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FOREWORD
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gram; and Mrs. J.A. Martino, Technical Editor for this report, who aided the
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ABSTRACT

A flight investigation of the influence 91 lateral-directicnai dy-
namics and control puwer requirements on flying qualities for STCL sircraft in
terminal area operaticns was conducted using the ¢-22A variable stzbility aiz-
craft. The primary dynzasic variablas of the experiment vere roll mcde time con-
stant, Dutch roll undzaped natural frequency. roli-to-sideslip ratio, and yaw
due to aileron; in addition, the roll control power svailable was varied by
electricelly limiting the lateral stick command of the evaluatior pilot. Three
pilots performed 102 evaiuations of various combinations of these variables at
a representative STOL approach condition ¢f 9. = -7.5%, ¥ = 65 kts. During
the evaluations, a qualitative separation of ambient turbulence level was made
through approximate measurements from the aircraft. The configuration dynamics
were identified and verified with a dJdigital identification technique developed
for the X-22A, and data analyses inclvde statistical measurements of pilot work-
load and performance, as well as correlation of pilot rating dsta with these
measures, the configuration dynamics, and the roll control power availabie. The
results from the experiment are compared with applicable requirements of
MIL-F-83300, MIL-F-8785B, and Calspan's proposed revisions to the Putch roll
frequency for Level 1 flying qualities was found to be lower than reguired
by MIL-F-83300, Roll mode time constant regquirvements of MIL-F-82300 and
MIL-%-8785E (Class I1-L) were lzrger than those determined for Level 1 iflying
qualities. The roll control powers that were dccermined in this cexperiment
were less than those required by the specifications.
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Section I
- 5 INTRODUCT {ON

E

For most aircraft, the landing approach is a critical phase of flight
which demands accurate positioning of the aircraft relative to the runway with a
limited margin for error. The 'ieed for satisfactory flying qualities and
adequate control power in this critical flight phase is clear. Unfortunately,
in the case of STOL aircraft, the combination of slow approach speeds and
relatively high inertias generally leads to a deterioration in flying
qualities Jurirg landing approach. In particular, the demands on lateral
control power may be considerable at the very time when the centrol effertive-
ness of the aerodynamic controls is reduced due to the low approack speeds.
Most STOL aircraft may therefore need to have their control effectiveness
augmented in some manner, which can result in unwanted weight or power penalties.
E Lateral control power requirements, though exceedingly important as a design
perameter, are unfortunately very poorly defined. Therefore a need exists
for a systematic investigation of the control power required to perform the S10L
landing approach task.
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This report describes the results of an in-flight simulation program,
using the X-22A variabie stability aircraft, whose objectives were lirected at
providing lateral-directional flying qualities and control power daia for STOL
szircraft in the landing approach. Srecifically, the two main objectives were:

1. To determine control power requirements, particularly those
in roll, and to investigate how these requirements change with
various lateral-directional parameters for STOL aircraft
in the landing approach, and ai

A Y T Y Y T o A

2. To obtain lateral-directional flying qualities data in support
o the appropriate requirements in MIL-F-83300 (References 1
and 2), or MIL-F-8785B(ASG) (References 3 and 4), for STUL
aircraft in terminal area operations (Class II Aircraft -
Flight Phase Category C).

Iv achieve these objectives, an experiment was designed to evaluate the
suitability of a variety of lateral-directional resnonse characteristics

for the approach flight phase using a representative STOL approach velocity

(65 knots) and glide path (7.5 deg). Attention was focused upon VFR and IFR
approachr - in both smooth and moderately turbulent ambient conditions. For
each approach the control power used, as opposed to that available, was

measured when there was essentially unlimited authority. The r0ll control
power available was ther systematically reduced for selected lateral-directional
configurations to determine the minimum lateral control power required.




Three evaluation pilots participated in the program and made a total
of 102 evaluations of 17 di fferent combinations of lateral-directional character-
istics. Each pilot recorde: his comments during the evaluations and then
assigned two pilot ratings u:i~y the Cooper-Harper Scale (Reference 5): one
rating for the aircraft consi: oring the VFR approach task alone, and an overall
rating for the aircraft in t': context of STOL terminai area operations, based
upon both approach tasks. :I» ~uch case, a turbulence effect rating was assigned
based upon the degree of detriovration in task performance due to ambient
turbulence. Aircraft flight ‘:riables were recorded continuousiy during all
flights and processed digital’ to obtain identification of evaluation configura-
tion dynamic characteristics and statistical measures of control usage, task
perfoimance, and ambient turbulence levels.

The report is divided into two volumes. Volume I is a summary of the
experiment and the important results, while Volume II contains the details of
the experiment and the analysis of the data and provides specific background
information for the contents of Volume I. This volume of the report is orga-
nized as follows. Section II discusses the design of the experiment; Section
:7I outlines the conduct of the experiment, including a brief description of
the equipment used. The results of the experiment in the form of pilot ratings
and comments are presented in Section IV, while Section V presents the results
of the sub-experiment to determine minimum lateral control power requirements.
A summary of the statistical measures is presented in Section VI, and :orrela-
ticns of the data with existing flying qualities criteria are given in Section
VII. Finally, the conclusions are given in Section VIII. Appendix I from
Volume II is repeated in this volume as a summary of applicable background data.
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Section 1I
DESIGN OF THE EXPERIMENT

The purpose of the experiment was to generate lateral-directional
flying qualities data and to determine the minimum lateral control power for
STOL aircraft during terminal area operutions (Flight Phase Category C). To
best accomplish this objective, the apuroach subphase was chosen as the area
in which to concentrate quantitatively, with the actual landing to receive
attention through extrapolation. Th: approach subphase encompasses the
following elements: visual approach '"tracking", localizer and glide slope
capture, ILS tracking, breakcut, visual runway line up, and wave off. As is
discussed in the next section, the evaluation task was designed to exercise
all of these elements, thereby studying the approach subphase.

This section will describe the design of the experiment, including a
orief summary of the rationale behind the selection of the lateral-directional
characteristics, and present the details of the evaluation configurations.

2.1 BACKGRGUND AND PURPOSE

The landing approach is perhaps the most critical phase of flight for
STOL aircraft which fall within the Class II category in the military specifi-
cations. This phase of flight presents the pilot with an exacting task, and
is often complicated by IFR flight conditions requiring precise instrument
flying, a transition to visual flight with a possible lateral offset from the
runway, anc a landing in a limited period of time. Additional factors such as
turbulence and crosswinds can further complicate the pilot's already demanding
task. Obviously, in this critical portion of his flight, the pilot should bde
provided with the best possible flying qualities and adequate control power,

Unfortunately, the flying qualities, as well as the available control
power, of STOL designs are adversely affected by the relati.z2ly high inertias
of the aircraft in combination with the slow approach speeds. 1In particular,
the demands on lateral control pouwer may b2 high at a time when aerodynamic
control effectiveness is reduccd due to the low approach speeds. In many
cases, depending on the design, the control effectiveness may therefor~ need
to be augmented in some manner, which can be costly in the form of unweoited
weight or power penalties. The designer is therefore interested in kncwing
what minimur control power is required to do the task, in this case the STOL
landing approach. 1In addition, he is concerned about the flying qualities
requirements and how the control power requirements are related to these
characteristics. This experiment was designed to produce data to help clarify
these problem areas. Specifically, the experiment was aimed at the determina-
tion of minimum lateral control power requirements for the STOL landing approach
task for a variety of lateral-directional response characteristics.
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Part of the reason for the prucity of control poter data, particularly
for 3TOL aticraft, is the facr that ir mcst investigations, with both real
aircrafi and simujitors. the actual control power used to perform a spec1f1c
task is not decuvented -- typically, only in conrrol power available is quoted.
Rﬁferencs 6 is ar sxample of an extensive mkugatwn of lateral-directional

vmg gudiities, a;-,.t’;ir shie 1o STOL uiscveft, which reported no control usage
za. The approach used in the curient 2:perizent, thzrefore, was to measure
the actual «ootrol power used whern Tha.e was essentieliy wnlirited authority,
acs then to raduce the comural poser availiacln to Jetermine *he minimum amount
reqrires. A recent imvestigation [¥efevence 73, :;sing the UCAF/Calspan
ravizuie stability 7-33, concerned itself vith th> picolem of dotermining the i
winimum rali control power reguirements 57 exscutive ie¢t ana related military
Ciass il airplares, and was ussd as 2 goidelime Ior the design of this experi-
TWEHT .

Thers ar: many aivera’ft aad tasy verishlss which influeacs the control
power requix>d to perfirs a given missicn Ar serles OF was¥s. Since all these
faszors interact Jith cadh o’rh.-,-r, tt.e ves31itl is an eatredery cc;’aplex situation.
A more detalled mscusion of thie many airors®t and tash veoiable. irvslved can
he found i“ the F-aclf. -up documents +or che wililary spescification {Reverences 2
and a3, iho primony factor is, ol rourse. tve mission; f£or this ewperiiwnt,
STL alreveft tezminzl area operntions ¢ ere cf Intevest, incliuding Soth TR
and YPR gppreacies.  In genciul, f97 this mission, CC‘n‘CI‘(ll porei 1s reguired
92

{3 tvim, i.e, maistsun some steady flighv conditian for normal
statas aaa failure states,

ganeuver, i.<. parfom the npecew.ssy tesks zbout txim, aua

~~
™~
Nt

(%) corre~t for disturhances, i.e. corvect the effents of

exysrnal distuvoances and failure transiomts.
The lateral-directional parameters whicn have the most cdirect zffect on laterul
control powsr and the aireraft {iying cuaiities are sumaarized briefly beicw:
° r0ll mode *ime constant, g
. Dutch 101! mode freguency and Jamping ratio, Wy, ‘b’d

° frequency and damping r:-io of the numerator factor in the
#/54g transfer functior,dly, Xg

. Toll to sideslip ratio in the Dutch ruil mode, |¢/6 iy

A®

nust respo ise represented by the importent input derivatives,
Lis Lo Ng




s

TRARY, T 0T8T

P AN TEERES

i A

=
-
3

St i et st

€ crosswind component or approach

. 3 - s
s control sensitivity, Lg o
sontyel iinearity, stick travel and force gradients.

A thoreugh investigation of the irfluence on lateral control power requivements

of ail of thsce parameters is generally beyond the scope of a sirgle experiment.

Of the povential aircraft und task characteristics listed above, the test
pmgran was designed to focus ¢pressly on the effects on the aircraft's rlying
qualities and cuntrol puwwer requirements of :

1. roll mode time constant, %e, Dutch roll freguency, wy.
roll to sideslip ratio in the Dutch 101l mode, |#/4ly ,
and the coupling paramster N'sﬂs,’l,';“ whkich d2termines the

yaw due tc alleron iiputs and the valuss of Wy, J,
2.  zprroach condizions  VFR or IFR
3. wind (crosswind} and turbulence {gust response)

Sections 2.3.1 and 2.3.2 psesent the values of the modal parameters
chosen as most impcrtant for systematic veriacion in this program, thus de-
fining the resultirg evaluation configurations. For these lateral-directional
configurations, the control power used during the landing approach task was
measured during each evaluation. To determine the Jinimum contrcl power
required for Level 1 and Levei 2 flying qualities, the available lateral
control power was systematically limited to values below the level used when
there was no limitation. This procedure is describasd in Section 2.3.3.

2.2 FLIGHT CONDITION

The aircraft characteristics for the flight condition chosen for
this investigation are summarized in the foliowing table:

h (zero -_!
V, AT | ingy | Tale | d9/av (%‘_)s
kt/fps | deg | deg | fpm g/rad | deg/kt ©
65/110 | 50 7.5 860 1.7 -0.22 -1.65

The duct angle of 50° was chosen to optimize the rate of descent
sapability of the X-22A at the 65 knot approach speed (see Appandix VII).
This duct-argle-approach-speed combination was the primary flight condition
in the first research program using the X-22A (Reference &), in which varia-
tions in lengitudinal fiying qualities were made while che latersl-directional
characteristics were held at satisfactory values. For that program, a glide
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path angle r.lative to the ground (¥) of -9 deg was used for the p*imary
investigzsrion. During the practice evaluations fo. this experiment usirs

Y = -0 geg, howaver, tie pilots thought that the isvel of pilot workload with
deterioratad laterssl-directional flying qualities was too high to perform the

‘evaluatioas properly. This interesting observation demonstrates the importance

of the interaction between flying qualities, required ps-formerce (steep glide
path), and aircraft performance limitations such as maximum rate-of-descent
zaused b stall or buffet boundaries. As a result of the pilot comments. a
shallower but still representative STOL glide path of -7.5 deg wa- selected
for this lateral-directicnal program to insure sufficient margin from the
%-22A buffet boundaries and hence obviate performance constraints as a
consideration. Although no attempt was made to "optimize'" the final glide
path chosen, it is thought that the value of # = -7.5 deg allowed valid
evaiustions of lateral-directional characteristics to be performed. It is
clear that further studies of this interaction zre desirable, hLowever.

