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Ground-Simulation Investigation of VTOL Airworthiness
Criteria for Terminal Area Operations
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A two-part ground simulation investigation of variables that affect VT'OL terminal area operations was con-
ducted. The baseline vehicle selected was a generalized tilt-rotor aircraft. Experimental variables included the
manner in which conversion from airborne to thrust-borne flight is effected, the coupling between conversion
and aircraft pitch and heave control, and the allowable range of airspeeds at given thrust inclination angles. Four
pilots conducted over 200 piloted evaluations of combinations of these variables for representative VTOL ter-
minal area tasks. Among the results shown are that, for visnal approaches, the conversion profile had minimal
influence on the aircraft’s acceptability but, for instrument approaches, desired performance could be achieved
only if all of the conversion was performed prior to acquiring the glide slope, or if additional automation and

display assistance was provided.

Introduction

HE possible advent of a civil version of the military

JVX tilt-rotor aircraft has renewed interest in the defini-
tion of suitable airworthiness criteria for this class of air-
craft. For example, research concerning powered-lift STOL!
has recently been incorporated into an updated version of
the Part XX Airworthiness Standards being proposed for
adoption.? Unfortunately, most of the suggested criteria are
based on data for configurations significantly different than
the tilt rotor, which rotates relatively large thrust devices at
relatively low disk loadings to achieve the VTOL capability.
Accordingly, a joint program has been instituted to in-
vestigate airworthiness concerns that are generic to the tilt-
rotor class of vehicle.

This paper discusses the results of an initial two-phase
ground-simulation experiment conducted under this joint
program. The emphasis in these initial investigations was on
terminal-area (approach and landing) operations since that is
the portion of the flight envelope in which the vehicle is con-
verted from the airplane configuration to the he;licopter con-
figuration. In general, it is expected that existing airwor-
thiness standards will cover either the airplane or the
helicopter modes but that no standards exist that adequately
cover conversion and partially converted configurations.

The following section of the paper expands on the selec-
tion and design of the experimental variables. Following this
description is a summary of the experimental equipment and
procedures and then a review of the results.

Design of the Experiment
" Mathematical Model
The mathematical model used for this experiment was a
generalized version of the XV-15 tilt-rotor configuration-
specific model described in Ref. 3. This model includes the
rotor dynamics in a quasistatic sense only (no tip-path plane
dynamics) but contains complex aerodynamic interaction

representations for this tilt-rotor class of vehicle, as well as
detailed descriptions of XV-15-specific characteristics (e.g.,
engine governor). For the experiment, the model was
generalized to incorporate a full-state feedback and full-
control interconnect stability and control augmentation
system (SCAS) similar to one used in a generic simulation
for helicopters described in Ref. 4, and to allow addition of
arbitrary overall forces or moments as a function of velocity
or nacelle angle.

For the baseline configuration, the weight, inertia, and
aerodynamic parameters were held at the XV-15 values.
Representative stability and control characteristics at three
flight conditions for this configuration are given in Table 1.
These characteristics are based on a quasistatic representa-
tion of the governor dynamics, and the velocity/nacelle-
angle combinations are those that correspond to the conver-
sion profile variations examined in the experiment.

Conversion Procedure Variations

A major variable in this experiment was the manner in
which the conversion from the airplane mode to the
helicopter mode was conducted in the terminal area. For the
class of vehicle under consideration, the aircraft enters the
terminal area so configured that the thrust vector is horizon-
tal. As a result, it is important, from both an airworthiness
and an operational point of view, to determine the best man-
ner in which to effect the change to the final approach con-
figuration in which the thrust vector is vertical. For this ex-
periment, three different procedures were considered, all
based to some extent on XV-15 operating conditions. In all
cases, the aircraft was assumed to be entering the terminal
area at 150 knots with the thrust vector horizontal (nacelle
angle zero), and with flaps set at 20 deg. As shown in Fig. 1,
this flight condition is near the center of the conversion cor-
ridor for the baseline XV-15 in level flight. In the XV15, the

.flaps must be reset to 40 deg for nacelle angles above 60 deg;
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in the conversion corridor, this nacelle angle corresponds to
an airspeed of about 110 knots. Accordingly, a midconver-
sion condition (nacelle-angle/airspeed) of 60 deg/110 knots
was selected as an intermediate flight condition. The final
approach condition was picked to be 60 knots, with the
nacelles vertical (90 deg). In the XV-15, a preferable com-
bination would be roughly 80 deg/80 knots because of the



762 J.V. LEBACQZ AND B.C. SCOTT

configuration-specific flying qualities, but the 90-deg/
60-knot condition was considered to be more typical, and this
approach speed corresponds to that used in a previously con-
ducted investigation of helicopter terminal-area operations.’

