. These

are based on in-flight measurement of p'/é,s . These can be converted to

the parameter L',;”\ by multiplying L’;‘, by the appropriate spring

constant 34¢ /F'45 . For the conventional and CW configurations this value
was 2.27. Values for the AHC part of the CW-AHC configuration and the

DSC configuration may be obtained from the table of controller characteristics.

-~
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Ly s (deg/sec? /deg)
' Controller 2
. \ CW-AHC
Task \\ Conv. Ccw Ccw AHC DSC
a o.s .5 .5 .22 .9
b - .83 .83 .83 .28 1.0
.33 .33 .33 .22 .56
Controller Charactéristics Force/Displacement
- -~ --— —Controller Pitch Roll
! Conventional 33 Ib/in. .45 lb/deg .
Circumferential Wheel 33 1b/in. .45 1b/deg
Alternate Hand Controller .2 lb/deg .06 1b/deg
Dual Side-Arm Controller see diagram’ see diagram
below below
3 - o b
A SOFTSTOP LIMIT~10°

SOFT STOP LIMIT~7° .

PRESSURE POINT iS 6 IN. FROM PIVOT

0 . 5 10
. & ~DEG

Block diagrams of the complete control feel and augmentation systems used

in the configuration simulation are shown on Figure 11.
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The basic s\tixf'ucture of this expe;riment was patterned after the many
in-flight evaluations performed by CAL, i.e., a relatively small sample
of subject evaluators {four pilots in this case) is allowed to use as much
time as is needed to observe the performance of a parucula.r configuration
and formulate their opinions (see Reference 10)- " This concept forms the
basic framework for the present experiment. .The four pilots evaluated

each of the four controller configurations four times.

b - T~
.

‘
FrOm this point on, desxgn ‘of the experiment was concerned with

several optmns relative to the ordpr of conﬁguratmns to be flown, the
number of conﬁgurauon changeovers reqmred, evaluation pilot availability,
etc. The system finally decided’ upon was as follows: Cne pilot would fly

all configurations and theix rephca/ttons before another began flying. Con-

f1gurat10n order would be chosen on the basis of random selection. Although

this procedure coa]/d produce a maximum number of configuration change—

overs of 60, it was’ felt to be Jusuﬁed on the basis Q{/good exp°r1rnental
design, . - / B _ o

I
/ B ¥ 4
) .

d»

!“
r

¢ Details of the evaluation tasks (noted at the beginning of this section)
. u . ’ R

areé given below.
e
P

o = . ] P
“ a. Up-and-away flight, cruise configuration was simulated
using a lower axrspeed but correct 773 fx including the

followmg specific maneuvers:

1) climb and climbing turns
2) l,evel flight with accelerations and decelerations‘
3) '’ constant altitude S turn ‘

‘44) ; maximum g turn followed by 2 5 to 10 second

zero g arc

5) descents and descending turns.

,\‘
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b. Up-and-away flight, terrain-following configuration was sim-
ulated at high altitude by a tracking task provided throagh the
flight director. T

O C

c. Approach, landing and takeoff were simulated directly with
the correct airspeed.

A flight profile of a, b, and c is shown in more detail on Figure 12.

The approach maneuver consisted -of a simulated IFR approach
(pilot under the hood) and was initiated by capturing the localizer beyond
the outer marker and completed by following the ILS beam down to the run-
way. Soon after the airplane touched &own, it was accelerated for the take-
off maneuver. Nominally, three such approaches and takeoffs were made
and consumed approximate}ffl one hour. Pilot comments were wire

recorded during-and after the maneuver,

The te_;t times averaged about 15-20 minutes for preliminary
maneuvers (takeoff to VSSa), 40 minutes for the up-and-away maneuvers
and 60 minutes for the approach maneuvers, Or a total of \approximately
2 hours per controller configuration évaluation. The evaluation pilot was
made aware that he was not time lifn'/ited and no pressure was placed on

him to complete cither his maneuvers or comments in a given time.

»
The up-and-away tasks, by definition, indicate a wide spectrum of

airplane maneavers on which the controller evaluation is based. However,

the "terrain following” maneuver deserves special mention.
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Sequence of Events

fl Climb to Test Altitude P

2, Engage VSS and Check System; Evaluation P1lot Fam111ar1zat1on
3. Climb

4 Two 180° élimbing Turns

5 Straight and Level (Accelerate and Decelerate)

6 Constant Altitude "s" Turn

7

Two 180° Max g Turn

Task a 4
160 kt

oy

i 8. Zero g Arc

\ 9. One 180° Descendmg Turn
Task b {10. Evaluation Pilot Comment, Safety Pilot Setup VSSy

Famlhanzatwn
214 kt -
11. One 180° 2.5-3 g Turn
12. Tracking Maneuver
(13. Evaluation Pilot Comment, Safety Pilot Setup VSS
Familiarization
~
Task c | 14- ' ILS Approach
120 kt :* 15. Takeoff and Climb
16. Evaluation Pilot Comments

\17 . Go-Around'for Next Approach

Figure 12. FLIGHT TEST PROFILE

PN




An electronic command signal ( lzc ) was generated proportional
to an altitude time history describing flight over a typical terrain segment
{Figure 13). 'i“l:fs signal is compared with a signal ( ha ) proportional to
the actual altitude of the airrlane. The difference.’( £, ) is displayed as

an altitude error signal (needle displacement) on the Flight Director System

attitude director indicator. The pilot pitches the airplane ( §, ) to drive

. the error to zero with a signal from his pitch gyro. The altitude error

,8ignal is limited to a voltaée equ.i\;alent toa g, of 15 degrees. As long as
the commanded needle is coincident with the airplane position indicating

needle, the pilot is flying as commanded\.

- hy e
PILOT CONTROLLER s AIRFRAME
b &
e
LIMITER

—

\

~

The a;;proach task (to touchdowx:) consgisted of both prégision fly:ng
(tracking the glide slope under instfument conditions) and the requirement

to adequately compensate. for trim cha'ng.esv due to flap deflection, power

" changes, gear let down and ground effect. The takeoff maneuver demon-

strates the latter requiremeni under slightly different environmental con-
ditions. For the purposes of lthis study, ‘the takeoff maneuver began upon
application‘ of power after touchdown and concluded with the airplane ina

flight condition defined by.gear and flaps up, constant climb angle, velocity,
and throttle setting. ’

-~
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The general procedures for data acquisition and reduction have been
implied previously. The fellowing deals more specifically with these pro-
i

cedures.

The data obtained consists of two types.
a. qualitative - pilot comments based on the pilot
comr;aexit guide
b. quantijtative - numerical pilot rating (Cooper-Harper

Scale, Figure 14), and performance measures based on

recorded quantities. h

The pilot's comment guide is the basis o;i which the evaluation
pilot considers and evaluates the particular configuration he is flying. His
response to this guide, plus preflight briefing and post flight debriefing,
forges the link between the pilot and his experience with the configuration
and the engineering understa:nding and ar;alysis which follows. For detailed
philosophy of communication between evaluation pilot and engineer, the

‘reader is referred to Reference 3.

For this study, the pilot's comment guide was presented in two parts.
The first deals primarily with overall system performance - pilot, cockpit
environment (including controller, instrument panel, comfort, etc), the .
airplane response, and those factors which result from coupling these.
Overall system performance is itself divided into two tasks: up-and-away
maneuvers and the approach, landing and takeoff maneuvers. The second
part deals prirhax_'ily with cockpit environment with particular attention to
the controller itself. There is some overlap and redundancy between the
two in order to better define and resolve the evaluation. The following
guide (which was reduced to suitable card size form) was carried in flight
by each evaluation pilot, and used at the ii_me noted on the flight profile
(Figure 12). o
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OVERALL SYSTEM PERFORMANCE

Up and Away Flight

A.

~

Longitudinal

1. ‘Ease and precision of making small pitch corrections -

- technique used - tendency to PIO ?:

2. Does the airplane stay at a given pitch angle and
airspeed?

3. Is the trim well defined? Sensitivity? Does longi-
tudinal response affect ability to locate trim?

4. -Comment on longitudinal control during turn entries,
-steady turns and level flight recoveries.

5. - Force level, gradient, and friction suitability.

6. Stick travel suitabiiity. .

7. Ability to change and maintain altitude.

8. Does longitudinal control motion cause excessive
lateral co;ntrol motion ?

9. Turbulence level.
a) light
b) moderate
c) heavy.

Lateral-Directional

1. Heading control and ease of initiating and stopping
turns on desired heading - technique used.

2. Bank angle control; ability to start and stop and
maintain constant bank argie.
a) ability to pick up a wing
b) roll authority suitability
c) tendency to overshoot and oscillate
d) type and relative amount of control used.