2.3 EVALUATION CONFIGURATIONS

The evaluation configurations were selected after a careful review
¢f previowe experimerts (References & and 7, for example), and the values of
the parimeters used in the experiment are representative of the ranges expected
in S10L aircraft. Each configuration consisted of three parts: a set of

values ~f T, |¢/Bly ard wy; a value of Néq,/t.gﬂs; and a value of lateral

. : /
cunt7ol power available, L'g, &, -

A summary of all the pertinent data associated with each evaluatioen
couiiguration, including the identified stability derivatives and lateral-
directional modal parameters, i3 contained in Appendix I. Various response
time histories are present=d in Appendix II. Appendix III outlines the
calibration procedures and the digital identirfication technique used during
the program, while Appendix VII explains thc mechanization of the simulated
configurations on the variable stability X-22A aircraft.

2.3.1 Variations in Ze, |9/8l4 , and wy

The specific combinations of these parameters tnat comprised the
seven base evaluation configuirat’ons are shown in the following table. The
circled numbers in the blocks :re the configuration identification numbers
which wili be used throughout the roport to facilitate correlation of the
data. Secticn 2.3.4 will describe the fuil ccnfiguration identifier, which
also 1nc1udes an approprlate code to indicate the variations in yaw due to
aileron, Nsns/“sns’ and the amount of control power limiting for each
configuration.

T
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r“’dé 0.4
{rad/sec )i wy 1.4
e 2 .35 | 2 .38]2 . .75) 2145
(sec)
(68142 0.4 ) (G)~—} CONFIGURATION NUMBERS
|98y 2 1.4 Q) G ) @

Note: 1. QQO.ZO for all conf’ guraticns

2. The spiral mode varied for each configuration but
had times to double amplitude > 18 seconds or
times to half amplitude > 6 seconds.

All the values of tie paraseters shown represent nominal values with
variations in the values among the configurations of approximately +10%. The
exact values frr each configuration are summarized in Appendices I and IV.

2.3.2  Va.iations in N3es /L'se-

£ach of the seven bis: configurations described in the previous
section was evaluated with an "optimum" value of A%, /Lg .. This

Yeptimum'" value of N,S“/LIS,S was calculzted prior to the evaluation flights

on the hasis of minimizing the sideslip response to aileron-only inputs using
the Bfpax/k criterion of Reference 3. These values were, therefore, optimum
in the '"theoretical" sense c1ly. Flight time constraints in the program
precluded the determination of a true optimum value through pilot evaluatiosns.
For configurations 1 through 5, at least two variations in the vclues
7
of Nsﬂslb'gﬂs were also evaluated: one to produce large adverse yaw due to

aileron inputs and the other in the proverse dire-stion.

2.3.3 Variations in L’s,s Sggmx - Lateral Cont.ol Power

All of the 17 configurztions described above (7 with 'optimum' values
/ :
of Nsns/[,;;”s, plus 10 with variations in Nsﬂsll‘lsns)’ were first evaluated with

no limit, on the lateral coitrol power available. The available lateral control
power for configurations 2, 3, 4 and S was then systematically reduced to
deteriine the minimum lateral control power required for Level 1 (PR<£3.5) and
Level 2 (PR £ 6.5) flying qualities.

Figure 2-1 presents a schematic diagram of the method of electronically
limiting the lateral control available and therefore the lateial control power.
According to Reference 7, this method of electronically limiting the lateral
control authority is preferable to adjusting mechanical stops in the coclpit

-~}
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or changing the lateval cuntrol sensitivity. A more detailed discussion of the
control limiter mechanization can be fownd in Appendix VII.

POT LIMITER

F FEEL |9, Bagy P 4 :
o syeren @3"‘"“ htp“‘%/‘ - ‘Scmm!
:

NG ]

Figure 2«1 Ailernn Liziter Schematic

2.3.4 Configuraticn ldentifier :

The full identifier for esch svaluation configuratio. consists of:
gu

i sk A e e 2N i S R S S S R D i B i X
h y ""~‘-~‘.J,

1. A number tc identify *he sat of %, 1#/8ly and @y values
used, 1 through /.

2. A letter to identify the value of N&, JLs used, "O" for
545’ Sﬁg

optimum, "AV for adverse, 'P?' for proverse
s P

T T .

3. Two digits to indicate the <egree of latersl control limiting
used, "00" for no liwiting up to 99 for the maximum cont-ol
limiting (i.e., minimum l}zterai control power available).

Y /
For exazple: ISwA-Cui is configuration 3 with ﬁvﬁqslbéhs adverse and no contrel
limiting.

T T Y N4 SV T 0 77

5130 et 5 cemant U P 0 <

2.4 JATERAL AND DIRECTIONAL GEARING

The gearing ratio between the evaluation pilot's lateral stick aud
¢ the X-22A lateral control determinas the value of,l,§ o while the ratic
between the evalustion vilot's and X-22A's rudder peéals determines M5gp .
These gearings and therefore the loteral and directional control sensitivities |
were selected by the pilot at the beginning of each evalustion. Thi. process was
i used in ar attempt o avoad heving pilot opinion affected by control sernsituvity.
- Ideally, each dynamic configuration shouid have been evaluated with seversl valuss

' of the lateral and airectional gearing ratios, but this was not posg¢ibie within . ,

4 the flight time zliowed fer this program. :

2.5 LATERAL-DIRECTIONA". FEEL SYSTEM CHARACTERISTICS

£ | The lateral and the directicnal feel system dynamics and forre
gradients were held consturt for all the evaliations. The dynamics are seconu

O PP
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These fe=t system Jy gaics were consideiszd o
landing approach task with tie rasge of aircrafr dymani
Thorafore were not considered to be & degrading oot
evaiuations,

2.6 LONGITUIINAL AND fHAEDSY CONThu, THARACTERIST UL

WM peA,

Repsesencixive tnngitudival 5104 characioriso
f Reference L) were zelucted gad Leld crrotant £or all '*‘z
The pilol comronts tadicate that these Giorontevistics

pilot sitings obtained in the s.aluarvions

3 e Yomgitudinsl characteristics, cbvainsd from in-fiight ueucinements, i
: ars swmmnzizos in the vellawing table, :
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system and the pitching moment due to collective, Msc, w#as £ssentiully zero.
2.7 TURBULENCE AND WIND CONSIDERATIORS

Tuzbulence level and mean wind speed and direction are important task
vsriables in STOL terminal area operations. The present capabilities of the
X-22A V58 are not sufficiently developed to simulaie these variables in a
controlied munner, however, and they were therefore introduced in the zxperi-
ment by use of existing ambient conditicns within the necesswury constraints
of rrogram eff.ciency.

Orisinaliy, it was planned to fiy the majority of the apprecaches

directly in’¢ the wind by suitable alignment of the approach guidance systems,

nd to £ly ¢ selected ramber of configurations in crosswind conditions, in order
to properly investigate the eiffects of crosswinds. However local airport traffic
constraints dictated otherwise and, as & result, the approaches were flowr with a
representative variety of wiad directions relative to the approach path. The
variation in turbulence level was introduced by performing the evaluation flijhts
either in light winds with negligible turbulience present or in moderate winds with
an asscciated higher turbulence level. This procedure allows 2 qualitative dis-
tinction ¢o be made concerning the efrects of tarbulence level on the evaluations.
An unfortunate by-product of the operational and atmospheric constraints within
whick the £light program was performed is that fewer evaluations were performed
in turtulent conditions than desired. A& discussion of the measurvnent of the
anbient turbulence during the program and the simulation of turbulence response
charzcteristics in a variable stability aircraft is given in Appendix V. A sum-
mary of the wind/twbulerce environment for the evalwtion eonfigorations 18 cen-
tained in Appendix I.
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3.1 VARTABLE STABILITY X-2:ZA AIRCRAGT

Tne desired dynami- characteristics of the evaluation coafiguraticns
discussed in Section If,both longitudinai and Isteral-directional, were
mechanized nt the variable stabiiity X-22A (Figure 3-1). Briefly, the X-27A
is a four~ducted-preccslier V/STOL aircraft with {he capability of full tran-
sition butween »aver apd forward flight. The four ducts are interconnectad
aud 2an be zotated tc change the duct ungle (%) and therefore the direction
of +h2 thrust vector *o achieve the desiiad operating flight condition defined
by a particulsz syeed and duct zngle combination. The thrust magnitude is
detemined hv a cullective pitch lever, ve1y similar to 2 helicopter. Normal
aircrafs-type pitch, roll and yew controls in the cockpit prov:de the desired
contzul moments ty differentially positioning the appropriate contrcls in
sach duct (prepsiler pitch aud/or eleve:: deflection). A mecharical mixer
directs and proporticns the pilot's commands to the appropriate propeliliers
and eisvons #: ¢ funciion of the duct angie.

In this aircraft, the »valuation pilor nccupies the left hand seat
in the cockpit, which 1s shown in Figure 5-%. The system operator, whn also
scrves as the safety pilot, ozcupies the right nand seat. Thg evaluation
pilot's inputs, in the form of eslectrical signals, sperate the appropriate
rignt hand flight controls through electrohydraulic serves when the VSS is
cperating. In addition to these sigmals propertional to the evaluation
pilot's inputs, signals proportional to appropriate aircraft motion variables,
for example, B8,, p, and +, are fed back to move the right hand controls in
the required manner and thus modify the aircraft's response characteristics
as desired. The response-feedback and input gain controls arc located beside
th=2 safety pilot and were used to set up the simulation configurations in
flight. Note that the evaluation pilot cannot feel the X-22A control motions
produced by the variable stability system. Also, in this experiment, he had no
raowledge of the detailed characteristics of the configurations being evaluated.

Control feel to the esaluation pilot's stick and rudder pedals was
provided by electrically controlled hydraulic feel servos which provide
opposing ferces proportional to the stick or rudder deflections: in effect,

a simple linear spring feel system. An adjustable friction level was provided
for the collective stick.

The evaluation pilot's instrument panel is shown in Figure 3-2.
Instrumentationn for IFR flight was comprised of the normal X-22A flight
instruments plus an attitude indicator with integrated ILS cross-pointers,
thereby providing a '"baseline'" or minimum IFR instrument package for the
expeviment (e.g., no flight director, etc.). Full scale deflection of the
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Collective
Position
Indicator
(not shown
in photo)

/ILS CROSS POINTERS

ATTITUDE INDICATOR
AIR- \ PRESSURE
SPEED \( ; ALTITUDE
ofe
ar
puCT ; VERTICAL
ANSLE ~ SPEED
n
y
1 ‘
RADAR
RPM ALTITUDE
Figure 3-2 EVALUATION PILOT'S INSTRUMENT DISPLAY
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I1S cross pointers represented iocalizer errcrs of 24.5 degrces aad glide
path errors of #2.8 Gegrecs for the instrument landing cystem used for the

experiment.

More details for the X-22A aircraft and the mechanizatiun of tl.e variable

stability system for the experiment are ccntained in Appendix VII. The next sub-
section describes the orher equipment essential to the conduct of the experiment.

3.2 OTHER EQUIPMENT

Two approach guidance systems were employed during the program. For
the IFR approaches, a TALAR high angle microwave landing system (ILS) with a
variable glide path capability was used. Sensitivities of this umnit were 4.5
deg on the localizer and +2.8 deg on the glide path. These sensitivities were
found to be satisfactory for the zlide path angle of -7.5 deg used in the
experiment. .

