VOL. 4, NO. 2, MARCH-APRIL 1981

AIAA 79-1680R

J. GUIDANCE AND CONTROL 171

Effect of Reduced Visibility on
VTOL Handling Quality and Display Requirements

Roger H. Hoh* and Irving L. Ashkenast
Systems Technology, Inc., Hawthorne, Calif.

Available data have been used to quantify the intuitive idea that acceptable levels of pilot workload (Cooper-
Harper ratings and commentary) for the low-speed and hover task are dependent on outside visibility level,
augmentation, and cockpit displays. An outside visual cue scale is developed to quantify the environmental
conditions for the intended mission in a more fine-grained manner than simply specifying visual meteorological
conditions or instrument meteorological conditions. A tentative handling quality criterion for low speed and
hover is developed in terms of augmentation, outside visual cue level, and cockpit display sophistication. In
general, the criterion indicates that rate augmentation in acceptable only in good visibility. Low speed and hover
in degraded levels of visibility require attitude augmentation which must be upgraded to a translational rate
command system in zero visibility. Finally, there is evidence that the most critical flight phase may be final

deceleration to hover as opposed to steady hovering.

Nomenclature

K, =pilot gain between stick and perceived
attitude error

K/s =refers to shape of frequency response being — 20
dB per decade with a phase angle of —90 deg

K, =pilot’s internally generated position feedback
gain (see Fig. 2)

K, =pilot’s internally generated velocity feedback gain
(see Fig. 2)

M; =pitch acceleration per unit control input

s =Laplace operator

Ty, =numerator zero of hover transfer function
(see Fig. 1)

X =position with respect to hover

reference point

=linear velocity with respect to hover reference
point

Y, =vehicle transfer function

Y, Ypo =quasilinear pilot model relating perceived errors
to cockpit control motions

=cockpit control motion

=damping ratio of imaginary root of characteristic
equation (see Fig. 1)

=pitch attitude

=real root in characteristic equation (see Fig. 1)

=frequency of imaginary root of characteristic
equation (see Fig. 1)

= attitude loop has been closed

=attitude loop as well as translational velocity loop
has been closed (see Fig. 2)
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Introduction

HE motivation for the present work stems from in-
creasing projected requirements to operate military
VTOL’s in reduced visibility conditions in low speed and
hover. In particular, it is oriented toward upgrading the
military flying quality specification (MIL-F-83300). However,
the results are equally applicable to civilian operations and
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should be of value for providing the necessary data for
developing civilian airworthiness criteria.

Available data and experience have been used to quantify
the intuitive idea that the minimum acceptable handling
qualities for low speed and hover are strongly dependent on
the visibility level and available displays. In this regard, the
tentative criteria (minimum level of controls or displays) are
presented in terms of a visibility scale which quantifies the
environmental conditions for the intended mission in a more
fine-grained manner than simply specifying instrument
meteorological conditions (IMC) or visual meteorological
conditions (VMC).

The ultimate benefit of this research is expected to be
twofold: 1) it provides a set of tentative flying quality
boundaries which can be used either as design goals or to
shape preliminary certification standards for IMC VTOL
operation; and 2) it puts the present data base in a format
where its shortcomings, including gaps in coverage, are more
recognizable. This latter consideration can and should lead to
increasingly productive experimental programs which
maximize the benefit of past work and are conducted with
clearly defined objectives oriented toward filling the specific
data requirements defined herein.

Outside Visual Cues

Most of the available data for low-speed and hover han-
dling criteria has been obtained with good visual outside
references and with no requirement for unattended operation.
The real-life existence of secondary tasks, and intermittent to
total loss of visual references, places increased demands on
the pilot—an effect which is not discernible from such data.
For example, pilot ratings for an unaugmented helicopter!
and a highly augmented translational rate command (TRC)
system? all fall within the acceptable region (pilot rating
better than 3.5). This result is a consequence of experimental
scenarios which tend to be tailored toward the systems being
investigated. That is, with pure rate systems the scenario is
usually benign, thereby usually allowing intense, full-time
attention; whereas with a translational rate command system,
the task tends to be more demanding. The most critical
contributor to the total pilot workload appears to be the
quality of out-the-window cues for detecting aircraft at-
titudes, and, to a lesser extent, position and velocity.
Currently, these cues are categorized in a very gross way by
designating the environment as either VMC or IMC. A more
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discriminating approach is to classify visibility in terms of the
detailed attitude and position cues available during the ex-
periment (or proposed mission), and to associate handling
qualities requirements with these finer-grained classifications.