3. Instruments used most of the time. T

- /A 1’
4. ., Does lateral control motion cause.excessive longi- -
tudinal control motion? ’

5. Turbulence level.
a) light
b) moderate
c) ! heavy.

32




Ty

R T Y TRV AL

e 4

e b B R S oY RPN NN 6] U 1 -

© M e R

o

m.

- Approach (IFR ILS) Landing and Takeoff
o

A, Apprc .ch and Landing
1. Ability to capture ILS beam.
a) Localizer.
b) .Glide slope.
2, Ability to track ILS beam (ability to make
small corrq’ctions).
a) . Localizer.
b) Glide slope.
c) Airspeed.
3. Control téchnique used (relative amounts of
elevator, throttle, ailéron and rudder). ,
a) Localizer.
b) Glide slope.
c) Airspeed.
4. ° Workload.
' a) Excessive ?
5. Oscillation in
a) altitude ?
b). attitude ?
c) 'heading ?
| d) How do, you stop oscillation?
| 6. -  Are trim changes
I .a) ’smail?
j b) moderate ?
: c) large ? )
7 Ability to compensate for trim changes.
a) Eagsy - no problems.
b) * Moderatelyidifficult - could be improved.
. c) Very difficult - should be improved.
B. Takeoff
r. © Are trim changes
a) small?
b) moderate ?
c). large ?
2. Ability to compensate for trim change.
a) Easy - no problem.
~ b) Moderately difficult - could be improved.
c) Very difficult - shouldobe improved.
- C. Which maneuver of the above sequence was the most

difficult to perform and why?

33

e,

AR
o

e T




N2

COCKPIT ENVIRONMENT

Instrument Panel Visibility

A, Primary Cluster

1. Good - no problzms.

.2 Adequate - cculd be.improved.

3. Bad - definitely should be 1mproved
B. Secondary Cluster

1. Good - nq problems.

2. Adequate - could be improved.

3. Bad - definitely should be improved.
C. Adverse effect on mission pérformance.

1. Minimal.

2. Moderate.

3. Large.

Accessibility to cockp‘it controls (switches, circuit breakers, etc.).

1. Good - no probiems.
2. Adéquate - could be improved.
3. Bad - definitely should be improved.

Adverse effect on mission performance.

1. Minimal. !

2. Moderate. !
3. Large. /

‘Interference (controller) with other cockpit tasks.

o/

1. Minimal. )
2. Moderate. M
3. Large, [

) /
Adverze effects on mission perfo/{ma.nce.

/

1. Minimal. /
2. Moderate,
\ 3. Large.

————
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Iv. Head movement required to evaluate instrument readings.
1. Minimal - no particular problems. . ?/M
, 2. Moderate - could be improved. '
' 3. . . Excessive - definitely should be improved.

Adverse effect on mission performance.

| 1. Minimal. .
j 2, Moderate,
' 3, Large.

V. ~ Necessity for changing position of hand on grip with change of
controller position. )

i \

1, Not necessary.
. 2. Occasionally required - annoying.
3. - Too much reguired - definitely should be improved.
VI. Overall contribution of controller to fatigue.

L. Minimal. / oo .

° 2. ,Moderatelj
3.. ExcessivF.

= {

What controller characteristics ‘contribute most to the degree of
fatigue indicated?’

) i
!
VII. Do you fezl as though you are an ;ihtelgral part of the control-
airplane-response system, or do you feel !'detached'' from this
systém? Is your feeling significant in terms of task performance?

VIII. Assuming you had to fly this configuration for a longer time than :
! during ti;xesé tests (hours), do you think your evaluation would be /
: significantly affected? If so, in what way? '

*

LT

X. For any of the configurations evaluated, do you anticipate problems
in acceptance by the majority of large airplane pilots ?
. v o / ( ! .
X..' Comment on: .
L 1. Control harmony. .
2. Breakout forces: and deadband.
XI.  If conditions of X undesirable, What‘wouid you like to see?
! \ - . /
| .
' i
, , ‘ i
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Because tile -scope of the up-and-away maneuvers represents nearly

A all of the reqmremente for airplane maneuvermg performance at altitude,
pilot co\mments and a single pilot rating were requested which encompassed

. all marieuvers. The 'same protedure applied to | the approach, landing and

a - takeoff maneuvers; the pilot was asked for ratings for this total task. In

addition to éiferall ratings, two detailed ratings’ ;avére asked for to include
the trackmg maneuver of the up-and-away phase and the approach portmn '
of -the landing phase. For these cases, a rating of these: pa.rtzcular maneu-

.vers was asked for in-.addition to those for the overall phases in ‘order to

correlate tracking performance measures with pilot rating.

.. .

In order to innsure easy and continuous progress during the pilot
evaluation phasé, it was-necessary that variable stability operation, con-
. troller. operation, and experimental test procedures be thoroughly chécked
, in flight prmr to the actual evaluation. In addition, the variable stability’
system had to be cahbrated to provide the required simulation.
" The lar‘ges‘t single element of test equipment. to be céli‘brated in
flight was.the B-26 variable stability airplane, . In essence, this means .
detérmining settings of the electronié gain controls so that the various
stat1c and dyna.m1c characteristics of the a1rplane to be simulated can be
matched by the B-26 VSS alrplane. These characteristics' . manifest them-
selves in azrplane motmn /responsea to control inputs, cockpit control

forces and dxsplacement., etc. The type and extent of calibration required

« .77 is related to the degree of szmulation and other factors noted below,
Obvxously. how well a given a1rplane is B1mulated depénds upon detailed
knowledge of its geometric, inertial, and stability and control character-

\ - istics as well as the range of the simulator’s capabilities. .Most of the

benefits of in-flight simulation of a new design concept come during early

o stages of the design process, when results of the simulation may indeed

0| alter tpe désign itself. Obvi.ouslcy. at this stage, not all the characteristics
. . ‘of the .airplane to be simulated are w 11 known so one must compromise
ﬁdehty of simulation for timeliness of results. However, this is not
- mconszstent with the basic objectives of the expen_ment. I.akewxse. ‘the

B-2§ variabie stability airplane has some limitations. For example,
" : v ~

- . !
¥

L : S 36

i




s
A

el I L :WE:3_1‘5~|”|*_.>,;L » 5 1’
o = +-

matchmg all the dynamic response charactermucs would be possible if a11

derivatives of the simulated an'plane cou.ld be matched. Becauge the B- 26

system has neither direct lift control nor variable side force capabxhty,

derivatives such as L’x ard 5;9 cannot be matche:i. However, many

of the important dynamic response characteristics .c,ap’be matched by mis-

matching some derivatives and by, introducing derivatives not inherent in

most airplanes, e.g., lv;e
. /

[

denerally. experience has shown that many limitations fall outside

the evaluation pilot's ability to detect differences, often because they do not.

affect the characteristics to which he is most responsive. Furthermore,

7 experience has indicated which characteristics need to be simulated and

how they contribute to thé pilot's evaluation of the conﬁgurauon. (This is

not meant to imply that all characteristics to which the pilot may be s1gmf-

icantly responsive have beén definéd. Indeed, research in the field is

constantly expanding.) . ;

P
—

L

S,

* In gereral, it can be noted that the degree of simulation achieved

and the program of in-flight calibration are dependent upon:

|
\

a. knowledge of the simulated airplane's character1st1cs. "
b. caoab1hty of the sxmalanon. -
¢c. knowledge of those characteristics to which the ‘e\?l;luaﬁon

pilot is responsive. ‘ ) ,
d. methods of calibrating'the VSS for these characteristics.
e. well executed in-flight calibration procedures. )
f. careful data reduction.

) !

"Proof" flights provided a final cherk of all experimental systems

and procedures prior to the evaluatzon phase. These flights were deé:.gned

to:

3

a.  check time reqmred to pe-form required maneuver proﬁles.
b. check VSS operat:.d’n. ‘

-
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c. check controller operation - in particular, determine

reasonable values for controller spring rates.
d. determine the effect of the dual side arm controller
Al -
arm rests as an ekxperimental parameter,

Results- of this flight phase were gé‘nerally as expected. The total
time required to perform the maneuver profile and evaluation was essentially
that originally estimated, i.e., approximately 2 hours.

Desirable Lpngitudina'I spring ratiog (stick force/stick displacement)

\ .
for the convgntional and circumferential wheel configurations were chosen
on the basis' of pilot preference.

.
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SECTION 1V

‘ PILOT COMMENT ANALYSIS RESULTS

This section Lresents the characteristics of the pilot-controlle\r-

airplane-task system, based on pilot comments recorded in :light. The

gréat majority of comments were in response to the comment guide .

described in Section III. However, results of the analysis of comment

data include the comments obtained from post flight debriefings as well

as from the primary source noted above.