On this basis, the three conversion procedures, designated
profilés A-C, were selected. In profile A, the entire conversion
to-a 60-knot speed with the thrust vector vertical (90 deg) was
made before acquiring the glide slope. This profile in effect
forces the VTOL aircraft to perform the final approach as if it
were a helicopter. In profile B, a partial conversion to the
60-deg/110-knot flight condition was performed before the
glide slope was acquired, with the remainder of the conversion
to 90 deg/60 knots being performed while descending on the
glide slope. The intent.with this profile was to treat the nacelle
setting in a manner somewhat analogous to flap settings for a
fixed-wing aircraft; that is, to havé one or two ‘‘approach’’
settings that are selected at different points on the approach.
Finally, profile C required the entire conversion to be per-
formed after the glide slope had been acquired at 150 knots.
Profile C, assumed to be the most demanding in terms of air-
craft capability, is similar to the tasks reported in Ref. 6.

Conversion Corridor

VTOL aircraft typically have a range of airspeeds and rates
of climb permissible for each possible value of thrust inclina-
tion; the éenvelopes of this range over all thrust inclinations
define the conversion corridor. These limits may be.caused by
several factors, depending on the type of aircraft under con-
sideration. For the XV-15, the low-speed side of the corridor is
limited by angle of attack because of buffet, the high-speed
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side by blade-bending moments. The corridor for this aircraft
is quite large, with +25 knots available in level flight (Fig. 1).
To modify the low-speed end of the corridor, the wing area
was reduced from 181 to 133 ft2; the result of this change in
wing loading was an increase of about 10 knots in the speed re-
quired for the same angle of attack at the 110-knot flight con-
dition. To modify the high-speed side of the corridor, it was
assumed that the blade-bending moment could be approx-
imated as being proportional to blade loading (specifically
angle of attack of the blades), and so blade chord was reduced
from 1.17 to 0.95 ft. In level flight, an equivalent blade angle
of attack was therefore reached at an airspeed that was about
10 knots lower for the 110-knot condition. These modifica-
tions had only a minor effect on the stability and control
characteristics. The reduced conversion corridor is also shown
in Fig. 1. Aural warnings for both the lower and upper limits
were included in the sound simulation for this experiment.

Pitch/Heave Coupling from Conversion or Power

Because of the importance of precise pitch control to the
control of speed and rate of descent during the approach,
coupling inputs either from configuration changes during con-
version or from power changes during the approach have a
significant influence on the suitability of the aircraft for
terminal-area operations. For example, the XV-15 exhibits a
nose-up pitch moment with nacelle rotations toward 90 deg;
this characteristic, in combination with a significant heave in-
put from conversion at nacelle angles near zero, creates glide-
slope tracking difficulties during conversion. Although it was
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Table 1 Longitudinal transfer functions for baseline tilt-rotor model

A: 90deg/60 knots: A(s)=(0.88;1.00)(0.033;0.30)
B: 60deg/110knots: A(s)=(0.45;1.75)(0.22;0.31)
C: 0deg/150 knots: A(s) =(0.44;2.13)(0.16;0.25)

A B c
hons 1.065(0.57)(~ 0.41;329)  0.14(1.84) ~0.02(=377.5)(0.34;1.51)
e —0.52(—0.029)(0.10;6.19) —0.03(0.11) 1.30(— 11.66)(8.94)(0.08)
hong —034(0.61)(0.058) —0.44(0.15)(0.58) —0.68(0.75)(0.12)
ot —0.19(6.30)( — 1.55)(0.23) 2.16(0.024)(0.39;1.85) 1.51(0.37)(0.53;2.11)
(. 5.72(1.39)(~ 0.33) 3.95(1.56)(—0.28;0.82)  —0.24(—0.09)(0.14;9.00) _
? o ~0.060(0.23)(0.087) —0.10(— 0.39)(0.31) —0.09(—0.056)(0.89)
Nt ~30.77(0.53)(0.36;1.13)  —7.80(0.59)(0.39;1.76)  —2.80(4.70)(0.71;1.81)
N 32.39(~0.071)(0.40;1.38) 21.38(—0.006)(0.28;1.98) 6.10(0.053)(0.21;6.15)
N 0.87(0.75)( — 0.056) 0.24(1.68)(— 0.10) —0.99(0.90)(0.08)