In the remainder of this paper, existing data are utilized to
make preliminary estimates of the equivalent low-order
system hover dynamics required to cope with various
classifications or levels of the operating environment. These
estimates are based on a combination of closed-loop analyses
and pilot commentary from flight and simulator experiments.
The results are presented in terms of the specific levels of the
maximum acceptable outside visual cues (OVC) (worst
visibility) for each type of equivalent system response and
display sophistication.

Development of Outside Visual Cue Scale

The longitudinal pilot/vehicle closure characteristics for
different levels of augmentation for hover. position control
and speed control are shown in Fig. 1. The comments below
each root locus sketch indicate the required pilot workload
function and OVC’s to maintain adequate stability margins
and path mode bandwidth (performance).

In the case of the rate augmented systems, it can be seen
that the pilot must close the attitude loop with a reasonably
high gain to stabilize the phugoid mode and to drive w’ into a
favorable region as necessary for a good outer path loop
closure. The requirement for a high-gain closure implies a
need for high pilot scanning activity.? In addition to a high-
gain attitude closure, the pilot must also develop lead on his
position error to maintain path stability. Figure 1 indicates
that a reduction in workload would be expected with attitude
augmentation due to the elimination of the need for the pilot
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Fig. 1 Pilotloop closure characteristics.
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to perceive, stabilize, and constrain the pitch and roll at-
titudes. The degree of workload reduction will of course
depend on the attitude stability augmentation system band-
width and damping. Finally, with a TRC system, the pilot
simply has to perceive and feed back the position loop without
equalization, i.e., the requirements for attitude stabilization
and velocity feedback have been eliminated. The need for
certain specific outside visual cues has been inferred from
such closed-loop considerations; further; these OVC levels
have been logically quantified in terms of a scale as shown in
Fig. 2a. Certain specific closed-loop considerations, which
were considered in formulating the scale, are summarized
below and by the generic closed-loop structure in Fig. 2b.

1) A requirement for closure of the attitude loop implies
VMC conditions must prevail for adequate control.

2) If the equivalent system dynamics require closure of
position and position rate, but not attitude, a minimum set of
operating conditions quantified as OVC =3 is defined.

3) OVC=4 quantifies the operating condition where
velocity and attitude cues are not available; that is, only the
outer loop in Fig. 2b can be closed by the pilot.

4) OVC=35 indicates that no outside visual cues are
available.

Control/Display Tradeoffs

Pilot workload can also be reduced via improved displays.
Recent work in the control/display tradeoff area includes the
Calspan X-22 flight tests* and the CH-46 variable-stability
helicopter. 3

Results of the X-22 experiment are summarized in Fig. 3.4
These data represent a deceleration to hover using manual
rotation of the thrust vector in IMC conditions (OVC =5 in
Fig. 2). The ratings reported® were made by one pilot,
although other pilots flew and rated some of the con-
figurations. Perhaps the most significant result of these data
is that increased augmentation is considerably more beneficial
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Fig. 3 Pilot rating data for primary matrix (X-22 experimenl“ ).

than improved displays. This conclusion is somewhat com-
promised by the pilot rating of 7 for the mechanical flight
director (configuration ED-1/FD). It should be noted
however, that the very poor rating given to ED-1/FD in Fig. 3
is not consistent with the satisfactory pilot rating (PR =3)
given to SCAS No. 3 in Fig. 4. This apparent discrepancy is
probably due to the more complex deceleration maneuver in
the X-22 (manual duct rotation) when compared to the CH-46
(constant attitude). The complexity of the control usage
required to decelerate is shown to be critical later in this paper
(see “‘Pilot Workload’’). The improved rating,> when plotted
on Fig. 3, tends to support the contention that displays have a
significantly less-dominant effect than augmentation on pilot
workload reduction.