“It is worthwhile to explain various assumptions made and procedures

followed to arrive at the statements made below. For example, response
{

to a single question was made four times by each of the pilots with respect

to a given controller and mission. Assdiming these four comments were

; . . N - ‘.
not all the saime, and assuming no major factor such as turbulence

appeared to influence th€ results, the overall assessment as.noted here

was based on the number of %"positive" comments versus the number of

"negative' comments. If there was one negative and three positive comments,

it is assumed that the. decision was generally positive. If the.comments

. were equal in polarity,} but showed a trend’with flight replication, then it

is assumed that some :

Il

on the latter ﬂights:we’

- 4 .
earning effect is present, and the comments given

re more heavily weighted. If the decisions were

random, and again no significant "outside™ factors were evident, it was

assumed that ne decision was forthcoming from the subject pilot.

A siinila;r, procedure was followed for determining an overall

agsessment fé’z’@;he whole pil-ot sample. If three of the four pilots indicated

<

a positive decigion, then the decision was generally assumed as positive, etc.

!

It may be noted that such inconsistencies, particularly with respect

to "within" pilot comments do not appear as a high percentage of the

" total number of different comment regsponses. In the case of "among"

*  pilot inconsistencies, feasons, if distinguishable, are noted.

t
|
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Turbul/énce was not a specific test parameter in this investigation.

-

Its input to ‘,th(’e airplane system resulted only from natural phenomena and
occurred significantly only sporadically during the flight test program.

However, its level was noted throughout, and its effect is used wherever

For cox;vepience and consfstency, pilot c_:%mment results are
presente;l in the following sequencc‘::‘ up-and-away flight, 160 knots;
up-and-away fli'ght, térrain following, 214 knots; approach, landing and
takeoff; cockpit'environment, and general comments. The first two
tagks are further divided into 10ng1tudma1 characteristics and lateral-

dxrectlonal characteristics.

el B Ve

1. TASK a, UP-AND-AWAY FLIGHT, 160 KNOTS

For the majority of casesn wherws ‘ftur'f)ulence was not considered
to be a significant factor, longi:sivan’ characteristics and ¢ontrol for
this simulated airplane configucsiicon wex::e generally gbod, particularly
wthrT flying the conventional, ¢ ; and CW-AHC controller configuratioas.
Control precision suffered somewhat when using the DSC, primarily
due to a lack of anticipation .of airplane motion following a control input,
a condition ascribed to insufficient force cues. In direct response to
_controller force feel questions, both the forqe level and force gradient
(force/ unit deﬂectlon) of the DSC were considered to be light. In many
cases the DSC was coasidered slightly too ' sensEtwe . (It is to be re-

" membered that the DSC gensitivity in terms of elevator deflection per unit

stick displacement had to be chosen at least high enough to provide suf-
ficient autherity to perform the large disturbancé maneuvers of the up-

and-dway task.)

Those maneuvering characteristics which in large part define
the longitudinal stability and control role of .the. axrplane, i.e., the
ability to make small pitch angle corrections, the ability to change and

maintzin altitude and the ability to maintain a given pitch angle and

40-
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a:irspeed, gene;'ally did not exhibit significant problems. Use of the DSC,
lhowever. .did tend to cause a "bobble” when precise pitch angle corrections
were.attempted, and at times a slight to moderate pilot-induced oscillation
was precipitated. As noted a:bove. the pilots commented that the DSC

was slightly sensitive, particularly when attempting to change and maintain

altitude, and maintain pitch angle and airspeed.

In general, longitudinal contrcl was good in turn entries, steady
turns, and recoveries. However, use of the bSC sometimes made it
difficult for the pilot to obtain the precise g desired due to over-sensitivity
<|>f the controller. i
Longitudinal characteristics of the simulated airplane actually
had a fa}\{orab‘le effect on ghe pilots' ability to trim the airplane. Trim _
was, in general, well defined. However, the small wrim wheel on the
right hand grip (identical on all cgntroIler coxifigurations) exhibited
several undesirable characteristics. First, the aetent in the trim wheel
was annoying and not necessary. Second (and more important), trim was
too’gensitive, while at the same time, the amount of trim provided was
insufficient. ¥or a given diameter wheel with onlﬂa single turn, it's
quite possible that providing sufficient authority will produce too high
a sensitivity for small inputs. This is, of course, analogous to the ;

side stick controller sensijtivity-authority problem. |

The other controller characterisitics, frictioh and stick travel,

appeared suitable and satisfactory in all cases.

- Comments relative to the lateral-directional characteristics
indicated a slightly greater diversity of opinion as compared with the
longitudinal mode. This diversity was revealed to a small degree in
both "within' pilot comments and ""among" pilot comments. This was
not so much related to controller configuration characteristics as it
was to control technigques used which were directly associated with the

LY

\
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. )
characteristics of tl;e simulated airplane. However, the two sgts of
characteristics are not totally unrelated because air;;iane characteristics
requi)ring undesirable techniques can, of course, emphasize any controller
deficiencies. s

The problem was associated with the ease of initia‘ting, .stopping
and maintaining a constant bank angle. The general complaint was the
necessity for too much control coordination - too much directional control
was required. This resulted in what was felt to be too large a workload -
too much pilot compensation was needed.

i

'

It is reasonable to assume that at least a portion of the rudder
requirement is due to the simulation itself - the amount of Ny  (VSS
gain 2, /7" ) required to obtain the high Dutch roll damping estimated for
the B-1. In a steady turn condition, the amount of 8, required is
directly f)roportional to Ny ; the B-26 has no wa.shout circuitry to
minimize this effect when the Dutch roll damping is augmented through
use of the 5',./" VSS gain. Thid situation was, of course, realized when
the VSS conﬁgul"ations‘, were being calibrated during the pre-evaluation
flight test phase, and a varm". of 3,/r was chosen which was felt would
adequately match the Dutch roll damping, while at the same time would
not necessitate inordinate amounts of rudder. )

The spiral mode of the simulation was stable with 7;/: ’}approxi~
mately equal to 12 seconds. From previous experiments, this value
was found to give good.handliﬂg q‘ualitiés, while not requiring large
amounts of rudder.

Only two pilots did treat this characteristic as a predominant
ele.ment in their assessment of the configuration and one of these, Pilot
D (USAF) commented on this only occasionally. Howevgr, Pilot B (CAL)
felt this,to be a major deficiency (for all controller configur-ations) and,
as will be shcwn later, it was the dominant factor in his overall rating.

/
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] Other lateral-directional characteristics presented no significant
problems. Heading control was generally good throughout. ‘Roll authority
and ability to pick up a wing were fair to good in all cases. Two pilots,

A (USAF) and D (USAF), felt that the lateral-directicnal response of the
airplane had no effect on their ability to locaté or define trim; one pilot,
Pilot B (CAL) thought there was an adverse effect, and Pilot C (CAL)
thought there was a favorable effect...

" Differences among the'various_controller }:onﬁgurations were
small. However, those that did exist-were primarily associated with

the bank control maneuver noted aboxve, in particular with respect-to*

the tenden;:y to overshoot the desired bank angle. This tendency was

e~ . . %
neither consistent with replication nor with pilots. Generally all

configurations varied. from 'no" tendency to “slight" tendency:—Howeverz,

" once for each controiler, "extreme' tendency wag noted. Thus it can

* be seen that the data does little to warrant establishment of a'trend.

. . Vo .
In summéry of the up-and-away 160 knot task, it may be’ sail\\ x
that the simulated airpiane characteristics were generally good (with\the
possible exception of bank angle coPtrdl); that there were fsmafl differences
kamong controllers with the exception of the DSC in the lon_gi'tudinal
maneuvers, where an apparent lack of adequate force feel caused some
loss of maneuver precision; and that some thought should be given to
rédesign of the longitudinal trim function to provide a better balance
of authority and sensitivity. ' ‘

3
.

»

The maneuvers of this task were performed only ina ! none’ to
"glight" turbulence environment. However, there is a distinct indication
from the- pilot comments that an increase in the turbulence level would

tend to emphasize deficiencies in some areas of control. ’

2. TASKb, UP-AND-AWAY FLIGHT, 214-KNOTS™ =

I

13

The tracking maneuver portion of this task tended to emphasize

+

x
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the pitch control charactéristics more than those in the previous
conﬁguration. Although it was. generally not difficult to make small

s pitch correction’s, a certain amount of bobble and overshoot was

[

: encountered, along with some pilot-induced oscillation (PIO) tendency.
The,latter characteristic \raffged frorn "slight" to "mocierate" for the
DSé configuration and from "'no" to "slight" for the other configurations.
In particular, the DSC again appeared to lack sufficient force cues for -
P précision tracking. This was manifested in part by an inability of the
pilots to pull and maintain ''g" forces without what was felt to be too
" much compensation and undue workload. The force gradient was nofed
’specm.callyrto be good on all conf1gur:}tmn8 except the DSC which was
thought to be too light. The above also applied generally to the force
EloA level. Friction level was not significant in any controller configuration.
’ The ;Silots considered stick travel s.atisfactory‘ throughou’t, except for
< Pilots C (GAL) and D (USAF), who felt that the DSC had shghtly too

A

much stick travel.