Notes: 1) Charactenstlc equation A(s)= ((,w), 2) N’ =numerator of the ith state to jth con-
trol= K(s+)\)(s +2§‘ws+w Y=K(N\) (&w); 3) units: u in ft/s, h in ft/s, 6 in rad, 8joyg is longitudinal stick in inches,
S¢hrot 18 throttle command in inches, i, is nacelle angle in rad.
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beyond the scope of this experiment to examine a wide varia-
tion of these characteristics, a limited investigation was
designed to provide some indication of their effects.

In particular, pitch and heave inputs from conversion and
pitch inputs from power were obtained as control derivatives
at 5-deg intervals of nacelle angle around a nominal transition
combination of nacelle angle and speed that approximated the
center of the conversion corridor. These perturbation forces
and moments were then integrated as a function of nacelle
angle for the range 0 to 90 deg, and the mathematical model of
the XV-15 was modified to permit addition or subtraction of
these resulting total forces and moments. By subtracting them,
the conversion or power influences could be approximately
eliminated; by adding them, the influences could be doubled.
Table 2 gives the resulting control derivatives and trim control
positions at three flight conditions.

Stability and Control Augmentation System (SCAS)

The type and level of stability augmentation incorporated in

the aircraft has a significant effect of the ability to perform the
terminal-area tasks, particularly to do so on instruments. In
the helicopter instrument-flight-rules (IRF) airworthiness in-
vestigations summarized in Ref. 5, it was found that attitude
augmentation in pitch and roll was necessary to achieve pilot
ratings in the satisfactory category. At least this level of
augmentation has also been found necessary for VTOL instru-
ment- approaches including a conversion.®’ The XV-15 tilt-
rotor aircraft, however, like most prototype VTOL machines,
incorporates an SCAS that effectively provides only rate
damping plus shaping.

To verify the previously noted®’ requirement for attitude
augmentation for this class of VTOL, two types of augmenta-
tion were considered in this experiment: the basic XV-15 rate-
based system, and a generic attitude-command system. The
generic attitude-command SCAS used rate and attitude feed-
backs in pitch and roll with no shaping; fairly low gains were
used to achieve attitude dynamics of approximately 1.5
rad/s.® In addition to the pitch and roll attitude augmenta-
tion, this SCAS incorporates sideslip and pseudosideslip rate
directional augmentation above 30 knots to improve turn
following, and yaw-rate plus heading directional augmenta-
tion below 30 knots to provide a heading-hold function.

Conversion Control Implementation . .

In addition to the primary variables described above,
several additional variations were considered to a limited
degree. The first was the manner in which the conversion was
actually commanded. In the XV-15, nacelle rotation is ac-
complished with a rate ‘‘beeper’’ switch on the power lever,
which rotates the nacelles at a rate of 7.5 deg/s. Three alter-
natives were examined. The first was a lower commanded rate
(1.5 deg/s) to reduce the rate of conversion coupling and is
still commanded with the beeper switch. The second provided
a direct selection of three possible nacelle angles via a flap-
selector lever; the available values were those used for the con-
version profiles (0, 60, and 90 deg), and the flaps were pro-
grammed to move automatically to their correct setting as a
function of nacelle angle.

For the third alternative conversion control implementa-
tion, an automatic nacelle rotation schedule was designed for
the terminal-area tasks under consideration. For each of the
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three possible conversion profiles described earlier, a com-
manded ground-speed profile as a function of range-to-go was
defined assuming a constant 0.10-g deceleration during con-
version. A nominal transition profile to fit roughly through
the center of the baseline conversion corridor was then de-
fined. These two commands in conjunction, therefore, define
the required nacelle angle as a function of range to perform
the appropriate conversion. This option was selected through
a cockpit switch and was examined briefly both with and
without the flight directors, which are described next.

