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ABSTRACT

Discrete maneuvers comprise a class of pilot-
ing tasks which can include fixed-wing landing
flare; pgross change of heading, altitude, or
airspeed; helicopter or VTOL transition to hover;
and helicopter nap-of-the-earth dash and quick-
stop. While these maneuvers may appear to differ
fundamentally from basic tracking tasks, pilot
models can be constructed using the same mathe-
matical forms. Several examples of discrete-
maneuver pilot models are presented along with
accompanying flight and simulator data. The
value of such models 1s discussed with regard to
handling qualities, simulator fidelity, and pilot
training. The main benefit is the ability to
exploit pilot-in-the-loop analysis more effec-
tively by fourmulating a complete pilot-vehicle-
task context.

NOMENCLATURE

A Gilinsky’s peréeived range constant

g Gravity constant

h Height

h Vertical velocity

Bpk Maximum sink rate during'terminal landing
maneuver

ﬁtd Touchdown sink rate for landing maneuver

K, Pilot’s effective gain in approach task

Kq Pilot’s integral gain in normal speed
change maneuver

Ky, Pilot’s height loop gain

Ky Pilot’s speed loop gain

Kp Pilot’s position galn in dash/quickstop

Ky Pilot’s closure rate gain in dash/
quickstop

R Range (actual)

R. Position command

Rp Perceived range
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1.1 - Closure rate

ﬁmax Maximum closure rate

; Deceleration

TI Lag time constant

T Lead time constant

u Perturbation forward speed
i) Forward speed

U Speed command

X Fore-and-aft displacement

Speed damping stability derivative

Yc() Controlled element transfer function
Yp() Pilot control strategy transfer function
AB Perturbation pitch attitude
€ General state variable
4 Damping ratio
C() Closed-loop damping ratio of () task
e Pitch attitude
6. Pitch attitude command
pk Maximum pitch attitude during quickstop

maneuver
Phase margin

Phase margin of () task

4

O
w Natural frequency
ey Closed-loop natural frequency of () task
w. Crossover frequency
"E() Effective crossover frequency of () task
Subscripts
a Approach to hover task
c Command
£ Landing flare task
pk Peak value
r pash/quickstop task



u Normal speed change task

x Fore-and-aft position regulation task
] Pitch attitude regulation task
INTRODUCTION

Discrete maneuvers comprise a class of pilot-—
ing tasks which includes, for example, landing
flare; gross change of heading, altitude, or
airspeed; transition to hover; and helicopter
nap-of-the—earth  (NOE) dash, quickstop, or
bob-up. These kinds of maneuvers differ funda-
meutally from steady-state or continuous
compensatory or pursuit tracking tasks such as
regulation of attitude, heading, flight director,
or instrument landing system (ILS) flight path
error.

Pilot modeling has traditionally centered on

tracking tasks due to their relative ease of
measurement Iin a laharatory environment. De—
scribing function measurements involving

artificial inputs are usually appropriate for
tracking tasks and yield high quality data to
support control strategy models. Modeling of
discrete maneuvers has, to an extent, been
avoided because of their short term nature and
the difficulty in treating such tasks in an arti-~
ficial 1laboratory scenario. For example,
measurement of a visually guided landing flare
control strategy must be accomplished during an
actval landing maneuver, whether in a simulator
or in flight; no surrogate laboratory tracking
task to facilitate measurements would provide an
acceptable and convincing substitute for a vis-
ually guided landing.

Progress has been made recently, however, in
the modeling and measurement of discrete maneu-
vers. It has been found that certain non-
intrusive pilot measurement techniques ecan
elfectively identify pilot feedback gains during
the limited interval of a discrete maneuver!.
For example, in the landing maneuver closed~loop
response parameters can be measured within the 5-
to 7J-second duration of the flare. This
corresponds to only one quarter of the period of
the dominant closed-loop mode. From these mea-
surements, the pilot’s feedback height and sink
rate gains can then be deduced.