. Trim was well defined throughout, but was generally too sensitive.
The longitudinal characteristics had little or no effect. on the pilots’
A ability to locate trim. When it was comrmented upon, it was noted as a

favorable effect.

There was no problem in maintaining altitude throughout the
controller-pilot matrix, and the airplane stayed at the pitch angle and
. ;

, -airspeed selected. ‘
) : .

The simulated [ateral-directiqnal'cha'racteristics‘ were the |

’r

primary cause of adverse comment in this flight task.” The objections
P " centered about precise bank control capability and were reasonably

task is primarily a long1tudma1 one, the maintenance ‘of a constant headmd
also requires lateral-direc:zional control inputs which, ih this case,
revealed some objectional charactenstms. Comments ‘centered about

insufficient roll power using a11erons -2lone, and the need for large

44».
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amounts, 6f rudder to produce the additional roll power réquired. The
coordination technique required to attain precise bank control under
these circumstances was a sensitive procedure and pilot comment
varied depending on whether or not he could master it without too large
a workload. One example of undesirable control coupling occurred
when power application (a part of the longltudmal tracking control) was
made unequally between the two engines, causing a yaw disturbance,
resulting in roll, which in turn affected heading control. Attempting

to minimize the results of such a disturbance in many cases required

.too much attention and was tiring,

The primary difficufty with this simulated airplane configuration
was the high [¢/8]4 (a value_ ‘which as noted in.Section III is lower than
that estimated for the /B 1). It was recogmzed m"’the pre-evaluation
fhght phase that small changes in # and 7° due to gusts, rudder or
other inputs would ¢ause large changes in bank and roll rate. For this,
reason, a conservative value of aileron roll power was chosen (for each
controller configuration) in order to minimize expected large excursions.
Rudder required to maintain a steady turn, though probably greater

than that -estimated for the B-1 (due to augmented C,  required to

Obtain the ‘high Dutch roll damping and a more highly damped spiral

mode) was not particularly noted and was probably eclipsed by the

undesirable coupling characteristics. “

Coupling between longitudinal motion and lateral control motion
did not appear excessive in most cases. However, slight coupling was
in evidence throughout, but no particular trend with respect to controller

configuration was noted.

3. TASKc, ;APPROACH, LANDING AND \TAKEOFF

Because of the aforementioned gain problem with the DSC
(Section II) the landing maneuver was not made by pilots A and B using
the controller, except for a few cases which were of an e‘xploratq&y nature.

It was not considered part of their evaluation.
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The apfproat:h portion of this task was by far the easiest of the
three maneuvers to'perform. This was verified by the ease with which
the ILS beam was captured and tracked, with all controller configurations.
Only one pilot note'd ""some’ problems" with the CW and conventional
configurations, and these did not appear sxgmﬁcant The ease with which
this maneuver was performed can be attributed to the d1sp1ayed mformatmn ‘
of the flight director system, and while laudable for operatmnal purposes,
there is some coubt that its use contnbutk\es to a sufficiently sensitive
task for experimental purposes. o

o
rn—

‘Thé takeoff maneuver was the most difficult to perform, judged
by comments in an approxima‘t'e ratio of 3 to 4. This was primarily due
to the trim changes required as a result of gear. retraction; “and flap -

and power changes Trim changes on takeoff were generally noted as
moderate to large for all configurations and ‘replications. The ability

to corrxpensate was characterized as "moderetely" difficult" for. all
controller configurations for pilots A {(USAF) and B(CAL). Pilot C (CAL)
felt all configurations were maderately difficult with the exception c;f the
DSC which was termed very difficult. Pilot D (USAF) thought compen-
sation was easy for all configurations except the conveni;ional' one vyhich

¥

was thought to be slightly more difficult.

’
e |

Workload was generally minimal to moderate throughout the T
test matrix. Turbulence, when encountered, generally increased the °

workload.

+

.

"As previously noted, turbulence was not a specific test parameter
because its input to the airplane system resulted from natural phenomena

, and occurred only sporadically throughout the flight test program.

. e

" However, when it did occur it was usually tight, or when it was
occasionally simulated by the pilot introducing cisturbances, some
important characteristics ‘of the controllers were emphasized. : hen
using the CW-AHC, for example, transfer from the AHC control (used - !
for precise ILS path control) to the CW control (required for greater
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authonw to counteract large dlsturbance), p\ esrented a somewhat

confusing, s1tuat10n, primarily because of the abrupt change in force

and displacement characteristics. Then too, the pilot v:ould occasio x\:-;lly

get the two control functions mixed and not know at the moment which

one to use.’ The necessity for sorting out this.situation appeared

extreme'l‘y burdensome and annoying under condit‘ionﬁ. of increased workload.
A\ \‘ A y )
- N R )

Shght turbulence also tended to emphasxze def1c1enc1es in the DSC

feel mechanization, gex;erally manifested by slight oscillations in attitude

angle. Lack of anticip;\tion of airplane motion aue to lg‘w stick force cues {

had a tendenuj to produce an out-of- pha se relat10nsh1p7be'tween input and

output (.ausmg "bpastm" control of attitude.

\

i ~

Landmgs were accomphshed by Pilots C and D using the DSC

mod1ﬁed with the nonlmearigam curve described in Section II and shown

‘in F1gure 6. Although this partially solved the zensitivity-authority '\

prol&ier‘ﬂ, the lack of force cues mentioned above tended to downgrade
the’D‘SC configuratiox{, The nonlinear gain was helpful only when the
pilot trimmed the airplane with the controller centered in its travel.

Otherwise, he could be operating about a point of high sensitivity when

.trying to make precision changes in flight path and experience a PIO

tendenc&.

LY

The lateral-directional response characteristics generally had

" no effect on ability to locate trim. In those few cases where some effect

was apparent, it was in a favorable direction. ’ Pt

’// ! } ) ’ /

' Throughout the evaluations of Task b, the turbulence varied l
generally from a smooth air condition to a light turbulent condit.on.

As in the case of Task a, it is apparent iha; assessment of both

simulated airplane and controller characteristics may vary significantly

with turbulence level.
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4. COCKPIT ENVIRONMEN.'IL, " b i
[ \\ ) \v
e ;‘ -

Comments reélative to cockpzt environment are considered to a.pply

-

i~ T om e v

o !

"to all three tasks (or flight pha./ses) of the flight test program. They are

analyzed with respect ‘to fl1ght7 rephcatzon to take intd some account the
effect of repeated exposure to the environment. |

/

Ins trument Panel Visibi:li.ty . S

. * . - »

. . . Lo
.o ) . . . . . |
o 1

Primary instrument cluster: _the comment ratings ranged from °

good (no problems) to bad (definitely should be 1mproved) with adequat°

. (could bé 1mproved) as an intermediate step. The conventmnal ‘cénfigura-

tion provided generally adeguate v1S1b1hty, with two pilots ratmg itas

" adequate to bad. Pr1mary mstrument cluster visibility for both the CW

and CW-AHC configurations was considered good by three pilots and,
adequaté to good by the other. Visibility was considered good, by all pilots
in the evaluation of the DSC. \ S

3 ’
e . - >

. » ¢ - ~ * 4,

. f' i
‘Secondary instrument cluster~ the same rating defuntxons apply
here as above. The conventional confxguratmn provxded for somewhat

less visibility than for the primary cluster with one pilot con,mdermg it

_adequate, tWO adequaté to good, and one adequate to béd Vz.s1b1l1ty\ for

\
both the CW and CW-AHC units was considered adequate\\to good by two
pilots, good by one pilot and good to bad by the other.. Agam as in the case
of the primary cluster, the v1szb1l1ty for the DSC was consxdeTed good by

\

",
. b
Controller mterference with other cockpit tasks; this was felt

all pilots.-

-

e

to be minimal for all conﬁguratmns and fhght repl1cat10ns. Consequently,

T

—
any adversc effedt on m1ssmn performance due to such mterference was ——
—_—

also considered mlmmal, \ l ' \
. : . |

" : ! -

P
v

—
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Head movement required to evaluate instrument readings: the
CW and CW-AHC were considered as requiring minimal to moderate head
movement. The DSC was rated as minimal throughout. Two of the pilots
(one USAF and one CAL) felt the conventional configuration required
moderate head movement. Adverse effect on mission performance was felt
to be minirﬁal throughout except for the twp conventional configuration ratings
noted above for which adverse effect was considered to be minimal to
moderate. ,

Necessity for changip_g position of hand on grip with change of
controller position: this procedure was necessary only for approximately
19% of the pilot-configuration matrix and then only octasionally., It was
noted once for all controllers 'exc_ept the conventional configuration, where

none of the pilots found it necessary.