A dramatic improvement in pilot opinion is shown in Fig. 3
(for IMC tasks) when upgrading from a rate system to an
attitude system. This is supported by the results of the
variable stability CH-47 helicopter (as shown in Fig. 4). The
task on this latter experiment was an instrument landing
system (ILS) approach to hover with an electromechanical
flight director.

Unfortunately, the rate stability augmentation system
(SAS) had a divergent mode above 40 knots (Ref. 5) (A=
—0.26) and no pilot rating data were taken for low speed and
hover per se. However, there was evidence from the pilot
commentary that the rate SAS was unacceptable even below
40 knots (where the pitch divergence disappears). It was noted
that ‘‘even though decelerations to hover could be consistently
achieved with the rate SAS and flight director configuration,
the pilot workload was considered to be unacceptably high.”’
Thus, there is strong evidence that even with a good rate SAS
and a flight director, the low-speed and hover handling
qualities are unacceptable for IMC (OVC =3).

Additional evidence that rate-like attitude response
characteristics are unacceptable for low-speed flight in IMC,
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Fig. 4 Results of CH-47 variable-stability helicopter control/display
experiment. 5

conditions may be found in the results of an instrument flight
evaluation of the OH-6A helicopter. The following quote is
taken from Ref. 7:

‘‘Associated with instrument flight are additional
tasks of tuning radios, examining flight charts
and approach plates, and various other required
tasks. Accomplishment of these tasks requires the
removal of the pilot’s hands from at least one of
the flight controls. Flight in instrument con-
ditions requires total concentration with constant
corrective control inputs just to maintain a trim
condition. A copilot would therefore be required
to aid the pilot in performing IFR operations if
IFR flight were attempted.”’

The pilot/vehicle closure characteristics of the OH-6A are
given in Fig. 5 (Ref. 7) for speeds from hover to 40 knots.
Utilizing the pilot model rules as stated by McRuer and
Krendel, ? the required compensation is seen to be a lead at 0.5
s in order to equalize to a K/s. Such compensation is expected
to produce only moderate penalties in pilot opinion, yet the
pilot comments indicated 100% workload was required
simply to maintain control in IMC conditions (pilot ratings of
6to7).

Based on the preceding evidence, it seems reasonable to
conclude that rate-like attitude systems are acceptable for low
speed and hover only in VMC conditions.

Figure 4 indicates that a rate SAS combined with an
electromechanical flight director results in level 3 flying
qualities (PR =7). However, the data described by Lebacqz
and Aiken* indicate that rate augmentation may be suitable
for backup systems (level 2) in an electronic display which
integrates position, velocity, and flight director commands
(ED-3in Fig. 3).

Rate command/attitude hold (RCAH) systems result in
considerably improved pilot ratings over pure rate systems—a
fact which stems from the disturbance regulation charac-
teristics inherent to this type of system. There are very little
data on RCAH systems for low speed and hover. One ex-
ception is a fixed-base simulation which was run to evaluate a
system design to allow ILS (OVC =5) approaches to hover
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Table 1 Pilot ratings and commentary for rate command/attitude hold system in IMC conditions

Pilot task Pilot rating Comments
Constant speed glide 2FD? Longitudinal and lateral flight directors easy to track. Workload is low.
slope tracking 2APY
Deceleration to 4v2 FD Constant attention required to keep flight director centered. Kind of wanders during
hover (IMC) 2AP deceleration, cannot set and forget.
Hover (IMC) and 4-%2t0 SFD 1) Very little change in attitude results in pitch bar movement. Requires light touch on stick to
vertical descent 2 AP keep from overcontrolling. Not unsafe.

2) Requires constant attention. Need time to scan other instruments (besides flight director) this

close to ground.

2FD = Pilot flying via longitudinal and lateral flight director bars. Collective is automatic,

AP = Fully automatic to touchdown.

Pilot OHBA
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Fig. 5 Piloted attitude control characteristics of OH-6A for hover to
40 knots.

and vertical letdown for the XV-15 Tilt Rotor.® The final
manual system included a mechanical flight director plus
moving map display and a fully automatic collective axis to
keep pilot workload at a reasonable level. A constant attitude
deceleration law was incorporated in the flight director—also,
to keep pilot workload at a reasonable level. A fully
automatic system was also configured. The pilot ratings and
commentary are summarized in Table 1. These data indicate
that an RCAH system with a mechanical flight director is not
satisfactory for low speed and hover in IMC (OVC=5)
conditions.