Flight Director Displays

A very brief investigation of three-cue flight director
displays was also undertaken for the instrument approaches.
In general, the performance of decelerating approaches on in- .
struments has been shown to require display information more
complex than the conventional position-error data given by
glide-slope and localizer needles, even for helicopters.”® The
simplest way to achieve this goal with electromechanical in-
struments is to incorporate the additional information as an
integrated command set in flight directors. A variety of
research and operational programs has been devoted to this
problem for helicopters”'®! and VTOL aircraft®2 and
formed the general basis for the design of the three-cue flight
directors examined in this experiment.

Guidance information was assumed to be provided by a
microwave landing system providing distance measuring
equipment (DME), azimuth, and elevation data. These data
were processed to provide generalized velocity and position
commands in a general rectangular coordinate system with
origin at the touchdown point. These commands, as well as
the actual velocities, were then resolved into an aircraft-
heading-referenced vertical frame for presentation on the
director needles.

The horizontal velocity commands are those mentioned
earlier for the automatic nacelle rotation. Three commands,
corresponding to the three ways of effecting the conversion,
were implemented, with a deceleration of 0.1 g being com-
manded during the conversion. The vertical command con-
sisted of a constant-altitude portion, rounded-off glide-slope
intercept command, and a 6-deg glide-slope command to the
landing point; this command was implemented as consistent
altitude and altitude-rate commands based on horizontal
distance from the decision height. Finally, the lateral (with
respect to the approach centerline) velocity command was
simply proportional to lateral displacement, thereby providing
an exponential capture profile.

The general intent in designing flight directors is to provide
the pilot with ““steering’’ commands that are easy for him to
control while still providing good pilot-aircraft closed-loop
following of the commands. This task is complicated for the
VTOL application because of the large variations in aircraft
response characteristics that occur through a conversion; only
limited success was achieved in this experiment. As in previous
work,%® the design was based on manual-control theory. The
equations and gains used are given in Ref. 8.

Experimental Equipment and Procedures
Ames Research Center’s Vertical Motion Simulator (VMS)
ground-based simulation facility was used for this experiment.
This facility includes a complex movable structure to provide

Table 2 Trim and moment-control effectiveness data

Baseline

Reduced moments Increased moments

Longitudinal trim position
Throttle trim position

Moment due to thrust, My,
Moment due to inclination, M;

5.22/6.41/5.16
4.44/5.12/4.67

0.867/0.239/0.987

—0.059/-0.100/-0.091

5.22/6.86/6.90
4.44/5.07/4.71
—0.059/~0.017/~0.002
0.544/0.031/0.363

5.22/5.95/3.41

4.44/5.95/4.67
—0.059/-0.182/-0.182

1.19/0.438/1.60

Notes: 1) Values at 69/110/150 knots; 2) units for longitudinal stick and throttle in inches, inclination in rad.
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six-degree-of-freedom motion, which is characterized by a
large vertical travel capability (=30 ft) and hence good fidelity
of vertical motion cues of up to 1 g incrementally. For these
experiments, a large longitudinal travel (£20 ft) was also us-
ed, thereby enhancing the longitudinal acceleration cues ex-
perienced during the conversion maneuvers in this aircraft.
The VMS also incorporates a four-window, colored,
computer-generated display visual system, which is presented
to the pilot through a collimating lens. For the first simulation
phase, a conventional runway and airport area were simulated
to allow run-on STOL landings. In the second phase, the
operations were conducted to an offshore oil rig. In all cases,
fog simulation was available to provide the reduced visibility
environments used in the IMC runs, and a stereo sound system
was used to provide aural cues.

The approaches were started about 4.5 n. mi. from the
destination, at a heading simulating radar vector intercept of
the localizer, and at an altitude of 1500 ft in the first phase and
at 2000 ft during the second phase. A 6-deg glide slope was
simulated for all runs. In the first phase, the landing task re-
quired a visual deceleration from 60 knots to about 30 knots,
followed by a run-on STOL landing. Wind conditions en-
countered were either a 10-knot headwind with light tur-
bulence (2-3 ft/s rms) or a 10-knot crosswind with moderate
turbulence (4-5 ft/s rms). For the IMC approaches, the ceiling
was 400 ft with 1-mile visibility, or 200 ft with 0.5-mile visibil-
ity. In the second phase of the experiment, the initial decelera-
tion was performed on instruments, and then a final visual
deceleration from about 25 knots to a hover and vertical land-
ing on a simulated oil rig was conducted. For the visual ap-
proach, the pilot had a 10-knot crosswind on the approach,
which became a headwind during the final turn on to the rig
with moderate turbulence. For the instrument approach, it
was a 10-knot headwind during the approach and a crosswind
for the landing, with light turbulence. The ceiling was 400 ft
with 1-mile visibility.