Overall contribution of controller to fatigue: for all controllers
except the DSC, contribution to fatigue was generally considered minimal
to moderate. For the DSC, it was considered minimal. {

/

Thus, only one controller, the DSC, was rated good (no problems)
for the entire instrument panel by all the evaluation pilots. The conven-
tional configuration provided the least visibility, with some improvement
noted for the CW and CW-AHC.

With respect to differences of assessment of visibility between
individual pilots, it may be noted that the two CAL pilGts.were slightly less
sensitive to the differences between the effect of configurations than the
two USAF pilots. One USAF I;ilot rated all configurations adequate to bad

except the DSC, which as previourly noted, was rated good.

Generally, the degree of visibility was thought to have a minimal
adverse effect on mission performance, with the exceptior; of the two USAF
pilots' assessment of the conventional configuration. One considered it
to have a minimal to moderately adverse effect; the other a moderately

adverse effect.
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Accessibility to cockpit controis: the pattern of this characteristic
was similar to that of~(‘risibility. Generally, accessibility w'a’s’ considered
adequate to good for all conﬁguratmns except for the DSC, which was con-
sidered good throughout. "One USAF pilot did rate the conventional con-
figuration bad (definitely should be improved). Adverse effect on mission
performance due to the degree of accessibility was generally considered
minimal. However, for the case where the conventional configuration was

rated bad, the adverse effect tended to be moderate.

The bulk of the co.ckpit environmental comr;nents indicates that in
each category (visibility, accessibility, etc.) at least slight gains.are made
by using the dual side arm controller. The cumulative effect of these gains
would appear to be significant and warrant its use at least on the basis of

improving the working area of the pilot. i

5. GENERAL COMMENTS

The following is based on response to questions 1{1cluded in the
Cockp1t Environment part of the pilots’ comment guide. However,
because the answers to these questions essent1a11y apply to all tasks, they

" are presented; below as a separate part of this section.

Respon:se to the question as to whether or not the pilot felt he was
an integral part of the control-airplane-response system was generally
affirmative through the pilot-configuration matrix. In those few cases
(three out of sixteen) a certain detachment was felt, not due to the control
concept, but due to detail mechanization and feel characteristics. The
two CAL pilots, both commenting on the DSC, sometimes felt a certain
irrelevancy to the overall system due to lack of anticipation of airplane
response, ascribing it to lack of sufficient force feel. Much of this ha»

been noted in detail in previous sections with regard to specific maneuvers.

The only resgervations any of the evaluation pilots had relative to
acceptance of these contrcllers by large-airplane pilots was with regard

to detail mechanization, not the concepts. Normal training and experience
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(as with most man-operated devices) is all that is required.

Generally, all pilots thought evaluation time was suificient, and
that their assessment would not be significantly altered by flying a given
configuration for several hours.

Control harmony, breakout force and deadband characteristics -
were generally satisfactory for all-controllers.

The two USAF pilots (A & D) had significant spontaneous comments
relative to their overall preference for controller configurations. Pilot A
felt that both the CW-AHC and DSC configurations were a significant
improvement over the conventional wheel and column for the tasks used in
the investigation.. Pilot D felt the DSC was superior to all others eval-

uated, but recognized the need for improving its feel characteristics.
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« " SECTION 'V
\ T L

PILOT RATING ANALYSIS RESULTS

The evaluation pilots were instructed to rate the combined airplane-
controller configuration combination for each individual task, using the
handling qualities rating scale showii in Figure 14. Thus, a reported
rating reflected the pilots’ assessment of the complete pilot-airplane-
contrloller (and cockpit environment)- task complex. However, in the case
of Task c, comprising the la »ding, approach and takeoff maneuvers the
pilot often thought the differences among these manetivérs were significant
enough to warrant sepatéte ratings within the defined task. This was also
prompted in part during the early stages of the evaluation when it became
evident that the compromise elevator gain selected for the DSC (see
Section II) was actually biased to a point where although the airplane could
be landed, it would always recejve the lowest possible rating due to lack of
control authority. Subgequently; the landing maneuver using the DSC was
eliminated from Task c for Pilots A (USAF) and B (CAL) except for the
exploratory effort mentioned previcusly. This led to separate ratings for

_approach and takeoff and in the case of the oﬁer controller configurations,
separate ratings for each of the thrce maneuvers of Task c. The exception
was Pilot B (CAL) who reported a single rating for Task ¢, which in the

VL

case of the DSC was limited to the approach and takeoff only. <
After mechanizing the nonlinear gain for the DSC, the landing
maneuver was reinstated as part of the Task ¢ evaluation. However, it
‘still seemed prudent to examine the individual parts of the task, and this
course was followed by Pilots C (CAL) and D (USAF).

Much use of simple averaged numerical rating data is used in this
analysis; average of replications, average of pilots, etc. Itis recognized
this is mathematically inconsistent because it/implies linearity among
the rating numbers which in themselves are x;uerely a shorthand indication

of the adjective description which best fits the pilot's asse\ssment of the
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configuration. Although the word é_éscfripitions obviously iﬁdicatpstrong
trends, there is presently no way to show that these descriptions form
a linear progression. Thus, applying any linéar mathematical concept

e

. to the data 1s not ‘TrigorOué.

However; -despite this inaccuracy, the advantages in terms of
reducing large amounts of data tv a form where trends can be easily

'recognierd éppears to warrant the linear approach.

" Pilot rating data is presented in this section, and illustrated by'

the appropriate figure in the £6llowing forms:

a. Individual pilot rating vs controller configﬁration for each

task (or task component where appropriate) and each replication,

b. Averaged replications to denote a single trend of the abové.
: Y

c. Direct pilot comparison of b for each task.

d. Averaged pilot trend to denote overall rating trend for
each task.

e., Effect of replication on rating - pilot rating vs replication

for each configuration, task and pilot,
{. Replication rating spread for all tasks for each pilot.-

g- “Average of all pilot replication spreads.

" ' 92

h. C’bmparative rating of controllers for each pilot for
all tasks. )
i. .Average of all pilot comparative ratings for all tasks.
_._—-'//
0y -\,\\
N
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Individual pilot ratiugs vs. controller configurations are shown on
Figures 15, 16, 17, and {3 for Pilots A, B, C, and D respectively.
Replication spread is noted, as are trends based on averaged replications.

K]

Pilot A

The ratings given by Pilot A (USAF), Figure 15, the first time he
examined each configuration appeared to be too low (high level of assessment)
on the basis of pre-evaluation flying by CAL pilots and previous knowledge /"\
of airplane characteristics - rating relationships. Review of these results
with Pilot A indicated the possibility ‘of a lack of understanding and definition
with respect to the handling qualtities‘rating scale. :I‘his is the responsibiliAtY
of the engineer directing the experiment, not the evaluation pilot. Subsequent
dialogue appeared to rectify the situation. The "first round" data is shown

for interest, but succeeding analysié considers only three replications. T

Task a shows little preference differencé among controllers,
either in terms of replication spread or averaged replications, with a max-

imum variation of approximately 1/2 rating. Overall average assessment

was betweén a rating of 3.0 and 3.5.

‘ >

>
-

Task b indicates some preference for the CW-AHC configuration,
about a one rating improvement over the other configurations. Replication

spread is only 1 rating and the overall average assessment was approx-
" imately 5.0.

‘

_Task ¢ ratings were given for the tasks' three basic components,
épproach, landing and takéoff (no ratings were given for landing with the
DSC for reasons previously noted). For the approach, rating differences
were again small; however, all three new concepts fared better than the
conventional configuration by about 1/2 rating. Rating spread was greater
than for Tasks a and b, about two rating units. Overall average assessment
was between a rating of 2.5 and 3.0.