This paper presents several examples of dis-
crete-maneuver pilot models and accompanying
justification from €light data, simulator data,
or pilot training manual descriptions. It is
shown that the form of most discrete-maneuver
models can be identical to the closed-loop topol-
ogy of tracking-task pilot models. In fact, for
most examples shown, the pilot control strategy
involves only stationary, pure-gain elements. A
special case, a helicopter decelerating approach
to hover, 1is presented in order to demonstrate
how perceptual 1influences (in this case, range)
may be primarily responsible for apparent non-
stationary behavior while the pilot strategy
actually remains invariant.
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The value of discrete-maneuver pilot models
will be 1llustrated by considering implications
in the areas of handling qualities, simulator
fidelity, and pilot training. For example, an
analysis of the helicopter NOE quickstop maneuver
implies a quantitative requirement for pitch
attitude control bandwidth which is at least two
or three times Thigher than gor routine
acceleration/deceleration maneuvers®. Recent
measurements of DC-10 landing maneuvers performed
in flight and in a simulator indicate excessive
pilot lag or delay in commanding pitch attitude
and a consequent hard landing tendency in the
simulator. The same data are then used to show
the relative training effectiveness for pilots
transitioning to the DC-10 with flight training
versus simulator training exclusively.

A significant aspect of modeling discrete
maneuvers 1is that we can exploit pilot-in-the-
loop analysis techniques 1in a natural context.
Along with this is the ability to apply nonintru-
sive measurement procedures which require a
general control strategy framework.

DEFINITION OF A DISCRETE MANEUVER

Several examples of discrete maneuvers have
been cited such as commanded changes in heading,
altitude, speed, or position. In each case it is
the "transitory” mnature of a discrete maneuver
which distinguishes it from the "steady-state"
quality of a tracking task. A simple heading
change in cruising flight 1is a discrete occur-
rence in terms of the decision to turn,
initiation of the command, the turn itself, and
the eventual settling on to the new heading.
Beyond a certain point, though, regulation of
that new heading becomes equivalent to a steady—
state tracking task, and there may not
necessarily be a precise boundary separating the
short term discrete task and the longer term
regulatory tacgk.

The beginning of a discrete maneuver also can
be vague. 1In the case of a decelerating approach
to hover, the start of the maneuver is not clear,
at least_not in terms of vehicle state or control
response” . The initial deceleration is accom-
plished by a very gradual pitch attitude change,
yet taken as a whole, the maneuver has a clear
transient response associated with 1it.

One useful definfition for a discrete maneuver
is simply the 1limited-term transition from one
task to another. Thus a heading change would be
the transition from holding one heading to hold-
ing another, or a decelerating approach to hover
would be transition from holding a steady ap-
proach speed to malntaining a steady hover over
the landing area.

In the following pages the transitory aspect
of a discrete maneuver will be quantified 1in
terms of specific mathematical models and the
parameters associated with those models.



TASK MODELS VERSUS PILOT MODELS

It 1s necessary to distinguish the dynamics
associated with execution of a task from those of
the pilot, per se. The task model includes the
inputs, loop structure, and the overall closed-
loop response of the pilot plus vehicle as well
as the effect of any environmental features such
as gusts. The pilot model is a single element in
that chain which includes piloting technique and
the perceptual features associated with the
pilot. These distinctions are chown in Fig. 1.

For a second order response, the closed-loop

damping and natural frequency parameters, ¢ and

w, can be found using rigorous parameter identi-
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Figure 1. Block Diagram of Pilot-Vehicle-
Task System

In dealing with discrete maneuvers it is
useful to concentrate first on the task. If the
task can he quantified adequately, then the pilot
aspects, per se, can be addressed. The examples
which will be presented illustrate this.

TOOLS FOR ANALYZING DISCRETE
MANEUVER TASK DYNAMICS

In the course of analyzing various discrete
maneuvers it has been found that identification
of the dominant closed-loop response mode 1s
useful. At the esame time, as the definition
offered above implies, the discrete maneuver is
transient. Thus the dominant mode may appear
during only a fraction of its effective period or
time constant.

One technique for identifying a mode during a
limited Interval is to use a phase plane trajec-
tory, i.e., a plot of rate versus displacement of
a givcen state. The particular state to be con-
sidered is that of the discrete command. For a
heading change maneuver one would choose to
inspect heading rate plotted against heading dis-—
placement; for hover position, closure rate
versus range; or for altitude change, vertical
velocity versus height. Examples of such com-
mand-loop phase planes will be presented in the
following pages.

fication procedures; however, even simple phase
plane estimation methods work well. The sketch
in Fig. 2 outlines one technique that has been
found particularly useful for a variety of dis-
crete maneuvers. Thus natural frequency can be
extracted from the aspect ratio of the phase
plane. A large number of landing maneuvers was
so analyzed in Ref. 1.
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Figure 2. Normalized Phase Plane and
Relationships for Extracting
Closed-Loop Damping and Natural Frequency