For the VFR apprcaches, a Navy mirror landing system was used which
was intended to constrain, to some exten=, the VFR approaches to the glide
path angle used for the IFR approaches. Glide path sensitivity of the "meatball"
with respect to the datum lights was approximately +0.8 deg. This approach aid
did not really rresent localizer information since the approaches could be
made from +50 deg to the centerline of the mirror. In effect. this approach
aid makes the VFR apprcach a semi-precision task for glide path control, much
like having souwe form of head-up display, but does not so constrain lateral
position. During the evaluations, the pilots noted that the sense of thz glide
path errors displayed by the mirror was opposite to that of the ILS display.
The pilot flew towards the ILS needle to zero the error whereas ''meatball
errors or. the mirror were zeroed by flying the ball back to the centev of the
mirror. This was a source of confusion to some of the pilects in the early

evaluation flights.

Figure 3-3 shows the mirror landing system, as well as the TALAR
unit, in position for an evaluation flight.

Both experimental and flight safety data were teiemetered to and
monitored by the Digitzl Data Acquisition and Monitoring System developed
expressly for the X-22A by Calspan and housed in a mobile van. Siance the
complexity of the X-22A makes it impossible for the pilot to monitor all the
important flight safety parameters, it is essenti+l to have ground monitoring
of the flight safety varia les. The flight safety variables were monitored
on chart recorders and by a “gital mini-computer in the van. In additien, a
continuous recording of all ~lemetered data was obtained on the 'bit-stream"
recovder for later analysis ana processing. An oscillograph in the X-22A
provided a backup source for the pertinent experimental data. During the
program, good telemetry ccverage was achieved at ranges between the van and
the X-22A of up to twenty miles. The details of the Digital Data Acquisition
System are covered more fully in Appendix VIII.
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3.3 SIMULATION SITUATICH

To obtain valid flying qualities data in the form of pilot ratings
and comments, careful attention must be given to defining, for the evaluation
pilot, the mission which the aircraft/pilot combination will perform amd
the conditions in which it will be performed. For the current experiment. the
simulated aircraft was definied as an ali-weather STOL transport (Class II of
MIL-F-83300, MIL-F-8785B, References 1 and 3) performing terminal area opera-
tions; the aircraft was considered a two-pilot operation to the extent that no
allowance was made for typical additional duties, e.g., flap setting, commmica-
tions. Additional factors such as passenger comfort were not considcred by
the pilot in making his evaluation.

3.4 EVALUATION TASKS

Although the mission involves many tasks, an evaluation of the vehicle
flying qualities can be accomplished by having the evaluation pilot perform 2
series of maneuvers representative of those tasks anticipated in the mission.
With the general conditions defined as atove, the specific tasks to be accom-
plished for each evaluation were defined as a VFR approach followed by an IFR
approach. These tasks are summarized in Figure 3-4. The evaluation tasks
were designed to exercise all of the elements of the approach subphase of the
overall terminal area operation {¥light Phase Category C, References 1 and 3).
The actual landing subphase received attention only through pilot extrapolation,
since operational constraints prevented the evaluation piiot from actually
touching down. It is feasible for the pilot to carry out such an extrapolation
with some confidence in this experiment, which is concerned with lateral-
directional problems, since the unknown problems of the flare and touchdown are
largely related to the longitudinal and thrust characteristics of the aircraft.

3.5 EVALYATION PROCEDURES

The evaluation procedure was as follows. At approximately 1200 feet
AGL, the safety pilot engaged the VSS and gave control of the aircraft to the
evaluation pilot under VFR conditions. The evaluation pilot trimmed the
aircraft carefully and took the necessary calibration records to allow post-
flight verification of the configuration characteristics, as is discussed in
Appendix III. After sampling the aircraft briefly, the evaluation pilot
selected the lateral and the directional control sensitivities and then
initiated the VFR approach using the mirror landirg system as a guide. At ap-
proximately 200 ft AGL he performed a 150 foot lateral offset, or sidestep maneu-
ver, to line up with a 500 ft simulated runway centerline. At 100 ft AGL
he lined up with the runwav and then at approximateiy 50 ft AGL he arrested
the rate of descent, leveled off, and performed a wave-off maneuver. While
flying back to the initial point for the instrument approach, he tape-recorded
comments with reference to a short comment card and assigned a VFR-only pilot
rating and turbulence rating for the configuration. The Coopexr-Harper pilot
rating scale shown in Figure 3-5 was used; the turbulence effect rating scale
is shown in Figure 3-6.
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4 A 8 o Approach Aids(Mirror: VFR § ILS: IFR)
-9 -—- =X
Sidestep = 150° \ D J'/
8y §  —
A

(Side \{ieu)
T=-175 de
"L

~

~—f | 'lmeale
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Point VFR TFR
A (Acquisition) 1200 1500
B (VFR Sidestep
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and Sidestep)
C (Level Off) 100 100
D (Waveoff) 50 50

Figure 3-4  APPROACH TASKS, IFR AND VFR
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INCREASE OF PILOT | DETERIORATION OF TASK
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sl LARGE (SOME TASKS G
CANNOT BE PERFORMED)

UNABLE TO PERFORM TASKS H

Figure 3-6 TURBULENCE EFFECT RATING SCALE
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The complete Pilot Comment Card is reproduced below. After the visual
approach, the evaluation pilot couzmented on only the VFR designated items.

PILOT COMMENT CARD

A. SPECIFIC COMMENTS

1. Ability to tri
a)} Lateral/directional

2. Controi sensitivity
- factors influencing choice
- any ccmpromises? any final complaints?
- lateral-directional forces, displacements?

-

[VFR]* 3. Response to inputs required to perform task
a) Roll attitude control
- 1initial response, predictability (precision) of
final response '
- describe pilot inputs required !
b) DPirectional control
- complaints?
: c¢) Turn cocrdination requirements in the context of the task

[VFR] 4. Approich performance
a) Satisfactory? !
b) Sidestep maneuver |
- any special piroblems?
5. Could you land from ILS approach?
Specvial controi techniques?
7. Differences between VFR and IFR flight
- if large, explain
- any second thoughts on VFR rating?
8. Effects of turbulence/wind
1 - which axes?
: - major problem with turbulence?
9. Longitudinal and thrust control characteristics
- satisfactory?
10. Any simulation deficiencies?
] B.  SUMMARY COMMENTS
: [VFR] 1. Good features
k¥ [VFR] 2. Objectionable features
: [VFR] 2. Pilot rating
;. - record decision making process

- identify deficiency which most influenced rating
[VFR] 4. Turbulence rating
* Note: Comments for VFR approach as well as overall rating
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Upon completion of tlz VFR commerts and rating, the evaluation pilot
went "under the hood™ at approximately 1500 ft AGL and follwed sinsia’ed radar
vectors to intevcept the localizer. He then perfuormed an IFR approach with a
breakout at 200 ft AGL, after waich he visaally performed a sidestep micuver
to the pseudo runway centerline. &%t approximately 50 ft AGL over the "runmay™
he levelled orf and performed the wave-off. After the wave-off, the s<fecy
pilot set up the next evaiuation configurction while the evaluation pilot made
comments with reference to the comple*e pilot comment card. After finishing
his detailed comm:nts, the evaluatiun pilot assigned an gverall pilot rating

for the aircraft in the cortext of STOL terminal area operations, including
both the VFR and 1FR sppreaches, ard 2 turbulence rating.

T g et

Two salient peints in the evalsnation pr~.edure as described bear
consideration.

1. Note that a VFR-only, as well as an overall, rating was
assigned tc the aircratt. In general, a useful pilcot rating
should include the pilot's weighting of the performance
achievec in ail tasks representative ¢f the flight phase
or subphase under considcration - heunce, the overall rating
assipned during the evaluation. However, the possibility
a2xisted that the minimal sophistication of the instrument
display used in this expeiriment might downgrade the IFR
portion of the evaluation to an unrealistic extent in terms of i
future instrument displays. Therefore, brief comments and
a rating on tne VFk only approach, which might be considered
the target for future IFR operations with more sophisticated {
displays, were also obtained to ascertain whether or not this
effect was present in the overall rating. In the recent X-22A
iongitudinal flying qualities experiment (Reference 8), the
difference between thesz ratings was not significant, :
apparently because the visual approach is a semi-precisiun t
longitudinal task when using the visual approach guidance
system, but it was not knowa whether this characteristic
would also be evident for lateral-directional evaluations.

(48]

The turbulence rating was not a quantitative indication

of the turbulence level encountered. The overall pilot rating
properly includes the pilot's weighting of the aircraft/pilot
system in a turbulence environment and the purpose of the
turbulence effect rating is primarily to provide a qualitative
indication to the analyst of how much turbulence affected the
task performaice.

3.6 DATA REQUIRED

As was briefly mentioned in Section 3.2, a continuous recording of
all the required telemetered data was made on a ‘“bit-stream' recorder in the
mobile var. for later analysis and processing. More details about the Digital
Data Acquisition System are ccvered in Appendix VITI.
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The data acquired from this experiment Jell into the following
categeries:

i, Pilct Rstings and Cooments

2. Gentrol tksge and Tuask Performance
3.  ®Kiad and Turbulence

4.  Aircreft Response

tata on aircraft response was required to identify the dynamic
characteristics of the evaluation confi_irstions (See Appendix III)}. The
first three data categories are closely interrelated since infurmstion on
contrel usage (workload), performance and ambient atmospheric conditions is
required before the pilot ratings snd comment datz can be properly interpreted.
Section IV discusses the experimental rezults in the form of pilot comments
and ratings, while Section V presents the results of the eviiuations designed
te determine the minimum lateral control power requirements for STOL landing
approach. The details of the statistical analyses of control usage and task
performance are preseated in Appendix VI whiie Appendix V summarizes the
techniques used te mzasure the twbulence Jevels during the evaluatica.

3.7 EVALUATION SUMMARY

Three evaluation pilots participated in this flying qualities investi-
gation; their vackgroinds are summarized below:

Pilot A - Calspan Research Pilot with extensive experience as an
avaluation pilot in flying qualities investigations. His
flight experience of 3300 hours includes over 500 hours
in helicopnters and he is a qualified X-22A pilot.

Pilot B - Calspan Research Pilot wit. experience as an evaluation
pilot in flying qualities investigations using both
variable stability aircraft and ground simulators. His
flight experience of 9200 hours includes 6000 hours in
multi-engine aircraft in addition to trainers and
helicopters.

Pilot C - Calspen Research Pilot with extensive experience in
V/STOL flying qualities research. He has approximately
3500 hours flying time of which 500 hours are in heli-
copters and is qualified in the X-22A aircraft.

A total of 63.1 hours was flown in this research program with the
X~22A aircraft, of which 33.6 hours were devoted to evaluation flights; the
remaining hours were primarily devoted to calibration flights and practice
evaluations. Approximately 5 hours was used for development nf the X-22A's
hover/transition capability on the variable stability system which is reported
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in Reference 9. The three pilots perfarmed a total of (02 eveluatiune o
17 different combinations of lateral-directionzl dviapies. ¢ sbiz iola
20 evalustions were performed with the later.. 2citrel poyer lnwited o

degree.

The distoibution of evaluations is sumszacizid in the following table.

Pilot A 54 (1%}
Pilot 3 17
Pijor € z1 (1)

Totai w2 {29)

The numbexs IR 3120 < 6A3 reprasedt tne ri@ber M1 evdionl’ ols
verformed with some Cesrse of izieral contwol pmiar lieving.  Apdeadix
summavizes the distridbution ¢ evalustions ith v.omonl o the rwaent
turbulence prasent duving the evaluxiiosns,
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Section IV

EXPERL &NTAL RESULYS - E¥rLCT OF MODAL PARAMETERS ON FLYING QUALITIES

This sectica sumsar:zes and discusse: the effects of the modal param-
eter< .nvestigated in tnis expezirent on the flying qualities of the simuiated
aircraft. ‘The effects ~f ilmited 10ll contrel power are discussed in Section V
of this rsrort; the resuits prusented in this section are therefore indepen-
dent 7 wonu™i power availiable, as the maximum roll control power available
in the vasic X-27A wa:z nct eznproached in any of the "unlimited" cases. The
configuration identifiers used ir this section have therefore been simplified
by exciudiry 2he final tw~ digit, which describe the degree of centrol
limiting {sve Section 2.3.4). rhe pilot ratings for all the evaludations are
tabuiated in Appendix I, aid summaries of the pilot comments are given in
Apgendix II.