14

”

The landing maneuver produced a controller rating difference of
1/2 to 1 rating unit with a replication spread similar to the approach, with

overall assessment between a rating of 3.0 and 4. 0. ™.
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Figure 15 CONTROLLER.RATINGS - PILOT A (USAF)
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The takeoff maneuver showed a rating preference for the CW-AHC
configuration of almost one full rating unit as compared to the conventional
and CW configurations. The DSC suffered from the sensitivity-authority
problem previously noted and was severely dOan;aded. With the exception
of the DSC, the overall rating was between 3.0 and 4.0. '

’ The indication from the rating differences dgscribed is that Pilot A
preferred the CW-AHC configuration by a small margin. This is sub-
stantiated by his comments. (He commented similarly about the DSC, but,

by definition, the ratings if correctly applied cannot show this. )

Pilot B )
The ratings of Pilot B (CAL), Figure 16, were generally higher

(lower assessment) for all tasks than those of the other pilots. His com-
ments do not directly substantiate this assessment; his objections to both
controller and airplane characteristics in terms of specific deficiencies
were similar to those of the other evaluations. However, they do indicate
a greater sensitivity to these deficiencies and this is reflected in his

ratings.

Task a showed the least variation in replication spread and among
controllers, a difference of one 'rating unit. ° The overall assessment level
was high numeric"ally, between 7.0 and 8.0 in sharp contrast to Pilot A.

Task b was rated in two parts in this case, entry to the tracking
maneuver (see Figure 12),and the iracking maneuver itself. It was thought
here that separate ratings were warranted because of the different,dynamic
nature of the two maneuvers, one primarily a large disturbance lateral-
directional maneuver, the other a larger disturbance longitudinal maneuver
coupled to precise lateral-directional control. (This philosophy was
discarded for the last two pilots in favor of overall task assessment.)
Again overall levels were numerically high for both cases and showed a
greater replication spread than Task a, 2 to 3 rating units. For the entry

maneuver, all three concepts were fated substantially better than the
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. \
conventional configuration, with the CW having a slight edge. For the
trackingimaneuver, the CW was preferred by approximately 1 1/2 rating
units over the conventional configuration and three to four rating units
over the CW-AHC and DSC configurations. The overall averaged rating

spread for both maneuvers was substantial,from about 3.5 to 8.0.

o

+ Task ¢, assigned a combined rating of approach, landing and
takeoff in this case, exhibited the usual slight differences in preference
among controllers with the CW preferred by only the slightest of margins.
Overall assessment level was between ratings of 3.5 and 4. 0.

Pilot C ,

Pilot C (CAL), Figure 17, showed less than a one rating unit
spread among controllers for Taska, with a slight p‘refereh\ce for the con-
ventional configuration. Max1mum replication spread‘was two rating units ‘
occurring for the CW conﬁguratwn. The conventional configuration had a
single replication spread and the CW- AHC and DSC had none. Overall

toge,

assessment level was between 3.0 and 4.0.

[] .

t

For Task b, all niaw con"epts were preferred over the conventional
configuration by approximately one ratmg unit. Very slight prefererce was
shown for the 'CW enrl CW- AHC configurations. Replication spread was )
nominally one rating l‘lnit and total overall average assessment ranged
. from 5.6;0 6.8. . . . !

e

éeparate ratings were made for the maneuvers of Taska, with

insignificant dlfferences among controllers for the approach maneuver. .. __ -

Nomiinal repl1cat10n ratmg spread was less than Z rating units and the

general acceptance level was between 3.5 and 4.0,

The landing maneuver indicated about a 1 rating unit difference
among thde conventional, CW and CW-AHC controllers and had a'comparabl,e'(

i replication rating.  Overall assessiment for these three contrllers was a

rating o~f about 4.0. Pilot C was the first evaluator to use the DSC modified

to include the nonlinear gain function, described in Section II and shown on
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Figure 8, was used. Despite the fact that this function partially solved the
sensitivity—aouthority problem, an apparent lack of sufficient force cues
resulted in an incremental downgrading of about 2 rating units (to about 6.5)
as compared to the other configurations. Replication rating spread was

greater for the DSC, 3 rating units.

\

\ A
'\, The takeoff overall rating of about 6.0, with little differences

a’?nong controllers, emphasized the difficulty of this maneuver as compared
with the othe;'s of Task c. Replication spread differed widely with con-
trollers, with 3 rating units for the CW and CW-AHC, one for the conven-
tional configuration and none for the DSC. Low assessment ratings ‘of 8

were given for the CW and CW-AHC for one of the four rephcatmns in each
case. These takeoffs occurred in a light to moderate turbulence environment
which tended to.amplify the deficiencies of basically 5.0 to 6.0 rated airplane-
maneuver combination.

Pilot D S~ _

Pilot D (USAF):~ Figure 18, generailly had the largest replication
rating spread for all evaluators, the average of which howe\'rer' did not differ
greatly : fror;q his pre'decessors. Task a showed replication rating spreads i
of from two to five rating units, depending on the controller conﬁguratmn
Averaged replica tions produced a low rating of 2.0 for the CW configuration

and-high ratings of about 4.5 for the conventional and DSC configurationg.
A . ' '

. Task b was rated generally lower (as with previous pilots) with a
large replicatioh rating spread (six rating units) for the CW~AHC configura-
tion. Variatio. was one unit for.the conventicnal co'nfigurétion, three for
the CW and two for the DSC. Averaged replication ratings varied from a

4.5 for the preferred CW to the highest for the conventional configuration,
a7.3,. .- ’ x ) s
p .
As with the previous pilot, Task c was rated separately for each of
its maneuvers. In the approach, all three new concepts were rated better
than the conventional configuration. a maximum of two rating units for the

CW and a minimum of one-half rating unit for the DSC. Replication rating
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spread was noininal except for the DSC where the last evaluation produced
"a-high numerical rating, resulting in a spread of five rating units. A
similar trend is noted for the landing maneuver. In both cases, turbulence
tended to magnify the lack of su:fficient force cues which was characteristic
of the DSC. Again, the CW was preferred; by two rating units over the
conventional configurations, one unit over the DSC, but only ma}ginally

over the CW-AHC.

For the takeoff maneuver, replication spread was greatest for the
DSC; it was also rated the worst, an average 5.3. The CW again received
preference, with an average 2.5. The conventional configuration was third

best with an average 3.8.

Figure 19 shows a comparison of pjlot replication averaged ratiﬁgé‘\«\
for each task. For Task ¢, one average represents all task maneuavers for
‘each pilot, Also shown is the resulting task - configuration ratings based
on the averages of all four pilc;ts.

) .

Except for Pilot B, Task a produced remarkable consistency of
averaged ratings among pilots. Pilots' average produced results similar
to the individual trends; small differences among cortrollers, less than a
one rating spread. Including the results of Pilot B, an overall task rating
(inciuding all controllers) of from 4. 2 to 4.8 is noted, in the "deficiencies

warrant improvement” category of Figure 14.

Consistency of ratings for Task b was again good except where the
“Contribution of Pilot B downgraded the CW-AHC and DSC thus enlarging the
nominal overall rating spread from less than two rating units to approximately
4, Pilot average rating varied from about 5.3 to 6. 3, also nominally in the
"deficiencies warrant improvement” category of f‘igure 14, but with a
greater degree of objectionable deficiencies and the need for more pilot
compensation to perform the task.
Task ¢ indicated the le:';lst differences in preference among ‘con-

trollers, with an overall task-controller rating for all pilots of from 3.5
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to 4.0. This, at worst, places this task in the upper part of the same

category as Tasks a and b with minor but annoying deficiencies and moderate

pilot compensation required.

It was desired to determine to what extent replication had an effect
on pilot rating. Figure 20 illustrates this for each pilot, configuration, and
task. The obvious scatter of the data makes it difficult to pinpoint trends.
However it may be noted, for example, that Pilot A generally downgraded
his assessment with replication for all tasks except in the case of the DSC
for Task b. Pilot B indicated a gentle downgrading for Task c, but in the
case of Task b showed some upgrading for all three new concepts. Pilot C
showed a downgrading trend for Task b, but a slight upgrading trend for
Task c. The randomness of the data of Pilot D masks general trends;

some configurations show an upgrading trend, some a downgrading trend.

The significance of most of these observations cannot be realis-
tically determined. Pilot comments indicate a varying sensitivity and

awareness by the pilot of overall configuration deficiencies which include,
in some cases, an indeterminate effect of turbulence.

t

A measure of replication rating spread is shown in Figure 21,
where replication rating spread (in terms of rating units) is shown as a
function of number of ratings given (in terms of percent of total). This is
shown for each pilot and for the average of all pilots. The averaged curve
shows that over 78% of all cases (74) documented had a rating spread of
two ratings or less and 45% had a rating spreac of one rating or less. In

8% of the cases, replication ratings were the same.

Figure 22 illustrates a slightly different look at comparative con-
troller ratings. Averaged replication ratings for-each task were placed in
"best"and "worst" category. "This was dorie by observing the lowest nu-
merical rating (best) and its appropriate controller configuration, and the
highest numerical rating (worst), and the controller configuration for \;vhich

it was given. If two configurations were rated the same, (either best or
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worst), both were put in the same appropriate category. The number of
bests and worsts for all tasks were put in terms of percentages of the total
number of each category and plotted vs controller configuration. Examina-
tion of Figure 22 shows that for Pilot A (USAF), over 60% of his best ratings
were applied to the CV.V-AHC conﬁguration_. His worst assessments were

equally divided among the other three controllers.