DISCRETE MANEUVER MODELS

A reasonable mathematical model of the dis-
crete maneuver can be obtained by direct
transient response analysis methods. That is, a
characteristic equation can be evaluated starting
with a set of initial conditions and the commands
appropriate to the final condition. The first
step is to obtain a reasonable estimate of the
closed-loop response type. This can be accom-
plished through the phase plane analysis
suggested above. For example a first-order dom-
inant mode can be distinguished from a second-
order one depending upon the relative curvature
of the trajectory. (Various texts can be con-
sulted for an in-depth treatment of phase plane

analysis, e. g., Ref. 4 or 5.) Ref. 6 describes.

how pilot training manuals can be exploited to
obtain estimates of the discrete maneuver

dynanics.




The following are several exaz=-les of dis-
crete maneuvers which 1illustrate zs-ects of the
general closed-loop analysis techzIjue. These
examples include a conventional fixs3-wing land~
ing flare and various rotary-wing speed change
maneuvers.

Landing Flare

Consider the landing flare maneuver. First,
based on observation of the closed-lcop dynanmics,
the basic response appears to be second order-~-a
damped sinusold. Fig. 3 is a sample of a landing
phase-plane which 1illustrates the second-order-
like behavior, at least during the lztter portion
of the trajectory.
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Figure 3. Sample Landing Phase Plane Trajectory

Hence a second-order transient respoase starting
with a given height and sink rate should yield a
comparable phase plane. If the second-order
Sharacteristic equation is assuced to be
h + ZCfmfﬁ +~u% h = 0, then the Laplace transform
can be written as

2 2 °
(s + 2waf5 + wf) h(s) = (s + szuk) h0 + ho
(D

where h_  and h_ are the height and vertical velo-
city at any point during the flare maneuver.
Thus a family of general solutions could be
constructed from the parameters {; and w; and
particularized using h_ and h,. The appropriate
command for height u@u&d presumably be zero, and
this does appear to agree with comparisons of the
above model to actual flight data. A= example of
a DC~-10 landing and the matched second-order
model parameters are shown in.Fig. 4.

For the DC-10 landing flare, it was found
that a fairly large sample of pilots preferred a
closed-loop damping ratio of about 0.7 & 0.1 and
a closed-loop natural frequency of about
0.4 + 0.1 rad/sec. It should be noted that a
closed-loop response with these properties tends
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Actual landing trajectory

Second order model trajectory for:
;f - .60, oy = .37 rad/sec ,
by = b5 £t and B = =13.5 ft/sec
(or alterpatively,
B =TI ftand b, = -6 ft/sec)
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Figure 4. Typical Landing Maneuver
Performed in the Actual Aircraft

to provide consistently good decay of sink rate
from a wide range of initial conditions, from
of f-nominal aircraft flight conditions, or from a
variation in flare maneuver aggressiveness.

If the closed-loop response can be evaluated
as shown above, then it may be possible to deduce
something about the pilot control strategy and
the perceptual pathways. In Ref. 1 it was shown
that the combined pilot-vehicle system during
landing has the general properties of a lag-lead
network. Further, using ensemble landing data
and knowledge of the aircraft flight path dy-
namics, one can deduce the use of lead-
compensated height variation and the existence of
a significant lag or decay in addition to the
airframe flight path lag.
lag-lead pillot-vehicle

A pgeneral effective

form for the landing maneuver 1is shown in
Fig. 5. Assumption of such a form can be based
Y Yc
Ph “n
UKh(l + 'I‘Ls) h o
s(1 + TIs) g

Block Diagram of Equivalent

Figure 5.
Pilot-Vehicle System for Flare

on knowledge of the vehicle flight path dynamics
and the deduction that the rate feedback or its
equivalent must be involved to explain the
relatively large amount of closed-loop damping.
By expanding the <closed-loop characteristic
equation for this network, the open-loop
parameters T; and T; can be related to the
closed-loop parameters L and w; in the following
manner:

Apperent star: of
landing mareuver



o ~ 1+ th Ych
2 1 UK 2
5 +7r; (1 + mch'rL)s +——TI 87+ 20w + u
(2)
or
1 2
Zwaf = -T—+ mf TL (3)