The primary source of data for both simulation experiments
was the pilot comments. Each evaluation consisted of at least
one approach, with repeats if the pilot requested. At the con-
clusion of each approach, a Cooper-Harper rating was as-
signed, and comments were made with reference to 2a comment
card. The pilots were instructed that ‘‘desired’’ performance
would be generally within one dot for tracking, and ‘‘ade-
quate’’ performance would be within two dots.

Pilot Rating Results

Cooper-Harper pilot ratings and associated pilot comments
form the basis for the assessment of the effect that experimen-
tal variations considered in this study had on the suitability of
the modeled characteristics for the tasks evaluated; these data
are given in Table 3 and in the figures. Although separate
ratings for landing were obtained during the second phase of
the experiment, only the ratings having to do with the conver-
sion itself will be discussed. »

The influences of conversion profile and stability/control
augmentation in terms of average Cooper-Harper ratings are
shown in Fig. 2. Consider initially the data for the conditions
in which there was a headwind and light turbulence. In visual
conditions, the rate-based SCAS received ratings in the
satisfactory category for the profiles (A and B) in which ali or
part of the conversion was accomplished before glide-slope ac-
quisition. Pilot comments indicated that fairly substantial
nose-down trim changes were required through the conver-
sion, particularly for nacelle angles from 60 to 90 deg, and
that during the conversion, significant ballooning above the
desired flight path occurred; the trim rate was considered to be
poorly matched to the trimming requirements occasioned by
these conversion influences. With these two profiles, however,
the pitching inputs and uncommanded altitude excursions oc-
curred either before the descent was begun or early in the des-
cent and, hence, were not considered to degrade performance
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below the desired level. When all the conversion was per-
formed while descending (profile C), the ballooning above the
desired flight path occurred later in the approach. This degra-
dation in precise. flight path control, coupled with the addi-
tional work load involved in getting the entire conversion com-
pleted in time to be properly set up for the final flare, was
noted in the pilot comments as the reason for the drop in the
average rating to the adequate category; however, desired
performance was still generally considered attainable.

With the attitude-command SCAS, the pilots noted a
significant improvement in longitudinal predictability.
Although it was still evident that large trim changes were re-
quired throughout the conversion and that airspeed control
still required compensation, the comments indicated that the
ballooning in conversion could be quite easily counteracted
with pitch attitude and that power could be set and left alone
more easily. As a result, the ratings showed that desired per-
formance was achievable for all three profiles.

In general, therefore, the conversion profile had only a
minor influence on system suitability for visual approaches,
regardless of SCAS type, in headwind conditions with light
turbulence. In the crosswind conditions, performance with the
rate SCAS degraded, particularly in the lateral-directional
axes, and desired performance could not be attained when all
the conversion was performed while descending. In these con-
ditions, the attitude SCAS did provide a more noticeable im-
provement in both longitudinal and lateral tracking, so that
desired performance was again attainable for all three
profiles.

For the instrument approaches, the pitch control and
conversion-induced coupling problems were strongly influ-
enced by the profile. Considering initially the headwind/light-
turbulence data, the pilot comments emphasized that the at-
titude changes through conversion and the coupling from con-