Pilot B (CAL), on the other hand, had 80% of his best ratings for
the CW configuration, and 30% of his worst ratings applied to the CW-AHC.

Of the best ratings for Pilot C, 50% were ascribed to the CW con-
figuration and of the worst, 50% were ascribed to the DSC.

For Pilot D, the CW configuration received 80% of his best ratings

and the conventional configuration 80% of his worst ratings.

Figure 23 shows the best-worst relationship, averaged for all
 four pilots, and indicates that the CW received almost a majority of the
best ratings, with the conventional colnﬁguration and the DSC both receiving

a large percentage of the worst ratings, about 35% each.
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SECTION VI

.

ANALYSIS OF TRACKING DATA

.
\-

As previously noted measured tracking data was obtained from two
sources, the "terrain following" maneuver of Task b, and the ILS approach

maneuver of Task c.

The basis for observed and recorded data was thé flight director
system, which through its computer and display instruments.provided the
necessary command information for the 'f)ilot to perform thé require xrack-
ing maneuvers, In particular, the hor1z§onta\1 and vert1cal Gross- pomter

needle deflections from reference provxaed the tracking error data.

Mechanization of the pitch p\ortic’vn‘of the terrain following  maneu-
ver has been describcd in Se‘ction,III In addltxon, the p1lot was asked. to
hold a preset headmg during the maneuver, thus prov1d1ng needle deflection
data in both the long1tud1nal and lateral- dlre;txonal modes. It must be noted
that normal operation of the flight director system, used for (a,ll measure-
ments except the pitch portion of the terrain following maneuvér of Task E,
displays needle deflections in response to combined signals from the systems
computer and do not necessarily 1nd1cate raw error from a desired {light
path. For example, ‘in the lateral- dxrectmnal mode (either terrain followmg
‘or ILS) the vertical needle can coz.,?cxfle with the reference (zero error) w.hen
the bank angle is such that intersection with the correct azimuth i$ assured.
Thus needle deflections relative to the reference indicate steering commands

to the pilot.

For each maneuver, a substantial amount of recorded data was
collected for each pilot and centroller, which included needle deflection
errors in both the longitudinal and‘ lateral-directional modes and controller
deflections for the three modes of operation (rudder pedal deflections were
included). Not all the data taken was reduced or shown in this report, This’
was due primarily to the fact that after careful .examination, itzwas felt that

only certain key portions were significant to the evaluation of the controllers.
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Raw data was oscillograph recox¥ed for apprc nately 3 minutes
of both the Task b tracking maneuver and the ILS approach maneuver of |

Task c. Data was read each .1 secord, and punched angl inserted.in.a-pro=

.gram designed to produce variance spectral density, variance and standard

deviation. This was accomplished using the CAL IBM 360/65 Digital Data

Processing System.

Comparison of results during the early stages of data analysis
indicated a data time length of 1 minute would be sufficient, and that data
reduction for the entire 3 minutes would be unnecessary. (The actual in-
flight time of the maneuvers did not change and raw data continued to be

recorded for the full 3 minutes.) 1

A limited amount of raw data was reduced to a variance spectral
density form. This form in essence indicates variance as a function of
frequency and shows the variance present in any frequency bandwidth
throughout the spectrum, (and hence a frequency bandwidth for maximum
variance) and the overall variance for the parameters of the maneuvers.

Some general obse~vations can be made from this data fofm.

For the Task b maneuver, the horizontal needle deflection error
- eNpe » (measured in inches observed on the ADI display) show substantially
greater variance than the vertical needle deflection error. Likewise, the
frequency band for maximum variance was more sharply defined for the pitch
error than for the heéding error. This is, of course, to be expected in view
of the more demanding command input in pitch. Examiration of the oscil-
lograph traces (comparing the command input with the arror output) indicates
that theJr_gquenE:ies at which the maximum variance occurred in pitch were
those asso;:iated with the response immediately aft..r an abrupt change in

command.
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Both the longitudinal and lateral errors of the ILS approac‘x maneu-
ver of Task ¢ show character1st1cs similar to the yaw poriion of Task ‘b.
Again, this was a simpler maneuver to perform compared to the p1tch

maneuver of Task b, a fact substantiated by pilot comment.

The frequency bandwidth of maximum variance of e’"’a varied
from replication to replication and from pilot to pilot butf generally fell
between .05 and . 15 hertz. The ma;lual inpui:s for this maneuver (al}
controllers) showed a wider and more random frequency bandwidth for p

maximum variance, from as little as .03 hertz t?"as high as .6 hertz,

.

Figures 24, 25, 26, and 27, show the overall variance of B”D as
a function of flight replication for each pilot and ‘each. controller. Vanance
is defined as:

2 _ (x-%) (inches of 6‘,,1,0 )
N . ’

/ | f

where . i )

L ——

. . B
% is the arithmetic mea~ o. all the measureq’:ents
, 1

. Vs {
% is the measurement from the zero reference

N is the number of measurements.

The standard deviation. or RMS of deviations from the arithmetic
mean is simply S" or\ /Z(%T'Z)_‘_ {inches of €”De ).

Pilot A (USAF), Figure 24, indicates a general learning curve for all
configurations except the .conventional one, with a.substantial reduction in
variance for the last two rephcanons of the tracking maneuver of Task b.
A similar, but lesser trend, is noted for the ILS maneuver of Task c. The

relative amplitude of variance. for the two maneuvers is ev1dent.

ya
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| Pilot B (CAL) Figure 25, shows a less defined learning trend
wi;}{' replication for Task\k\except for the DSC. Amplitudcs were generally

lower and closer to those of Task c.

?

except for the CW-AHC configuration. It may be noted that comments

Pilot C (CAL) Figure 26, showed improvement with replication

and ratings showed a comparative dislike for this configuration. As in the

case of Pilot A, a less steep learning trend is noted for T:'-zsk ¢ than

“Task b. A significant difference in variance amplitudes is also evident.

Pilot D (USAF) Figure 27, showed the greatest randomness in
Ewnp o ©ofall, and a less well defined overall learning trend, although

variance amplitude was essentially the same for all controllers for his

. last replication. y

"
e

e ,
Figure 28 shows the averaged replication variance and standard

deviation for each pilot and an overall average for all pilots as a function

of controller configuration. The overall average shows little variation

" among controllers, the greatést difference being that for the CW-AHC,

which was strongly biased by the performance of Pilot C (CAL).

It is difficult to determine from the numbers given the actual
significance of these variations in terms of maneuver performance. If
one examines the standard deviation in terms of needle widths (one needle
wid(}; ~ ,.033 inches), then the maximum variation in ¢ is the highest,

‘8.5 for the DSC, minus the lowest, 5.8 for the conventional configuration,

/ or 2.7 needle widths.
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SECTION VII

"CONCLUSIONS

On the basis of in-flight pilot evaluation of the subject controller

%

configurations, the results of which have been presented herein, the following

conclusions can be drawn.

1.

A

The effusiveness and variety of pilot comment, and the different
type and cc;mplexity of control problems encountered due to the

wide spectrum of maneuvers and airplane dynamic characteristics

explored, supported the initial and primary concept of the experimental

design; that it provide for a suitable background against which any
differences in controller concept and detailed design would be
highlighted. A desirable element not included in the experiment is

one which provides for variable and defined turbulence levels.

Average differences of acceptance level among controller con-
figurations for a given task, bascd on pilot comments and pilot
ratings were small. Differences in acceptance level among tasks

were slightly larger but dependent-primarily on the han?iling qualities
of the simulated airplane. '

Any one of the new concepts evaluated in this investigation would be
accepted by a majority of large-airplane pilots., The degree of
acceptance, 1 terms of detail design, will of course depend un

.proper integration of the configuration with other characteristics of
the éockpit' work area, proper feel characteristics and its com-
patibility with other features of control system desigh and airplane {r
characteristics. A learning time of some small magnitude cén be
anticipated, one not unlike that associated with normal adap;tétion to a

slightly different environrent.

- -
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4.