I

Hence if true lead compensation were involved in
a fixed amount, even for varying pilot gain;
there should be a trend in ensemble landing data
suggested by the latter equation, namely, en-
semble landing_data, when plotted in terms of
2ygwe versus W, should have a slope equal to T

and an intercept equal to 1/T; as shown in
Fig. 6.
2 é' w' - \ Hegression line
for ensemble data
T from several landings
L
1
L'
o J
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Figure 6. Regression Line Analysis Scheme
for Ensemble Landing Data

Such was shown to be the case in Ref. 1 1In fact
a more detailed analysis based on this concept
was conducted resulting in the suggestion of lead
higher than first order (perhaps involving ves-
tibular feedback) and the indication of a
substantial lag or delay beyond that of just the
airframe and closed-loop pitch response. For
actual landings, this lag was not detrimental,
but for simulator landings it was excessive and
could be used to explain the tendency for hard
landings. Thus this analysis procedure permitted
an assessment of simulator fidelity and even
training effectiveness of the simulator through
dircct comparison of simulator landings with
those made in the actual aircraft.

Rormal Speed Change Maneuver

The normal speed change maneuver in a heli~
copter might include takeoff as well as up-and-
away flight. It is not unlike the corresponding
maneuver in a fixed-wing aircraft. Cyclic pitch
(or elevator) and collective (or throttle) are
coordinated s0 as to effect an x~axis
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acceleration with minimal disturbance to tlight
path. 1In a helicopter the normal technique for
slowing down 1is to pitch up and lower the
collective simultaneously. (The relative amount
of collective control change tends to be in
direct proportion to the airspeed; but collective
control is a separate issue which can be handled
apart from the pitch attitude control, per se.)

The main determinant of a helicopter speed
change 1is the use of pitch attitude since it can
be shown that to a good first-order
approximation’:

bu = X bu - g8 (4)

To this we can add the pilot’s closed-loop con-
trol of attitude in terms of a first-order lag

approximation involving pitch crossover
frequency, 0%9, i.e.,
29 . e+ a6 (5)
w <
e

Thus a pilot control law can be expressed in
terms of a pitch attitude command rather than a
cyclic pitch control command, per se.

The basic control strategy for either regu-
lating or changing speed will involve a speed
feedback 1n the “command loop,” 1.e., as shown 1in
Fig. 7. The job of the pilot is to adopt a speed

Control Strategy for the
Normal Speed Change Maneuver

Figure 7.

control strategy, Ypu, which will result in an
effective management of speed, and we can obtain
strong clues of the pilot’s control strategy by
speed versus

observing a phase plane plot of

acceleration. In several available flight cases,
it can be observed that the phase plane trajec-
is essentially second

tory of a speed change

order., Figure 8 shows some examples.

The kind of data shown in Fig. 8 can be re-
plotted in
shown in Fig.
the terminal condition is lacking.
go 1ll-defined, we must estimate or assume a
closed-loop damping ratio, Z,. A value of 0.7 to
0.9 is probably reasonable in view of the desire
to avoid significant overshoot in any discrete
(Recall that for the landing flare a

conventional phase plane terms as
9, even though good definition of
Where it is

maneuver.
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Figure 8. Typical Flight Examples
of Normal Speed Changes

Terminal condition

initial condition

at a steady forward

velocity
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Figure 9. Typical Phase Plane of a
Normal Speed Change

damping ratio of 0.7 was measured.) The ratio of
peak pitch attitude change (or x-acceleration) to
total speed change {is directly related to the
closed-loop natural frequency. According to the
relationships shown in Fig. 2,

40 o
6, = 2.4 g 5 ':H-:L (6)
U

Using the predominant closed-loop response
and the essential helicopter dynamics, it is thus
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possible to solve directly for the pilot‘s con-

trol law, Y_, 1.e.,
Py
0=1+4+Y Y ~ 62 + 2 ws + W (7)
P. C u u u
u u
where . v
g 1
Y., *~ . (8)
c s ~ X s
u u 1 +;—
e
Airframe Closed~loop
Speed Pitch
Response Response

and, assuming an integral-plus-proportional speed
control,

K
Ypu =K, (1 +-=) 9
then

3 X

2
G g st 4 (e - X)) s 4 mR = 0
' o

(10)

It can be shown that for uk >> W the 53 term

is negligible and the s? coefficient 1s nearly

unity. (Also X, 1s often negligible.)
Thus
2Cuwu+ Xu m‘zl
Ky =S and ke aD,U2)
uu u