Table 3 Pilot rating data for baseline configuration

Flight Profile Profile Profile
Wind condition SCAS A B C
Headwind/ VMC Rate 4
light 4 4 5
turbulence 3 2 4
Attitude 4
4 4 4
3 3
IMC Rate 4 6 57 6
4.5 6 76 7
4.5 7 5.5 6
5 7.5 6
Attitude 3 5 5
4 5 7 7
5.5 4 4.5 4.5
7
Crosswind/ VMC Rate 4.5 5 4
moderate 4 3 4
turbulence 4 4.5 4.5
4.5 4 7
Attitude 4 4
3 4
3.5
4
IMC Rate 4.5 6 7
6 7
Attitude . 7
4.5 5.5 6
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version seemed more extensive. If all the conversion was per-
formed before the glide slope was attained (profile A), the
ratings generally indicated that desired performance was still
achievable, albeit at the expense of considerable pilot compen-
sation. This was because the glide slope was tracked at con-
stant configuration. This result is in fact consistent with the
helicopter IFR results discussed in Ref. 5; as with the heli-
copter experiments, the addition of an attitude-augmented
SCAS provided enhanced speed control and reduced excita-
tions from other inputs, so that the ratings moved more
toward the satisfactory region. With the 60- to 90-deg nacelle-
angle part of the conversion performed on the glide slope
(profile B), the ratings with the rate SCAS degraded con-
siderably to the point where adequate performance was just
attainable. The ballooning in glide slope during conversion
from 60 to 90 deg led to getting high and being unable to
return quickly enough; on instruments, this ballooning did
cause a degradation in performance that was not evident in
visual conditions. Pilot comments also indicated that it was
very difficult to watch the nacelle-angle gage while converting
on instruments, and that the lateral-directional tracking
deteriorated significantly. For this profile, the attitude SCAS
was of significant benefit for instrument approaches. The
ratings now became 4 or 5, and the comments point to the fact
that much less attention to attitude control was required; as a
result, the pilot could attempt to perform the conversion at
constant attitude.

When all of the conversion was performed on the glide
slope, the ratings and comments demonstrate that for the rate
SCAS the aircraft was marginally inadequate for the task,
with ratings of 6 and 7 being given. Hurrying the conversion
meant that the ballooning problems during the 60-t0-90-deg
portion were exacerbated, and the glide-slope tracking got
away from the pilot. In addition, bank-angle control
deteriorated because of the increased attention required
longitudinally, and monitoring the nacelle-angle gage was con-
sidered very distracting. Similar comments were made about
the aircraft with the attitude SCAS, although the improved
lateral-directional predictability did assist somewhat, and
several of the pilot ratings improved to around 5. As would be
expected, turbulence and the crosswind had a deleterious ef-
fect for approaches on instruments for all the profiles, most
noticeably with the rate SCAS. Pilot comments emphasized in
particular the additional difficulty in bank-angle control and
more difficulty in maintaining pitch attitude. The ratings for
the profile with all conversion on the glide slope now fell into
the inadequate category. It is worth pointing out that this pro-
file with a raw data display is operationally very difficult and
that some of the flight characteristic variations were beginning
to be washed out by this degree of difficulty.

On the basis of these results, therefore, the general in-
fluences of the conversion profile are as follows. Performing
all the conversion before glide-slope acquisition (profile A) led
to nearly desired performance when an attitude SCAS was im-
plemented and to a clearly adequate capability with a rate
SCAS; this profile forces the VTOL to perform the glide-slope
tracking in a fixed configuration like a helicopter, and these
results are generally consistent with results for helicopters.
Performing part of the conversion before acquiring the glide
slope and part after acquiring it (profile B) led to a reduced
level of adequacy for instrument approaches, particularly with
the rate SCAS. This reduction was due primarily to
conversion-induced pitch and heave inputs caused by the
baseline aircraft characteristics. The advantage of performing
only part of the conversion on the glide slope was that it could
be performed early in the approach, allowing some time at
fixed configuration to get stabilized before breakout. Finally,
performing all conversion while descending on the glide slope
(profile C) was considered adequate in visual flight but
marginally inadequate on instruments; there was little benefit
from the attitude SCAS for instrument approaches. To some
extent, this result is an operational problem and indicates the
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need for additional assistance in augmentation or display
sophistication or both for a task in which the aircraft con-
figuration is continually varying during the crucial periods;
this result is consistent with previous research in instrument
decelerating approaches.%7912