For clarity ia aszertaining treads, the results are presented in
Leras of averaged" pilot rat.ngs and the nominal modal characteristics dis-
cuszed in Section II. These "uveraged" pilot ratings represent the average
of all thes evaluations for a given configuration and are therefore simple
& erages, Average pilot ratings are shown both for all evaluations of a
given configuration and for the evaluations separated according to whether
regligible or noticeable turtulence was present; the criteria for this
separation and the resulting groups cf ratings are given in Appendix I. For
completeness, the total spread of pilot ratings about the average is shown
on the 2lots presented in support of the discussions in this section; in addi-
tion, whe number of pilot ratings which are included for each point on these
summary plots is given in parentheses.

4.1 EFFECT OF ROLL MODE TIME CONSTANT ( %e )

The ¢ffect of roll mode time constant on pilot rating may be seen by
corparing the ratings of Configurations 2-0, 4-0 and 6-0 with each other (for
i#/81d £ 0.4) and 3-0, 5-0 and 7-0 with each other (for|@¢/8l4 = 1.4). The
ratings for these configuration. are summarized in Figures 4-la and 4-1b, again
depending on whether or not turbulence effects are separated out. Since the
trends gre idenvical in both cases, consider for the purposes of discussion the
negiigible turbulence 1esults in Figure 4-la, and the overall results in
Figure 4-1b.

The following trends are evident from the graphs:

€ No significant deterioration of average pilot rating with Zg
is evident betweer 2¢ = 0.35 and 0.75 for either 1¢/8l4 .
The average pilot rating for these values of 7g varies be-
tween 2.5 and 3.5 as {¢/Bl4 increases in negligible tu-bulence.
¢  The spread of pilot ratings is larger at Zg = 0.75 than at
Ze = 0.35 for both values of /8l .




i i ik A

|¢/B|d = 0.4
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Figure 4-1a
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Figure 4-1b EFFECT OF TR ON PILOT RATING (ALL EVALUATIONS)

o A significant deterioration of average pilot rating, ac well
as of both the maximum and minimum values given, occurs for a
change of Zg from 0.75 to 1.45. The change is approvimately
three pilot rating units for both values of |$/Aly , and in
both cases changes the airplane from satisfactory (PR = 3.5)
to adequate (PR = 6.5 ) in negligible turbulence.

Consider initially the evaluations of the low |¢/8l4(% 0.4) cases, i.e.,
Configurations 2-0 (g = .35), 4-0 (Ze = .75) and 6-0 ( % = 1.45). Pilot
comments for Configuration 2-0 uniformly approve of the very predictable final
response due to the high roll damping. Several comments for both Pilots A and B
object to a "sluggishness'" or "heaviness" in the initial response, but these
characteristics are generally attributable to their selection of somewhat low
roll control sensitivities ( ‘-%ne ). All the comments note good approach
tracking performance and a good and easily performed sidestep maneuver for this
configuration. The spread in pilot ratings for this configuration is relatively
small, and, in fact, it appears to have been somewhat down-rated generally due
to the poor choice of sensitivities by Pilots A and B.
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Pilot comments for Configuration 4-0 tend to reflect the increased
spread of the pilot ratings. Pilot A liked the roll performance very well each
time he evaluated the configuration, feeling that the initial response was
satisfacterily snappy and the final response sufficiently predictable. Both
Pilots B and C, howsever, noted a tendency to overcentrol and even PIO in bank
angle tracking, and degraded the configuration on this basis. This variance
in pilot opinion is probably typical of configurations which are marginally
satisfactory, as details of pilot techrique and preference become ¢f more im-
portance to the rating; hence, even though the average pilot rating remains
the same as for Configuration 2-0 which has a roll mode time constant twice
as fast, it is likely that the roll mods time constant of 0.7% sec in Con-
figuration 4-0 is iess satisfactory.

Configuration 6-0 has a roll mode time constant of Ze * 1.45 sec, the
longest investigated in this experiment. Pilot comments for this configuration
reflect the fact that this roll mode time constant generally leads to dif-
ficulties in both the initial and the final roll response to aileron stick in-
puts. In general the comments note that the initial roll response was some-
what sluggish, that the airplane 'wallowed" laterally, and that the final re-
sponse was unpredictable with a tendency to overshoot and oscillate about the
desired bank angle. It is interesting to note that the comments are more con-
sistent than the pilot ratings for this configuration and hence the spread of
ratings shown in Figure 4-1 is somewhat misleading (cf. tke comments of Pilot C
on Flights F-89 and F-£0). The average pilot rating is significantly deteriu-
rated for this configuration over the previous two, with the change being about
three pilot rating units, and hence this roll mode time constant leads to an
airplane that is marginally adequate (PR = 6.5).

The trends with rcoll mode time constant are the same at the higher

\¢ﬂ5LJ (Configurations 3-0, 5-0, and 7-0) as those discussed for the lower

|#/8lg . Again, very little change in pilot rating is evident between Zg =
0.35 sec and Zg = 0.75 sec, but the spread of pilot ratings is larger at Ze =
0.75 sec (Configuration 5-0). Examination of the pilot comments for this con-
figuration again shows the marginally satisfactory nature of the configuration.
Pilot A, in particular, noted tendencies to overcontrol ia roll (leading to a
requirement to lead the final response) but did not downrate the configuration
for this characteristic (cf. comments on Flights F-75 and F-79). As in the
casec with low lﬁﬂﬁld , a significant deterioration in pilot rating is evident
in changing from Zg = 0.75 to Zg = 1.45 sec. The problems associated with
overcontrol in roll are even more evident at the higher |¢/8l4 , and the con-
figuration is considered only marginally adequate at best (cf. all comments
for Configuration 7-0). It should also be noted that the effect of turbulence
is much larger at the higher l¢bé]d , degrading the average pilot ratings fcr
all roll mode time constants.

On the basis of the average pilot rating lines presented in Figures 4-1la
and 4-1b in noticeable turbulence, the general conclusions that may be drawn are:
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e _For 1ow l9/s6ld (¥ 0.4), a marginally satisfactory (PR = 3.5)
value of 101l mode time cons*tant is on the order of 73 = 0.9
seconds, and a marginally adequate (PR = 6.5) value isT, = 1.5
seconds.

o  For high I¢/8ld (* 1.4), the satisfactory and adequate values of
% given above for low I#/8ld remain approximately valid in
negligible turbulence. In noticeable turbulence however,
all the configurations were unsatisfactory (PR > 3.5) and
the marginally adequare (PR = 6.5) value #f roll mod: time
constant isT, 2 1.1 seconds.

4.2 EFFECT OF DUTCH ROLL FREQUENCY (&4 )

The effect of Dutch roll undamped natural frequency on pilot rating
may be seen by comparing the evaluations for Configurations 1-0 and 3-0, both
of which were at the higher |9/l  and smallest %z investigated in this experi-
ment. These ratings are summarized in Figures 4-2a, separated according to level
of turbulence, and 4-2b, which averages all the evaluations for these configura-
tions. It is clear that, regardless of whether or not turbulence is present,

@ AVERAGE “OPTIMUM"
= SEE APPENDIX | FOR
INDIVIDUAL PILOT RATINGS
| RANGE OF DATA
===)TREND INDICATORS
{ ) NO. OF DATA POINTS

||B|g =1.4
TR 2 0.35
NEGLIGIBLE TURBULENCE NOTICEABLE TURBULENCE

2

4

PR ; PR 6
i : 8

10 . : . ; 10 ; : : :
0 0.4 08 1.2 1.6 0 0.4 0.8 1.2 1.6
Wy (rad/sec) W (rad/sec)

Figure 4-2a  EFFECT OF wg ON PiLOT RATING (TURBULENCE EFFECTS SEPARATED)
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Figure 4-2b EFFECT OF () 4 ON PILOT RATING (ALL EVALUATIONS)

a significant degradation in pilot rating occurs in changing from the higher

Wy ( = 1.4) to the lower one ( = 0.4) investigated. Pilot comments for the
lower ¢y (Configuration 1-0) indicate that the primary deficiencies included
difficulty in controlling the sideslip (large ball excursions) and the require-
ment to attempt to hold a tight directional loop with the rudders, both of which
caused the airplane to be considered marginally acceptable, particularly in tur-
bulence (cf. comments for 1-0 on Flights F-77 and F-90, Appendix II). Although
the comments for Configuration 3-0 are masked somewhat by the fact that the
"optimum' N'sqs /L(s,,s used was in fact somewhat proverse, the directional con-
trol was generally considered a good feature for this configuraticn with «y = 1.4.

Although these results do not provide sufficient data to define
precise boundaries, the line joining the average pilot ratings in Figure 4-2a
(noticeable turbulence) indicates that a generally acceptable value (i.e.

PR £6.5) for Dutch roll undamped natural frequency would beuw, 2 0.7 rad/sec.
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4.3 EFFECTS OF ROLL-TO-SIDESLIP RATIO ( |4/48ig )

The effects ofld%éh; on pilot rating for the two values investigated
in this experiment may be seen by comparing the evaluations of the following
configuration pairs: 2-0 and 3-0, 4-0 and 5-0, and 6-0 and 7-0. These com-
parisons are shown in averaged form on Figure 4-3, from which the followinz
trends may b2 observed. In negligible turbulence, there is very little effect
of 19/8|4 on pilot rating for any of the roll mode time constants investigated.
This trend is to be expected, since, in the absence of turbulence, the pilot
will not particularly notice {¢/8]4 if he can control the aircraft well and
perform crordinated mzueuvers; only when the controllability degrades and side-
slip excursions increase wili the higher |#/8ld (= 1.4) becomc evident. In
noticeable turbulence, however, it is clear that pilot rating degrades with
increasedl¢ﬁ8|d . This degradation follows from the fact that, for the same
roll mode, spiral mode, and Dutch roll roots, a higher value of |#/8|d corresponds
to a highe»l) and hence more roll excitation from lateral gusts.

The results from this experiment indicate that [#/4/g = 1.4 pre-
cludes a catisfactory aircraft for any of the roll mode time constents inves-
tigated if turbulence is present. From the graphs, a maximum value of |&/&/y =
0.8 would provide a satisfactory aircraft if the roll mode were satisfactory.
This value, which is "low" to some extent for conventivnal aircraft, may be
caused by the lower approach velocity investigated in this experiment.

4.4 EFFECTS OF TURBUVENCE

In this experiment, attempts were made to fly the evaluations in
either smooth air or representative levels of turbulence, and then to obtain
a measure of the ambient level present (Appendix V). Unfortunately, the
weather conditions prevalent during the flight phase of the program were such
that, if atmospheric conditions '.ere suitable for flying evaluations, the
level of turbulence was generally low; hence, only about 20% of the evaluations
were performed in noticeable turbulence, anl the data base for comparisons is
therefore not extensive. The evaluation data were divided into the two
turbulence categories using the pilot ccmments, turbulence effect ratings,
and turbulence measures for guidance. This division should not be construed
as an indication that the evaluations were perforiie¢ in two consistent levels
cof turbulence (see Appendix I for details).

To the extent that comparisons may be made, Figure 4 3 shows the
average change in pilot rating between noticeable and negligible amounts of tur-
bulence for the three roll mode time constants and two values of |®/8lg inves-
tigated in this experiment. It can be seen that, in gencral, the presence or
absence of turbulence is essentially immaterial to ‘he piiot rating for the low
1¢/81l4g ( = C.4) configurations, although some degridation is apparent at the
longest roll mode time constant. For the high |#/8i4 ( = 1.4) configurations,
however, a significant degradation (~ 2 PR units) is evident in noticeable
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turbulence. As has been discussed previousiy (see also Appendix V and the time
histories in Appendix II), the high |@/Blg cases correspond to large values of
L4 and a ratio of Lj/Na > 1, whereas the low |4/8ld cases have smaller values
otﬂL'A and Lg/Mg<1. Inthe high |@/8ly cases, then, lateral gust inputs
tend to upset the aircraft primarily in roll, which is disturbing to the pilot
in that it deteriorates his control of bank angle. It is also to be expected
that the effect of turbulence would be increasingly degrading to pilot rating

as roll mod2 damping is reduced, as the control problem is becoming more dif-
ficult in this casaz.

A further point, which may explain the trends discussea above, is
werth noting. For a given value of {#/4]4, it can be seen from the time
histiries given in Appendix IT that the magnitude of the aircraft responses
to a lateral gust does not vary greatly as the roll damping is reduced. This
characteristic is a consequence of the fact that, to maintain |#/8lg constant
as roll damping is reduced, the value of L,g must be reduced asl'p is reduced.
As a result of this characteristic, the increase in workload due to turbulence
is a function primarily of |#/@ld and is essentially independent of roll mode
damping for the configurations investigated in this report.