Pilot Workload

There is some evidence that the highest pilot workload
occurs not during hover but during the final phase of
deceleration. For example, the initial CH-46 results® in-
dicated operationally unacceptable pilot workload, whereas
the latest experiments® resulted in a pilot rating of 3 with
essentially the same controlled element and displays. The
early experiment® utilized a more complex pitch profile than
the latest experiment® which allowed deceleration at constant
attitude. A mission-phase dependency of pilot workload is

i Pilot rating in Edge of
Relative ng 9
Pilot 5-6 region go - around
Workload

>

Touchdown

Increasing —=

Approaches in ideal
conditions - no winds

Pilot ratings o turbulence
about 3
1 1 ! ]
Constant Deceleration Hover Letdown
Speed

Approach Phase
Fig. 6 Relative pilot workload as function of approach phase.
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Fig. 7 Comparison of pilot ratings for similar controls and displays
but different deceleration profiles.

specifically indicated by Kelly et al., ! where an approximate
variation in pilot rating with approach phase was shown (see
Fig. 6). This plot was formulated on the basis of data ob-
tained from the collective experience gained in the CH-46/47
experiments conducted from 1962 through 1977.5° The
comments on the plot reflect informal discussions with the
authors.

Additional support to the hypothesis that the deceleration
phase is critical stems from the apparent discrepancy in the
two X-22 experiment reports described by Lebacgz et al.*!!
These data are compared directly in Fig. 7, where it is shown
that a drastic improvement occurred in the later experiment. !!
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Table2 Maximum allowable OVC levels for each category of equivalent system response

Pilot display
Integrated
Lower-order equivalent Flying Mechanical display-flight director plus
system type quality level Raw data flight director aircraft velocity information
Rate Level 1 1 2 3
Level 2 2 4 5
Rate command/ Level 1 2 3 3
attitude hold Level 2 2 5 5
Attitude Level 1 2 3 3
(response feedback) Level 2 2 5 5
Attitude Level 1 2 4 4
(model following) Level 2 2 5 5
Translational rate Level 1 3 5 5
with attitude Level 2 3 5 5
Translational rate Level 1 3 5 5
with direct force control Level 2 3 5 5
Comparison between the experiments reveals that two Attitude Systems

primary differences existed: 1) the display was projected on
the windscreen (i.e., a HUD) in the second experiment; and
2) a much simpler deceleration control usage was required.
The evaluation pilot’s view of the outside world was blocked
so that any benefits that might have accrued from the HUD
were lost, i.e., the situation was essentially head down. This
leaves the simpler deceleration profile (i.e., one discrete duct
angle controller change vs continuous pilot closed-loop
control of duct angle) as the most viable explanation of the
difference in ratings. Other differences, which are felt to be
relatively insignificant, were in the baseline vehicle (X-224 vs
AV-8B!!, both rate-augmented), in the pitch and roll attitude
displays, and in the directional SAS (augmented yaw damping
vs selectable turn coordination, heading hold).

Clearly, more experimental data are required to fully
understand such effects. However, there is considerable
evidence which indicates that the minimum acceptable
control/display combinations are strongly dependent on the
final deceleration characteristics of the configuration.

Results and Supporting Rationale

The following paragraphs summarize the rationale used to
interpret the foregoing data and to finally arrive at the ten-
tative allowable visual cue levels presented in Table 2 for each
type of equivalent system form and display.

Rate Systems

All of the evidence indicates that rate systems with raw data
displays are acceptable for VMC flight only (OVC =1). The
addition of a mechanical flight director does not move the
ratings out of the unacceptable range for full IMC (Fig. 4).
However, there is sufficient anecdotal evidence to indicate
that an increase to an OVC level of 2 is warranted. The high-
pilot workload associated with rate systems (Figs. 1 and 2)
precludes the normal allowance of partial IMC even with a
flight director, as confirmed by the pilot rating of 7 in Fig. 4.
When used as an emergency backup though, partial IMC to
an OVC level of 4 seems indicated by pilot commentary,
showing that deceleration to hover could be accomplished
even though the workload was extreme.