Typical flight data may show a 10 deg pitch
change for an 80 kt speed change which therefore
corresponds to an w_ of 0.1 rad/sec according to
Eq. 6. For a g, of 0.7, this would yield a speed
gain crossover frequency of also about
0.1 rad/sec. It should also be noted that only a
pitch attitude cue and a speed cue (i.e., indi-
cated ailrspeed) are needed to accomplish this
task. The integral term implies a trimming func-
tion in parallel with the basic pitch attitude
command. Thus the basic pilot gains (assuming a
typically negligible X, for helicopters) would be

L 0.4 g%& and L 0.07/sec (13),(14)

In retrospect it can be seen that the usual
closed~loop pitch attitude bandwidth (wc ) of
about 1 rad/sec 1is not critical to the perfor-
mance of a the normal speed change maneuver; in
fact, it could possibly be as low as 0.3 rad/sec
and still provide adequate support to the task.

(Clearly this task would not be critical to the



specification of pitch characteris—
tics.) Takeoff time histories for a UH-608 seem

to substantiate these estimates well in that an

responsc

alrspeed inverse time constant of about 0.1/sec
and an attitude inverse time constant of about
0.33/sec can be observed.

NOE Dash/Quickstop Maneuver

This 1is a far more aggressive variety of
speed change wmaneuver than that considered
above. The NOE speed change--really a position
change--also involves timely use of collective
pitch to offset height changes and prevent ground
contact. As before, though, we shall treat only
the x-axis, i.e., the pilot’s control law for
effecting a speed change through use of pitch
attitude control, and set aside the important
collective control aspects. (At the same time,
we are establishing the context of the collective
control task.)

The baslic control strategy for the NUE speed
change maneuver involves a range command-loop
(Fig. 10) since position 1is of ultimate impor-
tance. A phase plane portrait of the
dash/quickstop is therefure currectly depicred in
the R - R plane of Fig. 1l1. Note that we can
handle either the dash-quickstop combination or
the quickstop alone depending upon how we pick
initial conditions, but thc family of phase plane
trajectories would be the same.

Figure 10. Command Loop for the
NOE Speed (Position) Change

If the NOE speed change is assumed to involve
both a range and a velocity feedback, then

Yp_ = Ky + Kgs (15)

The controlled element is the same as before
except for an additional integration, i.e.,

1
Y [ 8 . (16)
c, s(s ~ X,) 1 +_8
w
o
Airframe Closed-Loop
x—Position Pitch Response

Response
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Initial condition
at hover (dash plus
quickstop)

Terminal condition

R- R

Initial condition
at e steady forward
velocity (quickstop
alone) :

———————

Quickstop segment Dash segment

.
Rvegml'!?a.\zﬁ=u
rr r

Figure 11. Range Phase Plane Assuming
Second-Order Closed-Loop Behavior

thus 0= Y, Yo+ 1 = 82 + 20008 + w2 17)
and

53 xu 2

-t (1 - - )s + (gl(_R - Xu)s + gKR =0 (18)
cy cy

and with the §ame simplifying conditions as be-
fore for the s> and s2 terms,

2
zcrwr w

T
and KR - P

K -

(19),(20)

Observations made for a UH-1H performing

quickstops in flight’ were that
egk deg
- ~ 1 T (21)
R
max

starting from 40 kt, the peak pitch-up
Based

e.g.,
during the deceleration was about 40 deg.
on these observations,

ke =4 %‘:& and K =1 %%E (22)(23)°



This corresponds to @ =~ 0.8 rad/sec which is
also about equal to thef effective crossover fre-
quency. This 1is an extraordinarily high
bandwidth for an x-axis task! Again applying a
factor-of-three bandwidth requirement for pitch
attitude, an NOE dash/quickstop should require
about 2.5 rad/sec w, —-nearly an order of magni-
tude higher than thé
Also, this value agrees well with the pitch damp—-
ing (essentially pitch attitude bandwidth)
suggested by Edenborough and Wernicke for the
NOE regime. This bandwidth requirement, of
cource, ig at great variance Fith the pitch damp-—
ing specified in MIL-H-8501all.

Decelerating Approach to Hover

This 1s a flight task for which the estima-
tion of a simple pilot control strategy 1s
obscured by the effecig of visual perception of
range. Moen, et al."“, collected numerous ap-
proach profiles, such as those shown in Fig. 12;
but it 1is not possible to fit simple Ilinear,
constant~coefficient models as in the previous
two cases.