4.5 EFFECTS OF N%$g6 /L 50s

The effect of yaw due to aileron ( legs /L's‘,s) may be seen by com-
paring the pilot ratings for the "adverse" or 'proverse" evaluations tc those
for the "optimum" evaluations for Configurations 1 through 5 (i.e., 1-A and
1-P with 1-0 etc.). These ratings are summarized in Figure 4-4 for the evalua-
tions in negligible turbulence. Note that, in some cases, additional values of
fVQ,,/Z/s,, that were not the 'nominal" settings were investigated, and are
marked as ( )¥ . As is discussed in Appendix IV, the ratio A/%45/11545
affects the position of the zeros in the numerator of the &/54s transfer func-
tion. The position of these zeros relative to the Dutch roll poles provides
a measure of the Dutch roll oscillation that will appear in the roll response
to aileron. Specifically, in the proverse case the roll response may appear
"quickened" to the nilot, and the final response becomes unpredictable and
may lead to a PIO. Conversely for adverse values of A/QAS, the airplane may
appear to hesitate after the control input is applied. The importance of this
flying qualities parameter is well recognized in the literature, and the pri-
mary reasor for the variations included in this experiment was to prov.de ad-
ditional data. The usual trends are apparent from the graphs. Some of the
large variations in pilot ratings (cf. 3-A and 4-P) were associated with the
pilot's extrapolation to the landing during their evaluations. The importance
of controlling the heading of the aircraft during the touchdown is crucial
and this factor was emphasized to the pilots during the later portions of
the program. An aircraft that was satisfactory in all other areas could de-
grade markedly to a PR > 6.5 in this control task when large values of ~dverse
or proverse A/%,s precluded precise heading control. Compare, for example,
the evaluations of 4-P by Pilot A (F-67) with the evaluations of the same
configuration by Pilot B (F-34).
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The specific implicaticns of these data in terms of comparison with
existing flying quutities criteria will be presented in Section VII of this
_report. It should be noted, however, that the value of Ngge /L,s denoted as
"optimum' in this experimcnt may stili not be the best obtainable. In par-
ticular, the values chosen for Configurations 3-0 and 6-0 may have been slightly
toc proverse, &s the pilot comments for these indicate slightly "ratchety" and
"'swinging around" responses.

4.6 LATERAL CONTROL SENSITIVITY ( Llins )

In this experiment, the lateral control sensitivity was selected by
the evaluation pilot prior to each evaluation. As is shown in Appendix VII,
this selection is wade by electrically varying the gearing between the evalua-
tion pilot's stick positicr and that of the basic aircraft. The control sen-
sitivity is related to the stick force sensitivity l-?hsthrough the spring
gradient of the force feel system, which was constant throughout the experi-
ment at 3 lbs/in., with a 1/2 1b breakout force; hence, the control sensi-
tivities discussed here may be easily converted to force sensitivities if de-
sired. It should be noted that the mechanizaticn of the VSS is such that the
ratio AlgﬂsﬁqusreEains constant as the lateral gearing is changed.

The procedure of having the pilot select the sensitivity was followed
ber~.se the available evaluation hours precluded the inclusion of Ly as a
controlled variable in the experiment. It is well known that a general rela-
tionship between L'$“ » 7o, and pilot rating erists and the objective of
having the pilot select his sensitivity was tc zpproach the "best" ‘*ISn - Te
relationship, thereby eliminating L §5,, as a factor in the pilot rating.

The averaged values of ’-"Sns ond the total spread of selected values
for the six "optimum" configurations with @y = 1.4 (Configurations 2-0 to 7-0)
are shown in Figure 4-5. The values selected fcr Configuration 1-0 were similar
to the 2-0 values shown. In addition, the average value selected in each case
for proverse yaw-due-to-aileron is shown as an 0, and for adverse as an X.
The following general trends are evident:

e The selected Lngg decreases as roll mode damping is decreased
for both |p/B!4 cases.

) The selected L'Isqs at a given % is generally smaller for
the higher |6/8|, than the lower onme.

e The selected L"Sgs for large proverse N?gg is generally

smaller than for the optimum; for large adverse N';“ s
the selectad L'S,g is genierally larger than for the optimum.
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’ The spread of selected values of ..5“ at a given roll mode

time constant is generally independent of the value of the
roll mode time constant.

] The selected L%“ is generally indepéndent of whether or
not turbulence is present.

The pilot's selection of &y is a complex process and involves a
trade-off between the vapidity of the initial response for a given input
magnitude and the ability cc step the voll responsu in a pred1ctab1e fashion.
Unfortunately, the raticnale behind the pilot's selection of .,3 is not
obvious from the results shown in Figure 4-5.

4.7 DIRECTiONAL CONTROL SENSITIVITY ( N'se» )

The directioral control sensitivity was alsc selected by the pilot
prior to each evaluation. As can be seen from the data summary (Appendix I},
the selected values were essentially independent of configuration, and the
only differences were between pilots. The average values selected were:

Pilot ~: N5, = 0.49 (rad/sec?)/in.
Pilot B: N, = 0.23 (rad/sec’)/in.
Pilot C: Ng,, = 0.38 (rad/sec’)/in.

The mechanization of the VSS in the rudder channels, unlike the aileron
stick channel, did not keep the ratio !.sgp/Ngzp constant as directional con-
trol sensitivity was changed. As a result, the values of Lspp varied somewhat _
for each pilot as follows: |

Pilot A: L.’gep = (0.0 {rad/secz)/in.
Pilot B: L.'gﬂp = 0.12 (rad/secz)/in.
Pilot C: L%, = 0.06 (rad/sec’)/in.

Analysis of the pilot ratings and (omrents (Append1x II) indicates that these
L.sﬂ,, variations were not a signif. cant factor in the evaluations. The effects
of variations in Ls‘ep are discussed further in Appendix IV.
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4.8 EFFECT OF TASK CONDITION: VFR AND ISR

Any effects of VFR versus IFR flight can be seen by comparing the
VFR and overall ratings for all the evaluations. The average chdnge in these
ratings is negligible, with a maximum change of one pilot rating umit occurring
infrequentiy. Possibly the reason for this agreement is that the VFR task was
to some extent 3 precision task using the mirior landing system for visual
guidance and constrained to the same arproach path as the IFR task witk a sim-
ilar sidestep maneuver-

4.9 PILOT VARIABILITY

Figure 4-5 presents each pilot's ratings for all che configurations
with “cptimum" fVShsli,Shs, with the individual averages and spread of ratings.
With regard to intrapilot variability, insufficient repeats were performed by
Pilot B to evalvate his repearability. It can bz seen that the repeatability
of Pilct A is excellent for all config;rations - generally witkin one PR unit.
The intrapilot variabiiity for Pilot C is quite a bit larger for the configura-
tions with % 20.75 (Configurations 4-7), and his comments reflect the in-
creesing susceptibility of these configurations to pilot technique and 2xternal
disturbances o a day to day basis. With regard to interpilot variability,
the difference between the averages of Pilot A and Pilot C is occasionally as
high as two pilot rating urits, with the largest diffesrences occurring for
Configuraticns 4-0 and 5-0; Pilot B generally gives a rating in between these
extremes. I* ic felt that this rather large interpilot variability for these
two configurations properly reflects the marginally satisfactory nature of the
configurations with 7Tp= 0.75; the occasionally long lapses between repeat eval-
uations that were dictated by operational considerations further emphasized
their susceptibility t¢ pilot technique.

4.10 DUTCH ROLL DAMPING RATIO AND SPIRAL MODE TIME CONSTANT

' Controlled variations in Dutch roll damping ratio and the spiral mcde
time constant were not made in this experiment. Instead, these parameters wer
selected at 'good" values, and attempts were made to keep their variation
minimal.

The nominal value of Dutch roll damping ratio was f 0.20, with
variations around this valuz of * 0.04. These values are all weli W1th1n L =
Level 1 boundary of MIL-F-83300 (Reference 1), and above the value of g;
giver in Reference 7 as the value at which piiot rating starts degrading. 1n
general, no objections were made by the pilots to the Dutch roll damping, and

it therefore probably did not degrade any ¢f the ratings.
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Rather large changes in spiral stability in the configurations are
evident, with the most unstable value being Zs = - 26, and the most stable Z =
+ 9; the unstable root corresponds to a time to double amplitude of ~ 18
seconds, while the time to half amplitude of the most stable root is ~ 6 sec-
onds. These values both fall essentially within the boundaries for satisfactory
operation given in Reference 10, although the unstable limit is given there as
20 seconds. It ic felt that the range of spiral mode characteristics obtained
during this experiment do not compromise the pilot ratings for a task vhich re-
quired continuous closed-loop control, and the total lack of any pilot ccmments
about the spirai suomnrts this conclusion.

4.11 SUMMARY REMARKS

This section has presented the averaged pilot ratings obtained as
functions of the modal parameters investigated iu this experiment. In this cor-
cluding subsection, these ratings in conjunction with typical pilot comments
are used to qualitatively indicate characteristics not explicitly demonstrated
by the pilot rating data.

All of the pilot comment data are given in Append}x IT. For the pur-
poses of this discussion, the comments for the "optimum" Ng . cases are col-
lected in "averaged" form below.

o Configuration 1-0 (Wy = .4, Ze £ .35, \4/Blg=z 1.4):

Roll control okay. Directicnal control major problem. Ten-
dency to generate large sideslip angles, particularly during
sidestep maneuver. Requirement for pilot to hold tight
directional loop is unsatisfactory. Tendency to get intc a
directional oscillation and for b:ll to get way out.

¢  Configuration 2-0 ( wy = 1.4, % £.35. 14/8l4 % 0.4)

Very good roll control. Airplane feals very stable. Initial
response to aileron a bit heavy, tut final response very
predictabie. No directiona! complaints, no problem with turn
coordination. Excellent performance on both the ILS and side
step maneuver. Airplane seems insensitive to turbulence.

e  Configuration 3-0 ( @y < 1.4, T = .35, |8/Bld 2 1.4):

Roll control pretty good. I.aitial response perhaps a
little heavy, and final response a bit unpredictable since
Dutch roll oscillation gets into roll response. Aileron
inputs cause nose to oscillate - nose leads turn. Turn
coordination a bit of a problem, but works okay if you
leave rudder alone. Only real complaint is directional
oscillation set up by aileron control. Turbulence stirs up
both lateral and directional.

38




L

o  Configuration 4-0 (wy = 1.4, T .75, W/Aly 2 0.4):

Roll control is very responsive. Initial response okay, quite
snappy. Final response quite predictable (Pilot A),
Predictability of final response somewhat degraded, tendency i
to overshoot, can even lead to small PIO IFR (Pilots B, C;

Pilot A on one evaluation). Directional control and turn

coordiration good.

e  Configuration 5-0  wy = 1.4, % = .75, |#/8lg2 1.4):

In negligible turbulence, roll control is pretty good, quite
responsive initially. Final response has tendency to overshoot,
particularly IFR. In noticeable turbulence, roll control is

not very good: airplane is rolly, and response seems to start
out slowly and then accelerate so that final response is quite
unpredictable and oscillatory, with Dutch roll influencing

it a lot. Directional response gets stirred up a little with
the aileron, but ball excursions are too fast to do much.
Directional control generally a good feature. Turbulence

upsets the airplane in roll quite dramatically. !

®  Configuration 6-0 (@y = 1.4, Te = 1.45, |¢/Bly= 0.4):

Roll control not good. Initial response sluggish, airplane
then takes cff in roll and is very unpredictable. Noticeable
tendency to oscillate in roll and cven PIO, particularly IFR.
This tendency to overcontrol in roll is most objectionable
feature of airplane. Directional response fair; tendency for
nose to hesitate end then swing around rapidly. Sidestep
maneuver marginal dw to overcontrol in roll.

e Configuration 7-0 ( @y = 1.4, Zp = 1.45, [6/8ly = 1.4):

Roll control is poor. Imitial respcnse sluggish, final
response very unpredictable. Airplane is extremely rolly,
and it tends to get away from you in roll. Tendency to
overcontrol is even more noticeable IFR. Directional control
and response okay, not a factor. Airplane stirred up in roll
quite a bit by turbulence. Roil control is major objection -
it's a bit ridiculous

the numerical results in terms of pilot rating. This weighting is desirable
to summarize concisely the effect of the modal characteristics on the flyiny,
qualities. The "interpreted'" effects to be discussed below represent the
authors' best estimates based on all the data gathered in this experiment;
while they are generally confirmed by the pilot ratings, nuances indicated by
the pilot comments have teen used to further separate effects.