Figure 3 indicates that a fully integrated display results in a
pilot rating of 4 for an approach in OVC level 5 conditions
(full IMC). Again, because of the high scanning workload
associated with rate systems, we have clected to tentatively
restrict the allowable operating environment to 3 (see Table
2), even with the addition of a fully integrated display. This is
increased to an OVC level of 5 when utilized as a backup
system (level 2 flying qualities), based primarily on the pilot
rating of 4 in Fig. 3.

Figure 4 indicates that response feedback and model-
following attitude systems are unacceptable if only raw data
displays are available. Therefore, an OVC level of 2 is
specified in Table 2. There is considerable discrepancy be-
tween the X-22 results stated by Lebacqz and Aiken* and the
CH-46 results described by Niessen et al.,’ regarding attitude
systems with a mechanical flight director (PR=7 vs PR=3,
respectively). Until further data are available, we have elected
to compromise by allowing OVC level 3 conditions for
response feedback systems and OVC level 4 conditions for
model followers when the display consists of a mechanical
flight director. The increase to OVC level 4 for model
following is based on the improvement indicated in Fig. 4
(pilot rating improves from 4 to 3) and on the obvious benefits
which accrue from the gust regulation characteristics of a
model-following system. Both the response feedback and
model-following attitude systems should be adequate as a
backup mode for full IMC conditions; therefore, an OVC
level of 5is indicated in Table 2 for level 2 flying qualities (for
a mechanical flight director). The only reservation is the pilot
rating of 7 (ED-1/FD) in Fig. 4. However, the pilot ratings of
3 and 4 in Fig. 4 are felt to carry enough weight to allow these
systems for full IMC conditions, at least for level 2 flying
qualities.

The X-22 data in Fig. 3 indicate that a model-following
attitude system with a fully integrated display results in pilot
ratings in the satisfactory range (PR =2-3). However, there
are some unpublished data from visiting V/STOL pilots who
gave ratings from 4 to 7 for even the best configurations in
Fig. 3. These pilots were probably not high on the learning
curve and did not have the benefit of the primary X-22
evaluation pilot in terms of comparing the best systems with
the less desirable rate systems. However, because of the
critical nature of hovering in IMC, a conservative approach
seems warranted. Therefore, until more experience is gained
(e.g., more pilots with adequate evaluation time), it was
decided to restrict the response feedback system to OVC =3
and the model follower to OVC=4. This may be unduly
restrictive and should be subjected to flight testing for
validation.

TRC Systems

The translational rate command systems represent a
significant decrease in pilot workload according to the
analysis summarized in Fig. 1. There are some experimental
results!213 which support the analysis, but neither reference
specifically addresses the IMC hover task. Additionally, there
are some fixed-base simulation results which indicate that a
TRC system will be satisfactory for IMC hover.3!3 Based on
these results, it seems reasonable to allow light IMC
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(OVC =3) even with raw data. Considering the minimal pilot
workload to hold speed or position (see Fig. 1) with a TRC
system, an OVC rating of 5 (full IMC) is allowed for the
mechanical flight director or the integrated display. It is
important to note however that a primary benefit of TRC
systems is their ability to hold zero velocity when the pilot
releases the cockpit control.' Hence the translational rate
feedback must be referenced to the desired hover point. Any
requirement for the pilot to bias out drift errors makes the
workload equivalent to an attitude system.

Conclusions

Based on existing data, a first-cut attempt at establishing
minimum acceptable systems for operations in specified levels
of visibility has been accomplished. Indications are that rate
augmentation is acceptable for visual meteorological con-
ditions only and that a TRC system will probably be required
for hovering in full-instrument meteorological conditions.

There is evidence that the final phase of deceleration
constitutes the most critical flight condition. Further ex-
periments should concentrate on this area.

There is a substantial amount of disagreement within and
among the experiments regarding the minimum acceptable
- controls and displays. These disagreements result in specific
requirements for further experiments.

Finally, most of the existing data indicate that advanced
displays are not a substitute for augmentation.
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