10
6(deg)

0 ~

-10

80
R(kt)

b

0O .25

R(nm)

Figure 12. Typical Approach P{sfiles
Measured by Moen, et al.

It was found, however, that if the "perceived
range" function of Gilinskyl was assumed to be
operating, 1i.e.,

Perceived R

Range, p 1+ R/A’ (24)

where A is an empirically obtained perceived-
range constant and R is the actual range, then

normal speed change task.-
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the pilot control strategy for the entire ap-
proach followed by hover 1s a simple, stationary
form such as shown in Fig. 13.

Y ec
, F—
1 et
1+ R/A

Decelerating Approach-to-Hover
Control Strategy

Figure 13.

A closed-form splution of the approach pro-
file can be derived” in terms of deceleration or
pitch attitude versus range:

- Kﬁ R
ght = R = (25)

(1 + r/A)3

where K, 1is an effective pilot control strategy
gain and the effective crossover frequency can be
expressed as a function of range by

e, " K TFwa (26)
The goodness of this model d4s shown 1in

Fig. 14 along with two fittings to a set of
flight data--one slightly better at long range
and the other at short range.

Note that a value of 0.25 for K, and 500 ft
for A would give a crossover equal to about

0.035 rad/sec at 0.5 nm, 0.065 rad/sec at
0.25 nm, and 0.25 rad/sec at hover, i.e., a
steadily increaeing bandwidth. It 1is particu-

larly interesting that the model applies to a
steady hover as well as to the entire speed tran-
sition. the above estimated value
of wca
measurements made by Ringland, et al.
open cockpit on the NASA Ames Research Center

Furthermore,

at hover agrees well with the simulator

14, using an

$.01 six-degrees-of-freedom simulator. Those
data showed hover position bandwidth
w o~ 0.2 rad/sec for three pilots.

x

One last observation for this case is that
the supporting pitch attitude bandwidth require-
ment would be about 1 rad/sec, and crucial only
during the very last portion of the maneuver.
This agrees with Ringland’s data!® (the measured

w was about 1.4 rad/sec) and other multiloop

(4
analytical approaches as exemplified by Craig,

et al.ls.
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1. Summary of Helicopter Speed
Change Characteristics
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HANDLING QUALITIES IMPLICATIONS

The discrete maneuver analysis dJdemonstrated
above provides the potential for predicting hand-
ling qualities needs or problem areas. In effect
the quantitative definition of a discrete man-

euver establishes the context for wuse of
supporting controls or inner loops.

For the landing maneuver a nominal closed N
1loop natural frequency of 0.4 rad/sec implies

that the pilot should be able to establish easily
a pitch attitude bandwidth of about 1.2 rad/sec,
i.e., about three times the outer loop bandwidth.

For the x—axis control in each of three basic
helicopter speed change maneuvers, there were
variations in cues used and in the abruptness

required in the attitude response. This is sum-
marized in Table 1. It should be noted that
certain handling qualities requirements having

fair agreement with present standards have been
derived from a direct, simple analysis of basic
discrete-maneuver flight tasks. Furthermore, the
parameters used to characterize the outer-loop
discrete maneuvers are identical in form to the
inner-loop regulatory or tracking functions such

as altlitude control. For example we can deal
with pilot control strategy gaims, pilot
compensation, crossover frequencies, and phase
margins.

The very limited depth of the foregoing an—
alysis must be recognized, however. The amount
and quality of flight data supporting the numeri-
cal results presented 1is grossly inadequate for
setting design standards. Data for individual
flight tasks must be gathered systematically for
reasonably large populations of skilled pilots
and various vehicle types. As shown, analysis
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methods do not require large arrays of vehicle
state records, therefore extensive flight test
instrumentation is not really needed. To an
extent, existing flight and simulator data could
be reanalyzed. Useful data can also be obtained
nonintrusively from flight and simulator investi-
gations having other primary objectives.

A thorough quantitative definition of heli-
copter flight tasks and maneuvers should be
compiled with special ewmphasis on the critlcal
mission segments for fixed- and rotary-wing air-
craft such as approach and landing, terrain
following, formation flight, and NOE air-to-air
conbat or for difficult operating environments
such as nighttime, instrument meteorological
conditions, or extreme atmospheric disturbances.