The pilot comments as summarized above may be used to '"weight', to some degree, 2




The following conclusions are drawn:

)

For the 16/8l4 < 0.4 cases vith wy= 1.4 rad/sec, a T =
0.4 sec provides a good airplane (PR = 2), a § = 0.9 sec
provides a marginally satisfactory airplane (PR = 3.5), and a
% = 1.5 sec provides a marginally adequate airplane

(PR £ 6.5). These results are essentially indenendent of
turbulence except at the longest time constant investigated
at which some degradation is possible (~1 PR).

In noticeable turbulence, none of the roll mode time constants
pruvides a marginally satisfactory (PR = 3 5) airplane for
I¢/8ly = 1.4. The marginally adequate (PR = 6.5) value of
roll mode time constant is 2% = 1.1 sec. A maximumlg/gly for
the approach conditions of this experiment (V = 65 kts, .

= -7.59) to allow satisfactory airplanes in turbulence
appears to be approximately 0.8.

In negligible turbulence, the effect on pilot rating of \4/8ld
for the two values investigated is essentially negligible

for all three roll mode time constants investigated. The pri-
mary effect of [#/8l4 is in the degradation of the flying
qualities with increasing turbulence level.

A change in the value of @y from = 1.4 rad/sec to = 0.4 rad/sec
degrades the flylng qualities approximately two pilot rating
units for Zg = 0.35, [#/Blg = 1.4. It is likely that a similar
degradation would occur for the lower |4/8lg = 0.4, although
this change was not investigated. The general 1nd1cat10n is
that the NDutch roll undamped natural frequency should be 3 1.0
rad/sec to provide satisfactory flying qualities, although the
data in this area is limited.

The '"best' control sensitivity L,s decreases with decreasing
roll mode damping (increasing 2 ) For a given %Ze, the
best control sensitivity increases with adverse yaw-due-
to-aileron and decreases for proverse yaw-due-to-aileron.
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Section V

EXPERIMENTAL RESULTS - CONTROL POWER REQUIREMENTS

This section is concerned with the second objective of this research
program, namely, to determinz the control power requirements, particularly those
in roll, and how these requirements change with various lateral-directionai
parameters for STOL aircraft in the landing approach. For each evaluation flown
during the program, the lateral, directional and longitudinal control power used,
as opposed to that available, was measured when the control authority was essen-

ially unlimited. The control power in this context is defined as the maximum
angular acceleration commanded by the pilot during the evaluation tasks. Con-
figurations 2-0, 3-0, 4-0, and 5-0 were selected for study with systematic re-
ductions in the lateral control power available below the values used with
unlimited authority. As was discussed in Section IV, the flying qualities of
Configuratiocns 1-0, 6-0, and 7-0 were marginally adequate at best and were
therefore not selected for lateral control power variations.

The results of the control power measurements for the evaluations
with unlimited authority are presented first. In the following subsections,
the effects on the lateral control power used of configuration dynamics, the
task (i.e., ILS tracking versus the total approach including the sidestep maneu-
ver), turbulence and wind, and pilot technique are discussed. The results of the
sub-experiment with lateral control power limiting are then presented in the
form of pilot rating versus maximum lateral control power used, which is de-
termined by the electronic limiter setting. From these plots, the minimum
lateral control power required for Level 1 (PR = 3.5) and Level 2 (PR = 6.5)
flying qualities are estimated as a function of the lateral-directional char-
acteristics.

5.1 LATERAL CONTROL POWER USED (NO LIMITING)

The maximum lateral control powers used for the total IFR approach
task, which encompasses acquisition and tracking of the localizer and glide path
plus the visual side step and level off tasks are presented in Figure 5-] as
a function of roll mode time constant for Configurations 2-0 through 7-0. No
51gn1f1cant differences were noted for the VFR approaches and hence they are not
shown. LﬂsHAx is the maximum control power used at any time during the total
approach and is equal to LS4 - 9as , where $4g,,,, is the maximum
lateral control deflection used durlng the approach. No attempt was made to
"cut" the tails of the distribution of control used, since the maximum control
power was usually determined by the control used in the sidestep maneuver.
Eliminating these larger, and admittedly infrequent control excursions, would
exclude the control power data for the most critical task in the total ap-
proach (in the absence of crosswinds). The data in Figure 5-1 represent the
average values of LnsNAx for each configuration from all of the evaluations.
In addition, the spread of values and the number of evaluations used in the
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average are shown. A complete summary of all the L.fgg statistical data is
given in Appendix VI as well as selected examples of the ijgg probability den-
sity function (control displacement) and power spectral density (control fre-
quency). Appendix I contiins a complete cummary of all the pertinent data
for each configuration. Note that a majority of the data necessary for the
statistical analyses of the evaluations done by Pilot B was lost through
telemetry difficulties.

At the lower value of [#/814 , in negligible turbulence, there is a
trend toward reduced Lpg,,., With decreased roll damping (Ze increasing). This
trend seems reasonable since equal roll rates require smaller control inputs as
%e increases. The reduction in L',;gm, from Configuratien 2-0 to Configuration
6-0 is not, however, in the same ratio as the increase in Zg, which is on the
order of a factor of 4. ‘nis trend of reduced Ljg.,,, is not as evident at the
higher value of |6/8l4 , which may be related to the increased roll that can be
generated by the rudder pedals through sideslipping the aircraft. In fact, the
primary effect of 13/A|; shown by the results is the reduced Lgg,,, for Con-
figuration 3-0 as compared to 2-0.

In noticeable turbulence, the trends with ¢ for Configurations 2-0,

4-0, and 6-0 (1$/8lg = 0.4) are similar to the results in no turbulence and
there is therefore no significant change in L'as,., . In contrast, the values
of L'AsMA for Configurations 3-0, 5-0, and 7-0 (1¢/B8ld = 1.4} in noticeable
turbulence show the opposite trend with variations in?g . Although the
effects of turbulence in roll are essentially constant for each value of

|8/814 for all the 7g values tested (cf. the time histories in Appendix II),
the increased control power required with increasing Ze at |#/8l4 = 1.4 may
reflect the pilot's increased difficulty in controlling the aircraft in turbu-
lence. The AlLgg,,, due to turbulence at |#/8lg = 1.4 is not consistent but
has a maximum value of .15 rad/sec? for Configuration 7-0.

Figure 5-2 presents the variations of L%g.,, as a function of |¢/8ly
for all configurations in negligible turbulence. The variations are minor but
do indicate a trend towards reduced values of Lig,,, With increasing |6/4ly.
In noticeable turbulence, the trends are similar for %z = 0.35 seconds but op-
posite at the %g=1.45 seconds.

/
The variations of Lgsyax With Dutch roll frequency are presented
in Figure 5-3 for Configurations 1-0 and 3-0. Again the variations are small,
indicating a slight reduction in "";?SMAx with increasing values of &y .

The following general conclusion may be drawn from these data:

° the only significant correlation of L-'ggm‘x with configuration
dynamics occurs at |8/4lg = 0.4, where Lsuax decreased
with increasing values of 7Zg in both negligible and noticeable
turbulence.
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5.1.1 Standard Deviations of s

Figure 5-4 shows the standard deviation of Ljs for each optimum Con-
f1gurat1on, 1-0 through 7-0 for Pilots A and C. These data are an example cof
the detailed statiscical information contained in Appendix VI. When the dis-
tribution is normal, which is essentialiy the case for all the evaluations with-
out control liciting, the standard dcviation is a measure of probability of the
stick deflection, and therefore ng, falling within a certain range. Specifically,
there is approximately a 63% probability that Ljpg will be withiu the standard
deviation value.

The plots show that the standard deviation for Pilot A is nearly a

constant for all the optir:m configurations whereas the results for Pilot C
show a decieasing trend with increasing roll mode time: constant.

5.1.2 Lzs Required for the Sidestep Maneuver

an general, the LZgNAX measured Zor the total approach was greater
than that measured for the ILS tracking portion of the approach tasks. The dii-
ference ( OL%g ) was largely the additional control power required to perform the
gross mansuvering task, which was the sidestep or lateral offset maneuver at the
end of each approach. The di./ference could also be a function or the lateral
control power required to trim out the effects of a steady crosswirnd which will
be discussed in the next subsection. Figure 5-5 shows ihe average Adljgg required
to perform the sidestep maneuver uvsing all the data available for each optimum
configuration in negligible turbulence. Any crosswinc effects are then part of
the averaged data. The data show a constant average value of approximately
0.1 rad/sec? across all the configuraticns, although the variations about the
average are quite large.

5.1.3 Effects of Turbulence and Wind

Control power is required to trim, maneuver and suppress external dis-
turbances. The lateral control power required to maneuver vas presented in
Figures 5-1, 5-2, 5-3, and 5-5. Estimation of the AL;S due to turbulence
is very difficult since the pilot may not necessarily attempt to supprecs the
turbulence to the same extent for all configurztions. For those configurations
with degraded flying qualities, such as Configurations 6-0 and 7-0, the pilot
may tend to "go along for the ride" if the disturbances are bad elough and
he will tend to use little extra control powel since attempts to control the
upsets with the poor roll response characteristics make matters worse.
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Figure 55 AL’'pg REQUIRED FCR SIDESTEP MANEUVER IN NEGLIGIBLE TURBULENCE
{"OPTIMUM"” CONFIGURATIONS)

The lateral control power required to trim out the effects of a 10
knot crosswind during a sideslipping or "wing-down'' approach to touchdown is
shown in Figure 5-6. Appendix V describes the details of this calculation,
for Lsg,, = 0, which is generally the case for the evaluations, shoi “ng that the
L“ requlred is simply L‘p The values of Lg for each configuration are
given in Appendix I. For aircraft with high values of Lg , such as Configura-
tions 3-0 and 5-0, the control power requirements in crosswinds can be the cri-
tical factor.

R Y b »
'] SR
Uas E : ; .
req'd A f-c-eees 1 ¢ : O 19/gy=14 wy=14
(rad/sec?) : ' 0 |D/glg = 04, Wy =14
: b : : D p/ply =14 wy =04
N T T T A
2

3 4 5 6 7
CONFIG. NO.

Figure 5-6 ROLL CONTROL POWER REQUIRED FOR “WING-DOWN" RUNWAY
TRACKING IN 10 KT CROSSWIND
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In this experiment, which used a relatively short ps-udo rurway center-
line, the pilots often did not have enough time to properly evaluate the ef-
fects of crosswinds,ana thus the Lgs,,, measured was somewhat less than ex-
pected. For configurations such as 3-0 with high values of Lj , the pilots
never achieved a perfect sideslipping approach but used some crab angle into
wind as well. In thls case a crab angle of only 3 degrees from the centerline
would reduce the L%s required by about .25 rad/sec?. In fact, it is doubtful
that pilots can judge their touchdown angie much more accurately than % 3
degrees in which case the runway tracking task performed by the pilots was
realistic.

5.1.4 Piiot Technique

Figure 5-7 presents the variation in bgsnm, between Pilots A and C
for the ILS tracking portion of the approach task. The purpose of this figure
is to illustrate typical variations in lateral control power usage between
pllots In general, Pilot C used less control power than did Pilot A, whose

Lﬂ‘ was essentially constant for all configurations. The difference be-
tween the pilots, Alag . » ranges irom .01 to .17 rad/secz, with an average
value of approximately .09 rad/sec”.

5.2 DIRECTIONAL CONTROL POWER USED

The average values of maximum rudder control power, ’VéPMAX , used
for the total approach task in negligible and noticeable turbulence are shown
in Figure S5- 8 for Configurations 2-G through 7-0. Considering the typical mag-
nitudes cf pr shown, the variations with Zg and |&/4i4 do nct appear to be
significant. As might be expected, there is an increase in /V2p,4 ¢ in turbu-
lence on the order of .05 rad/secZ. Npgp for Configuration 1-0 was not sig-
nificantly different than for 3-0.