Figure 3 presents data concerning the influence of the con-
version corridor width for the approach profile with partial
conversion on the glide slope (profile B). Recall that the low-
speed boundary was modified by approximately 10 knots by
reducing the wing area and that the high-speed boundary was
artificially constrained after the blade chord was reduced;
aural warnings were sounded when these boundaries were ex-
ceeded. With the reduced wing area only, the pilot noted that
the aircraft had to be pitched nose down as power was reduced
to avoid the low-speed boundary; he considered this a small
constraint. ' With the reduced high-speed margin, it was
necessary to make the conversion more slowly in order to keep
the aircraft off the high speed warning, and the aircraft had to
be allowed to baloon off the glide slope in order to decelerate;
hence, the IFR performance degraded to marginally adequate
(PR =6). With both ends of the speed corridor constrained,
the rating went to the inadequate category (PR =7). The com-
ments were that the constrained corridor required power and
speed to be monitored very closely, with pitch attitude being
used to stay within the corridor; hence, tracking exceeded +2
dots, and the pilot felt that flight-path control capabilities dur-
ing conversion were too limited for certification.

In Fig. 4 are shown data related to the influence of basic air-
craft coupling from conversion and power changes. Recall
that for the baseline aircraft, a nacelle tilt toward 90 deg pro-
duces a nose-up moment for all nacelle angles and that power
increases produce a nose-down moment -approximately cons-
tant with nacelle angle (Table 2). Consider initially the profile

B results. The influence of increasing both the moments was

noted in the comments as a requirement for high forces and
displacements and, for the instrument approach, the conver-
sion performance deteriorated sufficiently that both high- and
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low-speed warnings were actuated. The change in pilot rating,
however, was only about one unit for the instrument ap-
proaches, with adequate performance still being considered at-
tainable. Reducing both the moments did not elicit any
specific comments about the conversion from the two pilots
who flew this profile, although their ratings did improve by
about one unit; apparently, the improved conversion capabil-
ity permitted more attention to be paid to getting set up for the
deceleration at breakout.

For profile C, the moment variations were examined with
both levels of SCAS. With the rate SCAS, increasing the
moments led to a significant degradation in visual conditions;
the instrument capability was already marginal, as was
discussed earlier, and so the increased moments did not affect
the rating. Decreasing the moments led to a significant im-
provement for the IFR approach, with the comments in-
dicating that although trimmability seemed poor, the nacelles
could be beeped continuously without an adverse influence on
accurate flight. With the attitude SCAS, the increased
moments again led to a marginally adequate capability. The
comments noted that 1) the low-level attitude augmentation
employed was not sufficient to eliminate the influences of
collective-to-pitch coupling, 2) the forces seemed high, and 3)
the conversion performance was poor enough to reach the
speed boundaries. With the reduced moments and the attitude
SCAS, trim was still considered a problem, but there were no
difficulties staying within the corridor or performing the ap-
proach task, and desired performance could be achieved in
both VMC and IMC.

On the basis of these data, it is clear that the inherent coupl-
ing moments have a significant influence on the terminal-area
capability for this class of aircraft, but it is not clear what a
limiting value would be. Reference 13 discussed the influence
of the pitch-from-power coupling on the achievable closed-
loop path-control bandwidth; ‘‘adverse’’ coupling would be
given by negative values of this derivative, and this coupling
was hypothesized to limit the path-control capabilities of the
aircraft. In this experiment, both the baseline and the
doubled-moments configurations exhibited adverse coupling,
and it is apparent that the increased-moment case at least is
marginally adequate. The specific numbers suggested in Ref.
13 appear unrealistically small, however, and additional work
in this area is indicated.

The examination of the alternate conversion control im-
plementations and flight director displays was conducted us-
ing only the most difficult conversion profile (profile C). The
data related to the influences of these variables are shown in
Fig. 5. Using a conversion rate of 1.5 deg/s instead of the
baseline 7.5-deg/s rate resulted in a fairly significant improve-
ment in rating from one pilot (from 6 to 4.5, indicating desired
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performance achievable) but no improvement for two pilots.
The one pilot commented that the slower rate appreciably
reduced the coupling caused by the conversion and, in fact,
made the process somewhat easier because of the slower move-
ment of the nacelle-angle gage. For the other pilots, the con-
version still required excessive attention to power changes,
particularly at the end; it may have been that the slow rate did
not leave them sufficient time to get settled before breakout,
although the comments do not so state.