AN

"
K

Average quantitative performancé data for the tracking maneuver
(variance and standard deviation) show relatively small differences
among controllers. The CW-AHC configuration exhibited the worst
average score, but this average was significantly influenced by the
results for one pilot. ‘

Individual performance data as a func{ion of configuration replication
show [with the exception of Pilot B (CAL)]a considerable amount of
scatter, but with the lowest values generally appearing on the last
flight of the configuration. A "maneuver" learning trend is indicated;
all controller configurations either indicate the same trends -or

where no trends are explicit, random scatter is shown.

v

Comparative variance and standard deviation data for the up-and-
away tracking maneuver and the ILS approach maneuver.indicate the
former to be the more demanding, as shown by greater deviations,
more scatter, and in some cases a ‘better defined learning trend with
increased replication. Values for the I1LS approach are more con-
sistent and are lower in amplitude. The relative ease of performance
of the latter maneuver is substantiated by pilot comment. This suggests
the use of displayed computed flight director system data as a measure
of performance is not su.ffici;ently sensitive for experimental purposes
and that "raw" ILS data should be used instead.

Pilot ratings of the overall pilot-airplane-controller-task complex
were moderately scattered. With respect to replication rating
spréad, over 78% of the number of ratings given by all pilots'had a
rating spread of two ratings or less and 45% I;ad a rating spread of
one rating or less. In 8% of the cases, replication ratings were

the same. ‘

|

In terms of "best" and "worst!' rating (a comparative basis

regardless of specific rating), 62.5% of Pilot A's best ratings were for

T

I
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s the CW-AHC configuration. His percentage of worst was evenly divided
among the conventional, CW and DSC configurations. Pilots B, C,
and D favored the CW configuration (in terms of percent of best ratings)
with measures of 80%, 50% and 80% respectively. The percentage of
worst ratings for these three pilots was: Pilot B - CW-AHC, 50%,
Pilot C - DSC, 50% and Pilot D - conventional, 80%. % The overall
preference was, of course, for the CW at 50%. The overall worst
were the conventional and DSC, each at 35%.

It must be remembered,that by definition, these ratings take into
account all facets of the system (including recognizable/and. /
rectifiable deficiencies), and that final assessment must be based, -~

g
[
to a large degree, on pilot comment. /(

. Cockpit environment is signiticantly improved witil\the use ot the

- - dual side arm controller as compared with the standard wheél

and column. Somewhat lesser improvement results from use of the
circumferential wheel (wilzgor without the alternate hand controller).
Tkis improvement with use of the DSC manifests itself primarily in
greater instrument panel\\‘r\isibility, accessibility to other cockpit

controls and to some .extent a.lessening of fatigue.

8. The controller feel characteristic most commented upon was force

gradient, pounds per unit control deflection. As previously noted,

longitudinal (pitch) force gradients for the conventional and CW con- ‘

figurations were selected (using the B-26 variahle feel system) by CAL

pilots prior to the evaluation phase. Likewise, specific springs were

selected to give desirable roll force gradients. The pitch gradients,

combined with the simulated stick force per incremental normal accel-

eration estima.ed for the B-1 airplane, produced generally acceptable
longitudinal feel characteristics for these two controllers. In roll,

/ these characteristics were generally adequate, but in some cases,

{

1

} aileron roll power was marginal or insufficient. ‘g
T

H

¥
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N
In the case of the AHC and DSC, however, force gradients in pitch
(selected to be ‘the highest within the cox}s;ra‘int of the present design)
were considered to be too light. The conéequence was not so severe
with the AHC, because designed as it was tc supplement the high
authonty of the CW in the CW/AHC configuration, it had low gain and ,
was more c0mpat1ble with the l1ght force gradient. On the other hand,
the DSC was required to achieve full authority fgor large maneuvers
(in particular the flare portion of the ,‘land)lng maneuvers). This require-
ment necessitated high gain to the elevator, which, when combined with
the low force gradlent, produced undesirable sensitivity for smaller and
more precise maneuvers. A primary and simple solution to, this prob-
lem is to provide for stiffer springs in the DSC. The nonlinear functmn
provided for task C { landing, approach, takeoff) and used by the last
two evaluation pllots was an approach based on exped1ency,. and though
satisfactory in most cases has not been sufficiently evalua'Sed to warrant

recommendation of its use.. . to

¢ A L]

4

~ S . /f

The trim wheel on the r1ght hand grip of e\'.ach of the controller conf1gura-
tions (pitch trim) was in many cases too sens1t1ve while at the same time .
providing insufficient trim authority. .Change of trim gain will, of course,
not suffice; i.e., anincrease in gajn to increase ’authority“will simply
increase sensitivity, which is contré‘rx to the desired result. ’
Increasing the diameter of the trim wheel would decrease sensitivity

while maintaining authority. JJowever, there is a physical limit to this
approach. A wheel attached to 2 multi-turn potentiometer ceculd, if
of proper design, provide the correct balance between sensitivity é\nd

authority. M \

The detent associated with the trimm wheel was deemed unnecessary,

and in fact a deterent to precision trimming.

’,
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K Pilot comment revealed several physical controller design and
ingtallation characteristics, which though not of extreme significance
to the experiment, nevertheless emphasize design criteria which are

important when conceiving a specific cockpit-controller complex.

The contour 'and physical feel of the hand controllers (both the AHC
on the CW/AHC and the DSC) was thought to be good; they were com-

fortable and hand on grip fatigue was never a problem.

At times the distance between the piloc and the wheel and column
configurations -appeared too large resulting in the comrnent of "arin
fatigue". This distance was standard B-26, and the comment was

probably due to a significant contrast with the much more comfortable
arm rest design of the DSC.

There was occasional annoyance when attempting to use the trim
wheel with the hand controllers in a forwara of neutral position. This

was due to a :.lig}:xtly unnatural extension of the thumb which caused

mild disqcomfort'.”

-
d

The DSC was located appfoximately‘ 5 inches further aft from the
instrument panel than was the seat used for the other conﬁguxiations.
This was an installation compromise made prior to the evaluation and
was felt by CAL pilots to have no significance relative to the experiment.
The evaluation pi]ots did notice the difference, but indicated rapid

adaptation and that jt had no effect on their relative judgment of the
configuration. ’ i !

hd -

L
There was some comment that the inside width of the DSC seat should

be gréa.tér. The DSC was designed, of course, to fit the B‘:Z6, and size
was therefore a significant restriction. This should be no problem of

course when considering an integrated cockpit-controller design.

’
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Scme discomfort was occasioned because of too short a distance from
the pilot's body to the DSC hand grips. This is not necessarily a fault
of the configuration design as presented to CAL. It was designed to use
a seat parachute pack and the back cushion provided, Instead a hack
pack was used with the back cushion removed. This _.ushed the pilot
forward perhaps an inch or so more than the basic design configuration,
and may aé¢count for the comment. It may be pointed out, however,
that in either case, the angle betweer the forearm and upper arm is
close to 90 ° and this may not be the optimum situation for minimum
fatigue and maximum comfort. It is quite conceivable, that with a
closcly coupled control linkage, i.e., small stick displacement, and
restricted wrist and forearm muscle movement, arm (and to some
cxtent shoulder) ,zometry is a significant factor for minimum fatigue.

. /

Thevre is evidence that the neutral position (in pitch) of the hand grip
is important to comfort and precision of movement. Thigﬁs varial; e
in the DSC design and a position was chosen by CAL pilots prior tothe
evaluation phase, a position thought to be reasonable from a control
§3tandpoint. This was fixed and remained so throughout the evaluation.
However, ii}/‘was evidex}t that this position was not optimum for all
evaluation pilots (a slightly greater forward pitch was desired) probably

because of differences in wrist and hand configurations.

11. Most promising goétr‘c;ller configuration. The data obtained during
this investigation- pilots' comments, pilots' ratings and measured
performance-tend to show a contradiction in preference, if such methods
of agsessment are viewed. separately, one without regard for the other,
or if the basic definition of these methods is not emphasized. Pilot
ratings (indicating a preference for the CW configuration) réport the
overall desirability of the configuration and by definition can be no
better than the effect which the least desirable element contributes to
its performance. On the qther hand, pilot comments report the "why"
of an assessment, which may not onlf be of importance in modifying a
design, but depending upon their significance, may dictate ultimate
preference. Measured performance, of course, mair or may not show

‘a decisive edge.
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/n the present evaluation, measured performance data did not show

decisive tendency in controller proficiency, and as noted above,
overall ratings indicated a preference for the CW configuration.
However, pilot comments provided sufficient evidence to postulate
which controller confi‘guratioq should receive further development and

ultimately be integrated into an overall control system design for large
aircraft.

Pilot comments indicated that, in concept, the DSC was preferred.
They also indicated certain deficiencies present in the tested con-
figuration (already described) which downgraded their overall ratings.
Most important, their comments indicated the signiﬁcang impro;fement
in cockpit eavironment with the DSC. In weighing all the data obtained,
and recognizing that the detail design deficiencies of the DSC can be
rectified with little relative effort (possibly res,'ulting in improvement
in reasurcd performance),it is concluded that the .dual side-arm

centroller configuration is the most promising for future application.
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