Handling qualities are not solely tied to
"stability and control" but can also impact "per-
formance" aspects, especially in  extreme
maneuvers. For example in the case of helicop-
ters, in normal speed change maneuvers (including
takeoff) or in an approach to hover, large torque
transients due to the pilot’s use of collective
pitch are not 1likely. Performance of a very
abrupt quickstop, on the other hand, requires
collective pitch applied with commensurate quick-
ness to avoid ground-tail contact or excessive
increase in altitude. The specific amount of
maneuver abruptness (in terms of ) implied by
the quickstop analysis presented here is likely
to lead to the rotor drive-systexn/fuel-control
coupling discussed in Kuczy'nskils. The result
may be significant rotor underspeed/ overspeed
transients which, in effect, limit just how ag-
gressively the pilot performs in a critical
situation. It should be further noted that the
pilot model arising from the flight task analysis
can also be used as a tool for uncanned computer




simulation in very early design stages. Thus
realistic closed-loop investigations can be con-
ducted into  "stability and control™  and
"performance” interactions.

The main handling-qualities-related objective
of the analysis approach presented has been to
emphasize the rational, direct relationship be-
tween a task and 1its supporting handling
qualities features.

SIMULATOR FIDELITY

Simulator fidelity is a basic issue in the
field of handling qualities when flight simula-
tion is the main source of pilot and performance
data. Normally simulator fidelity is established
by focusing on the correctness of dynamic re-
sponse of the simulator motion and visual systems
and the vehicle mathematical model. The result
is frequently great simulator system sophistica-
tion and model complexity.

One criterion for simulator fidelity is the
extent to which the simulator induces the same
piloting technique or control strategy for a
glven task as does the actual aircraft’, Thus wc
might measure pilot control strategy in the simu-
lator in the manner suggested here and compare it
to flight. As mentioned earlier, this was done
in the casce of the DC-10 landing man#uver and
found to reveal significant differences account-
ing for landing performance problems. In
addition, certain adverse training effects were
spotted in terms of pilot control strategy. For
example, a large number of pilots training on the

simulator carried over into flight excessive
amounts of control lag or improper Ilead
compensation.

A simulator fidelity effect which relates to
the speed change maneuvers analyzed here was
found in a recent set of unpublished data ob-
tained from an Army UH-60 training simulator.
These data, shown in Fig. 15, describe a quick-
stop maneuver as performed by an 1instructor
flying at low altitude over a runway.

Direct inspection of the phase plane of é

versus R reveals a constant slope of 0.071
ft/sec/ft with no apparent preference for
range. The approximate closed-loop roots are

therefore (s + w, Y(s + 0.065)s. Equation (18)
can thus be used to estimate Ky and Kp, i.e.,

‘0= 2 2 .
0 " + s + g Kps + gKg

o
6 0.071y 2
-+ (1 + T_) s + 0.065s (27)
e €
Hence
Ky = 0.2 9% and k=0 (28),(29)
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.071/sec

Figure 15. Quickstop Phase Plane Data
From UH-60 Training Simulator

Comparing these values to the 4 deg/kt and
1 deg/ft, respectively, estimated from flight, we
see that in the simulator the closure-rate feed-
back was more than an order of magnitude smaller
and that the range feedback was essentially non-
existent. Having such a disparity should, of
course, discourage any use of the simulator for
that particular maneuver, but it also can help to
diagnose the source of simulator fidelity prob-
lems. In the case cited above, it is likely that
the main limiting feature was the downward field
of view over the ngse. According to the simula-
tor specification this was 18 deg, and the
maximum pitch attitude recorded during the man-
euver was 13 deg.

CONCLUSIORS

It is feasible to address the performance of
discrete maneuvers in terms of conventional
closed-loop pilot models. The maneuver task
itself can be described in terms of the dominant
response modes and commanded states. This task
performance description can then be used to de-
duce the pilot element features such as effective
loop gains, conmpensation, and perceptual
pathways.

While this technique has been applied to a
variety of fixed- and rotary-wing aircraft tasks,
much remains to be done to define adequately each
of the various piloting tasks crucial to the full
range of civil and military missions. Data for
individual flight tasks should be systematically
gathered for reasonably large populations of
skilled pilots and various aircraft types.



The availability of such data would enhance

the development of handling qualities standards,
the determination of simulator fidelity and velo-

city,

and the evaluation of the effectiveness of

pilot training programs.
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