5.3 LONGITUDINAL CONTROL POWER USED

The average longitudinal vontroi r~u:2r, Mes,,  , used during the
total approach task for all the unlimited conflguratlons was essentially con-
stant with an average value for Pilot A of 0.21 rad/sec2 and 0.17 »ad/sec? for
Pilot C. Some increase in Mgs occurred when lateral control limiting
degraded the lateral control capabilities. In these cases, which will be dis-
cussed in the next subsection, the average Mg was 0.28 rad/sec2 for Pilot A.
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5.4 MINIMUM LATERAL CONTROL POWER REQUIREMENTS

Configurations 2-0, 3-0, 4-0 and 5-0 were evaluated with various
levels of lateral control power limiting. As described in more detail in
Section 2.3.3 and in Appendix VII, the L%s was systematically limited elec-
tronically to values less than the pilot used in the unlimited evaluations. The
objective of this phase of the program was to determine the minimum values of Lie
required for Level 1 (PR = I.5) and Level 2 (PR = 6.5) flying qualities for the
STOL landing approach task. For example, measuring the L%g used for an aircraft
with a pilot rating of 3.5 does not necessarily indicate what minimum Ljgg could
be used without a degradation in pilot rating. In this case the minimum L/gg
would be the value for which the pilot rating starts to degrade, vhich can be
found by plotting the control power used versus pilot ratings, as Lygis sys-
tematically reduced.

The following subsections describe the method of limiting the lateral
control power, the criterion used for selecting the values of Lgs used to cor-
relate with pilot rating, the results of this sub-experiment, and a summary of
the resulting minimum control power requirements for Level 1 and Level 2 flying
qualities.

5.4.1 Control Power Limiting Technique

The electronic limiting was mechanized such that for a given limiter
the L) available was fixed regardless of the Lg,  selected by the evaluation
pilot. For each configuration, the initial evaluations were done with near
maximum control limiting (the last two digits of the configuration identifier
large and therefore minimum L'gs available) and then the subsequent evaluations
were performed with progressively less limiting until the value of Lys was
essentially the same as the unlimited evaluations.

The lateral control limiting was not always symmetrical due to an
electrical offset problem in the evaluation pilot's lateral feel system (see
Appendix VII for details). It should be noted, however, that even if the limiter
was perfect and provided symmet.ical limiting on VSS engagement, subsequent
lateral stick/rudder pedai trimming by the evaluation pilot for any reason would
produce the same asymmetry prcblem. Sideslipping approaches in steady crosswind
also have the same asymmetric effect on the control power available.

5.4.2 Selection of Limited Lg Values

A major problem associated with those evaluations where the control
limiting was not symmetric is the selection of the Ljg value with which to cor-
relate the pilot rating. As background to this discussion, it should be noted
that the evaluation pilot never complained or even commented on any asym =try in
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his lateral control response (Appendix II). Consider the example of Configura-
tion 2-0 limited at -95 (2-0-95). As shown in the data presented in Appendix VI,
when the effects of the electrical offset are accounted for, the L%g available
ranges from - .09 to + .35 rad/sec?. Perfect limiting would provide * .23
rad/sec?. Use of the maximum L%g {.35) seems out of the question since the
limiting caused the PR to degrade from 2.5 to 8 and this value of L/%g is on the
order of the values used in unlimited evaluations. Correlation of PR with the
minimum value (.09) is also questionable since the data and comments do not

allow extrapolation to the case where symmetric limiting of * .09 rad/sec? existed.
In this case, simple calculations based on the assumption that the pilot's inputs
fafter the limiter) are a perfect series of pulses show that the pilot would
spend 65% of the time on the .09 limit and 35% on the .35 limit. A "weighted"
average in this case would give an L' of about .18 which is within 20% of

the ideal (symmetric) value of ¢ .23 rad/secZ. Example probability density
functions are given in Appendix VI for the limited cases of Configuration 4,

and representative degrees of asymmetry may be seen there. :

Based on these considerations, the following criterion was used to
select the L%s for those evaluations with significant asymmetry in the L'as
available. (These cases are marked with an asterisk in the data table in Sub-
section 5.4.4.) The L'as selected is the average control power used, which is
the ideal limiter value for the cases where control limiting occurred in both
directions. In the previous example the value selected was * 0.23 rad/secZ.

In effect, this approach is the average L%g and represents a more conservative,
and generally more accurate, determination of the minimum control power required.

5.4.3 Results of Control Power Limiting

Figures 5-9, 5-10 and 5-11 present the results of the contrnl power
limiting experiment for Configurations 2-0, 3-0, 4-0, and 5-0. The magnitude
of the crosswind is shown with each data point along with the value of the
limiter setting which completes the identifier for each configuration. Ideally,
evaluations should have been performed in both negligible and noticeable turbu-
lence but the constraints of the flight schedule dictated otherwise. The average
pilot rating and associated L%g for the data gathered with no control limiting
from Section 5.1 is shown on each figure. The average pilot rating for unlimited
control power shown on the plots is thet obtained for all evaluations, including
those for which no statistical data was available, and correspond to the average
ratings discussed in Section IV. Attentioun is also drawn to Configuration 4-0-80
(Figure 5-10) in which the control power used was less than that dictated by the
limiter in both directions, and hence it is classified as an "unlimited' point.

From these plots the values of L}g corresponding to the Level 1
(PR = 3.5) and Level 2 (PR = 6.5) boundaries were determined for each configura-
tion. The results for Configurations 2-0, 3-0, and 4-0 are reasonably well
documented, but the small amount of data available for Configuration 5-0 make
it difficult to properly define the minimum Lag values, particularly the
Level 2 value.
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As might be expected, the directional control usage tended to in-
crease as control power available decreased for the 18/Alg = 1.4 cases, as the
pilot tended to use the high roll due to sideslip to perform desired maneuvers.
This trend was not as noticeable for the \@/8ly 2 0.4 cases. It is also worth
noting that the supporting statistical performance data for those evaluations
performed with lateral control limiting show no significant degradztion with in-
creased limiting (see Appendix VIj. For example, the bank angle excursions and
standard deviations are essentially the same as for the evaluations with no
limiting. As discussed in Section VI, these performancz measures generally do
not correlate well with pilot rating.

5.4.4 Summay_

Table V-1 summarizes the Ljgs values for PR = 3.5 and 6.5 for each
configuration. A complete summary of the roll control power, 4%s , used
for the configurations with control limiting is presented in Table V-2,

Also shown in the table are the times required to reach 30 degrees of bank
angle, ’g.30, and the bank angle achieved after 1.8 seconds, ®,, , with the
L’ss values used for each evaluation.

This section has presen.ed the experimental results for the lateral
control power experiment and the derived minimum values of L'ys required for
PR = 3.5 and 6.5 roll performance. In Section VII, these results are compared
with existing roll performance criteria such as in MIL-F-8755B and MIL-F-83300,
and modifications to the criteria are discussed where applicable.

TABLE V-1
MINIMUM CONTROL POWER CRITERIA FOR PR = 3.5 AND 6.5

CONFIGURATION Las (rad/sec?)
NUMBER PR = 3.5 PR = 6.5
2-0 .44 .31
(T 2-0 .50 .33
(T 3-0 -- .25
4-0 Rol5 .16
5-0 .33 .25
T 5-0 - .33 !

(T) Noticeable Turbulence
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M
M
M
(T

*(T)

(T)
(T)
(M
(T)
(T)

(M)
*(T)

*

(T) Evaluated in Noticeable Turbulence

’
o | P | rme |enedse? | 232 | Dy

F——
2-0-00 Avg. 2.5 .51 - 17
2-0-85 A .47 3.1 16
2-0-90 C 6 .34 4.2 12
2-0-00 Avg. 2.5 .56 - 19
2-0-85 A 5 .46 3.1 16
2-0-90 A 7 .34 4.2 12
2-0-90 A 6 .34 4.2 12
2-0-95 A 8 .23 6.2 8
3-0-00 Avg. 5 .46 - 18
3-0-85 A 5 .46 2.6 18
3-0-90 A 4 .34 3 s 13
3-0-90 A 5 .34 3.5 13
3-0-95 A 7 .23 6.5 9
4-0-00 Avg. 3 .42 - 22
4-0-80 A 2 .59 1.8 31
4-0-85 A 3 .40 2.3 21
4-0-90 A 2.5 .28 3.0 15
4-0-90 A 2.5 .34 2.6 18
4-0-95 A 5 .23 3.6 11
4-0-97 A 4.5 .18 4.2 9
4-0-99 A 8 .13 5.5 7
5-0-00 Avg. 3.5 .43 - 28
5-0-90 A .30 2.4 20
5-0-95 A .23 2.9 14
5-0-00 Avg. 5.5 .42 - 27
5-0-92 A 7.5 .30 2.4 20

Limiting Asymmetric (Average value used - see Appendix VI, Volume IT)

$ Lpg not Limited
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Section VI

EXPERIMENTAL RESULTS - SUMMARY OF STATISTICAL MEASURES OF TASK PERFORMANCE

This section presents a summary of the averaged statistical perfor-
mance data for the cornfigurations evaluated in simulated IFR conditions. These
data werc gathered to supplement the pilot rating data discussed in Section IV

and the control usage data discussed in Section V of this report. The statistical

data f.r each evaluation and a more complete description of the data gathering
process are given in Appendix VI, and only averaged and selected typical results
will be discussed here. The primary emphasis of the discussion will be on aver-
aged standuard deviations of the selected performance measures, as the standard
deviations provide an easily obtained indicator that has been used in other ex-
periments.

6.1 ILS TRACKING PERFORMANCE

Figure 6-1 p.ccents the averaged rms localizer and glide slope ILS
tracking errors for all the evaluations for which statistical data are available
(Appendix VI). In general, no trends with configuration are evident for either
of these performance measures, regardless of turbulence level. By inference,
then, these performance measures do not correlate with the pilot rating data
presented in Section IV - that is, no trends of ILS tracking performance are
evident as pilot rating degrades or improves. In other words, ILS tracking
performance is not a major factor in the complex determination of the pilot
rating. It is also worth noting that the tracking performance for a given
configuration tends to improve in noticeable turbulence over that in negligible
turbulence. This trend results primarily because the pilot likely flies

tighter loop closures in the presence of external disturbances than in their
absence.

This general lack of correlation of ILS tracking performance with
either coniiguration dynamics or pilot rating, and the generally improved
tracking performance for most configurations in the presence of turbulence, is
an important factor to consider when performing pilot modelling studies or
defining flying qualities criteria as a function of these performance indices.
The results of this experiment indicate that it is generally fallacious to
assume that closed loop pilot-vehicle ILS tracking performance will degrade with
degraded flying qualities, and, further, that these performance indices should
not be heavily weighted in attempting to explain or predict pilot ratings.

6.2 BANK ANGLE AND LATERAL ACCELERATION TRACKING PERFORMANCE

Other performance indices which may be important as indicators of
pilot rating are bank angle tracking and lateral acceleration errors. It is
cle r that the capability to attain a desired bank angle precisely and quickly
is very important to pilot rating, as was discussed in Section IV. In addition,
lateral accelerations as evidenced by ball excursions provide an indication of
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coordination problems, which also influence pilot rating A degree of correla-
tion between the tracking errors of bank angle and/or lateral acceleration and
pilot rating or configuration dynamics might therefore be expected.

Figure 6-2 presents the averaged standard deviations of bank angle
and lateral acceleration for the configurations evaluated in this experiment.
In negligible turbulence, bank angle tracking appears to be uncorrelated with
configuration and hence dynamics, with the possible exception of Configuration
2 (lower 16/Aly , fastest roll mode, higher wy). This characteristic implies
that the pilot varies his characteristics (e.g., gain, lead) in the bank angle
loops as a function of the airplane dynamics to maintain essentially the same
tracking performance if no external! disturbances are present. In the presence
of turbulence, there is some evidence of a degradation in bank angle tracking
as roll mode damping is reduced for both values of 1¢/#l; investigated in this
experiment. As is discussed in Section IV and can be seen from the time his-
tories presented in Appendix II, for a given value of |¢/8l4 the bank angle
and roll rate response magnitudes are essentially independent of roll mode time
constant, so that the increment in bank angle error due to turbulence should
be essentially the same for Configurations 3, 5, and 7 at one value, and for
2, 4, and 6 at a different value. The trend of decreasing performance with
decreasing roll damping in turbulence is therefore probabiy attributable to the
pilot*'s difficulties in counteracting these disturbances precisely. In any case,
relatively few data exist to support this trend, and it must therefore be re-
garded as only qualitative.