Using an interconnect to command a specific nacelle angle
with a selector level did not provide the expected benefits
although, again, fairly substantial differences among the
pilots were exhibited. The comments indicated that not having
to watch the nacelle-angle gage was a benefit but that the por-
tion of the conversion from 60 to 90 deg was still very de-
manding because of the high coupling; in this regard, it was
noted that when the beeper switch was used, this final portion
of the conversion was performed in two or three beeps to help
reduce the influence of the coupling, whereas the interconnect
forced it all to be done at the 7.5-deg/s rate with no pauses. It
is likely that the interconnect with a less rapid conversion rate
between commanded angles would have provided more
definitive improvements.

The automatic conversion made a significant improvement
in general. For two of the pilots, the automation meant that
additional concentration on the required power and attitude
control was possible, with desired performance therefore
becoming achievable. Another pilot, however, commented
that the conversion-induced upsets were still a problem
because he did not know exactly when the nacelles would
rotate, and hence could not apply appropriate power or at-
titude cross feeds. Finally, adding the three-cue flight director
display resulted in ratings generally within the satisfactory
category.- The pilot comments noted that the deceleration per-
formance felt far better than with the raw displays, and that
the pitch and power commands were of substantial assistance.
It should be noted that, as has been discussed elsewhere (e.g.,
Ref. 9), results with flight directors are very sensitive to the
director design logic. In this experiment, for example, chang-
ing the collective director logic slightly to provide less needle
movement at high frequencies with collective inputs changed
one pilot’s rating from a 4.5 to a 3.0 for the conversion task.
The importance of both the displayed information and a pro-
per level of automation/augmentation that these results show
(change in rating from 6 with no automation or director
display to ratings around 3) is consistent with previous in-
vestigations of decelerating instrument approaches.

Concluding Remarks

A ground-simulation experiment to investigate airwor-
thiness and operational aspects of tilt-rotor VTOL aircraft in
the terminal area has been described. Variations in conversion
procedure, conversion corridor, and conversion coupling to
other axes were examined in both simulated visual and instru-
ment conditions for representative terminal-area tasks. The
simulated test configurations were evaluated for decelerating
conversions from 150 to 60 knots, with tasks including subse-
quent fixed-configuration decelerations to either 30 knots or
hover.

Based on the characteristics of the VTOL aircraft as
simulated and the design and implementation of the variations
that were considered, the following conclusions may be drawn
from the results and interpretations of this experiment.

1) In visual conditions with a headwind and only light tur-
bulence, performing part of all of the conversion while des-
cending could be accomplished with about the same level of
pilot acceptance as performing all the conversion before des-
cent, given conversion and power coupling characteristics less
than or equal to those of the baseline aircraft considered in
this experiment. This result was not particularly influenced by
the type of stability/control augmentation implemented.
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2) In instrument conditions, the conversion procedure had
a major influence on the degree of pilot acceptability. With
raw-data displays and a manual conversion controlled by a
thrust-angle tilt-rate switch, and again considering conversion
and power coupling characteristics of the baseline aircraft,
desired performance could be achieved with attitude augmen-
tation only if all the conversion was accomplished before in-
itiating the descent; the rate-damping augmentation provided
a clearly adequate capability for this conversion procedure.
Performing all the conversion while tracking the glide slope
led to a marginally adequate to inadequate capability, essen-
tially irrespective of the augmentation system. Crosswinds and
a higher level of turbulence had a significant degrading effect.

3) Reducing the width of the conversion corridor from
about =+25-knots to =12 knots in level flight had a significant
and deleterious effect. Since the =25-knot limits of the
baseline. machine were rarely a problem until conversion
coupling became high, it is likely that there is a marginally ac-
ceptable value between the two extremes considered here. For
the limited corridor, the only terminal-area procedure possible
would be to perform all the conversion before descending.

4) For instrument approaches with all the conversion per-
formed while descending and tracking the glide slope in light
turbulence, a marginally adequate capability is provided by
raw-data displays and manual rate-commanded conversions

with either a rate- or an attitude-control system. With the

attitude-control system, the capability can be increased to the
marginally satisfactory level by the addition of an automated
conversion in conjunction with a three-cue flight director
display. :

5) The VTOL class of vehicle amplifies the interaction be-
tween the aircraft’s airworthiness characteristics and the re-
quired operational situation for civil operations. For opera-
tions similar to those of helicopters, in which no conversion
while descending is required, less air-frame capability is re-
quired than for operations that exploit the VTOL capability to
convert from airplane to helicopter modes late in the approach
phase.
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