The most evident characteristic in the plots of lateral acceleration
standard deviations is the noticeably larger values for Configuration 1 in both
negligibie and noticeable turbulence. This configuration had a Dutch roll fre-
quency approximately one third that of the other six configurations, and the
higher 7, deviations are evidence of the correspondingly higher sideslips that
are generated due to the poor directional stability. No particularly significant
trends are demonstrated for the remaining configurations. A slight increase in
the averages is noticeable in negligible turbulence as the rcll mode damping is
reduced (Configurations 2-+»4-»5, 3 —»5 —=7), which might be attributable to
increasing sideslip excursions caused by the degrading lateral control pre-
ciseness. This trenc, however, is quite qualitative. It can also be secen that
the average 7); excursions are larger in noticeable turbulence than in the
negligible case, which is to be expected since 7y = Yo (B+8g) . In fact, the
average difference between the 7, standard deviations for Configurations 2 - 7
in and out of turbulence is approximately 0.26 ft/sec?, which corresponds to
a AGy, = 0.8 ft/sec and is roughly the criterion used to separate the flights
according to turbulence lcvel (Appendix I).

An additional interesting point concerns the average maximum bank
angle achieved on the total approach (including the sidestep). Although the
maximum bank angle is primarily determined by the sidestep maneuver, which is
essentially the same for all evaluations, it might be expected that the impre-
cise roll control foyr the configurations with low roll damping (particularly
6 and 7) would lead to larger bank angle excursions. Figure 6-3 shows the
averaged maximum bank angle excursions for all the configurations. No signif-
icant trend is evident in either negligible or noticeable turbulence; the
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maximum bank angle used is approximately 20 degrees for all configurations.

In general, the standard deviations of bank zngle and lateral accel-
eration provide only tentative, qualitative correlation with the configuration
dynamics. As in the case of localizer and glide slope tracking errors, the
pilot generally provides compensation to achieve if possible a "standard" level
of performance, and it is difficult to relate measures of this performance to
his rating of the aircraft.

1['] SRR G crommcon  ERTTRERES fenonnnned :

MAX ¢ , RT OR LT, (deg)

1.2 3 4 5 6
CONFIGURATION NoO.

O NEGLIGIBLE TURBULENCE
@ NOTICEABLE TURBULENCE

Figure 6-3 MAXIMUM BANK ANGLE FOR TOTAL APPROACH, AVERAGE OF
ALL PILOTS

6.3 ROLL AND YAW ACCELERATIONS - STANDARD DEVIATIGNS

The roll and yaw accelerations 45 and £ are proportional to the total
aerodynamic moments about the roll and yaw axes, respectively. As such, they rep-

resent the sum of the control power being used, the turbulence inputs to the
aircraft, and the restoring moments due to the aircrzft motions; in a geneal
sense, then, trends in their variations might reflect the pilot rating to scme
degree. In the first X-22A experiment (Reference 8), some small trend between
pilot rating, pitcii acceleration standard deviation, and turbulence level ap-
peared to exist for the very limited amount of data that was analyzed. It was
therefore considered useful to examine the standard deviations of £ and # in
this experiment to ascertain if evidence of a similar trend existed.

Figure 6-4 presents the averaged standird deviations of £ and

for the configurations investigated in this report; the number of data poi its
inciuded in the averages are the same as for Figures 6-1 through 6-3. In
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negligible turbulence, a definite trend of increasing Op with configuration

is evident; no obvious trend in noticeable turbulence is discernitle, perhaps
because of the relatively few data points available. A similar situation occurs
with Op : a trend toward increasing values with configuration is evident in
negligible turbulence, but any trends in noticeable turbulence are compromised
by a lack of data.

Tc better indicate if trends exist with configuration dynamics, Fig-
ure 6-5 presents the averaged Uy as a function of % and [#/4lg for the
"optimum" cases, and includes the total spread of standard deviations. It is
clear that, in negligible turbulence, the standard deviation of roll accelera-
tion increases as the roll damping decreases for a given l¢/ﬁ|d , and further
that a small trend toward increasing Gp with increasing |¢/@l4 is evident.

The results in noticeable turbulence should be regarded as inconclusive dus to
the small mumber of data points available. The trends of Gp in negligible tur-
bulence may be compared with the pilot rating data (Section IV, Figure 4-2) ond
the control usage data (Section V, Figure 5-1). As was shown in Figure 4-2,

in negligible turbulence pilot rating remains essentially constant out to Zg =
0.75 seconds for both values of {#/B8ls , and then degrades about 3 PR umits

as 7p goes to 1.45 seconds; as was shown in Figure 5-1, maximum roll control
power used tends to decrease as Z¢ is increased, particularly for low |é/4l4.
‘Since the roll control power being used is tending to decrease, it is likely
that some of the increase in O as roll damping is reduced is attributable to
the degrading precision of the bank angle control, which is reflected in the
degrading pilot rating. This hypothesis, however, must be regarded as purely
qualitative, and, in fact, does not imply that the p standard deviation can be
correiated with pilot rating as has been suggested. This lack of correlation
is graphically illustrated in Figure 6-6, which plots pilot rating against O
for all the evaluations of the "optimum" configurations. No trends of any sort
are evident from this plot, other than a general trend toward higher Oy in
turbulence.

In summary, then, there does appear to be a trend toward increasing

&y as roll mode damping is reduced and as l¢ﬁ6k; increases. The values of
0p for a given evaluation, however, do not provide 2 good indicator of the
pilot rating even if the effects of turbulence are separated out.

6.4 POWER SPECTRAL DENSITY OF LATERAL CONTROL USAGE

Although not a measure of task performance, the power spectral den-
sities of lateral control usage can be useful indicators of pilot control tech-
nique and, in fact, ofter add quantitative verification of pilot comments. Sev-
eral representative plots are given and discussed in Appendix VI; character-
istics pertinert to some of the variables investigated in this experiment are
summarized below.
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Pilot control activity shifts to lower frequencies as roll
mode damping is reduced.

Pilot control activity also shifts to lower frequencies as
the roll ccntroi authority is reduced. This characteristic
is clearly a result of the pilot applyirg full control and
waiting for the airplane to respond to the desired bank
angle.

Configurations which exhitit some proverse yaw due tc aile-on
(specificaily, Configuration 3-9) tend to show increased

sticx activity at the Dutch roll frequency, particularly in
turbulence. This characteristic is probably due to the pilot
attempting to damp out the oscillations in roll at the Dutch
roll frequency which are stirred up in his attempts to counter-
acv the turbulence disturbancss. -

A more detailed discussion of these characteristics is presented in Appendix VI.

Figure 6-6
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6.5 SUMMARY REMARKS

This section has compared selected statistical performance measures
with configuration dynamics and pilot rating. The general observations which
can be made are summarized below:

RMS ILS tracking errors do nct correlate with either pilot
rating or configuration dynamics, and do not provide a good
indicator of flying qualities.

In negligible turbulence, bank angle standard deviations

do not correlate with pilot rating or configuration dynamics.
In noticzeable turbulence, a qualitative trend of decreasing
bank angle tracking performance with decreasing roll damping
is noticeable. ’

No significant trend of lateral acceleration standard
deviation with configuration dynamics is evident for a

given Dutch roli frequency. The lateral acceleration standard
deviations increase for &y = 0.4 as compared to wWy= 1.4,
which is a result of the degraded control of sideslip.

As would be expected, the standard deviations of lateral
acceleration increase in noticeable turbulence.

The standard deviation of roll acceleration increases as

roll damping decreases. No strong correlation of any accelera-
tion (translational or rotational) with pilot rating was ob-
served, however.
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Section VII

COMPARISON OF RESULTS WITH FLYING QUALITIES REQUIREMENTS

This section compares the flying qualities results obtained in the
experiment with applicable flying qualities requirements, principally from
MIL-F-83300 (Reference 1), MIL-F-8785B(ASG) (Reference 3), and Calspan’s most
recently recommended revisions to MIL-F-8785B (Reference 11). The comparison

"is not jutended to be all inclusive, but rather to compare selected character-
istics specifically investigated in this expzriment with the existing requ.re-
ments. Appendix I provides a sufficiently detailed data summary to enable
further comparisons to be calculated if required.

7.1 ROLL MODE TIME CONSTANT

The requirements on roll mode time constant of thr: specifications are
summarized below:
() MIL-F-83300 (Reference 1)
%e ¢ 1.4 seconds for Level 1
7. ¢ 3.0 seconds for Level 2

® MiL-F-8785B and Recommended Revision (References 3 and 11)

Carrier-based:
% < 1.0 seconds for Level 1
Ze < 1.4 seconds for Level 2
Land-based:
%o £1.4 seconds for Level 1
%< 3.0 secoands for Level 2
To compare the results of this experiment with these requirements, the average
ratings of Configurations 2-0, 4-0, and §-0 for all evaluations will be used.
Using these ratings eliminates the degradation caused by a higher |4/6l4 in

turbulence (Configurations 3-0, 5-0, 7-0), and the degradation that is caused
by @)y<1.4 rad/sec (Configuration 1). These ratings are summarized below:

2-0: Tz = .35 : PR2 25
4-0;: Zg= .75 : PR= 3
6-0: % = 1.45 : PR = 6.0

It can be seen that neither the MIL-F-83300 requirements nor the land-based re-
quirements of MIJ-F-8785B and the proposed revision are substantiated by the
results of this experiment. As was discussed in Section IV, the results of
this experiment indicate that the roll mode time constant should be less than
on the order of .75 - 1.0 seconds to provide satisfactory (PR# 3.5) flying
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qualities, and less than on thc order of 1.4 - 1.5 seconds to provide adequate
(PR« 6.5) flying qualities. Of the specification requirements listed above,
only the carrier-based criteria of 8785B (and the recommended revision) appear
to be approximately substantiated by the results of this experiment.

The more stringent requirements on roll mode time constant indicated
by thic experiment may be a result of the approach speed chosen as typical of
STOL aircraft -- that is, 65 kts. For a perfectly coordinated turn at constant
bank angle, the yaw rate is related to the bank angle approximately by:

. 9
I':-\-l-¢

0
For a given bank angle, then, the turning rate increases as the velocity
decreases, and it is worth observing that the pilots on this program noted that
the aircra:: turned quite rapidly for a given bank angle. For the ILS tracking
and subsequent sidestep maneuver used as the task in this experiment, it there-
fore seems reasonable that increased precision of bank angle control was re-
quired to properly track heading. It is interesting to note that the terminal
operation for carrier-based Class II aircraft more closely approaches the re-
quired tracking precision investigated in this experiment than perhaps that for
land-based aircraft, and that the specification requirement for carrier-based
aircraft is better substantiated by this experiment than that given in 83300
or in 8785B for land-based aircraft.

The recommended revision to 8785B includes a further requireicnt on
roll mode time constant as well, aimed at improving the response to exterral
disturbances (i.e., turbulence). This requirement is shown in Figure 7-1, with
all the configurations investigated in this experiment and the average ratings
in noticeable turbulence plotted against it. As was discussed in Section IV,
if 18/Bl4 is maintained constant as 7Ze is changed for essentially constant
Dutch roll frequency, the magnitude of the aircraft responses to a lateral gust
is essentially dependent only on |4/48l4 and not on 7 . This characteristic
can be seen directly from the time responses given in Appendix II, and it can
also be shown by computing the amplitude disturbance in roll and yaw at the
Dutch roll frequency (Reference 12). Figure 7-2 shows these amplitudes for
Configurations 1-0 through 7-0, from which the nearly constant roll response
at a given 1#/8ly and wy can be seen. Although the magnitude of the response
is therefore nearly the same at a given |9/8lg for the values of 7Ze inves-
tigated in this experiment, pilot rating does degrade as 7g increases due to
increasing difficulty in counteraciing the disturbances precisely; in addition,
since the magnitude of the responses increases as |#/8ly increases, the re-
quirements for more precise control (more roll damping, 7Zg decreasing) in-
crease. The criteria shown in Figure 7-1 are an attempt to quantify these re-
quirements. As can be seen from the figure, the results of this experiment
substantiate the trends shown by the criteria but indicate that they may be
somewhat too lenient.
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