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Abstract K1 Pilot's integral gain in normal speed
change maneuver

It 1is becoming increasingly convenient to
measure and analyze directly the control strategy Ky Pilot's speed loop gain
of pilots involved in performing authentic
tasks —— both in simulators and in flight. As a Kg Pilot's position gain in dash/quickstop
result, it is now possible to begin compiling a
catalog of engineering descriptions of various Kp Pilot's closure rate gain in dash/
flight tasks, the associated piloting technique, quickstop
and the perceptual pathways involved. This paper
describes how a certain class of helicopter
flight tasks, namely acceleration/ deceleration
manewers, can be quantified and put to use in
the fields of handling qualities, flight train-

R Range (actual)
Re

ing, and evaluation of simulator fidelity. The Ry Perceived range
R

Position command

three specific cases include the normal speed

change manewer, the nap-of-the-earth dash/ C(losure rate

quickstop, and the decelerating approach to Rmax Maximm closure rate
hover. All of these manewers share common gen- .
eric features in terms of pilot adaptation and R Deceleration
mathematical description; yet each differs in .
terms of the essential feedback loop structure, u Perturbation forward speed
implications for handling qualities requirements,
and simulator fidelity criteria. u Forward speed
U Speed command
Notation x Fore-and-aft displacement
A Gilinsky's perceived range constant X Speed damping stability derivative
g Gravity constant Yc() Gontrolled element transfer fumction
h Height Yp() Pilot control strategy transfer function
h Vertical velocity A8 Perturbation pitch attitude
l').pk Maximm sink rate during terminal landing z Damping ratio
maneuver
. 20 Closed-loop damping ratio of () task
heg Touchdown sink rate for landing manewer
r Pitch attitude
K, Pilot's effective gain in approach task
B Pitch attitude command

8pk Maximm pitch attitude during quickstop
manewer

M Fhase margin

Phase margin of () task
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Natural frequency

w

w() Closed-loop natural frequency of () task
We Crossover frequency

mc() Effective crossover frequency of () task
Subscripts

a Approach to hover task

£ landing flare task

r Dash/quickstop task

u Normal speed change task

X Fore-and-aft position regulation task

6 Pitch attitude regulation task

Introduction

The purpose of this paper is to describe,
using a set of examples, certain elements of an
approach to handling qualities which can quanti-
tatively account for the pilot-vehicle response
needs in performing specific flight tasks or
maneuvers. ‘'This is accomplished by modeling the
flight task or manewer in a way which permits
the inference of the pilot's loop structure and
the relative dependence of task performance on
various essential and supporting loops. This
complements and is fully compatible with the
equivalent systems approach to describing the
vehicle dynamics'*< and, in fact, provides the
needed context for applying bandwidth criteriad,

If handling qualities are "those stability
and dynamic response characteristics of an air-
craft and its control system which impact the
pilot's ability to complete some useful task or
mission,"* then we must be prepared to quantify
not only the vehicle but also the task. Thsk
quantification is the real subject of this paper;
and we illustrate the concept using examples of
several kinds of Thelicopter acceleration/
deceleration maneuvers.

Historically, handling qualities requirements
have not been very closely tied to specific
flight tasks.  This holds for Ffixed-wing,
V/S’IOL6, and rotary-wing aircraft/, Perhaps the
closest that existing specifications come to
dealing with individual flight tasks is the
fixed-wing handling qualities specification,
MIL-F-8785C, and its three "flight phase categor-
ies;" however, we shall be dealing with at least
one or two additional tiers of detail in the

-control for each task).
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individual task or manewer description (i.e.,
specific flight tasks and then individual axes of
With regard to the
rotary-wing specification, MII-H-8501A, there is
the mention of specific flight tasks in comnec-
tion with various power and speed conditions but,
again, no quantitative definition. Hence, as
specialized enviromments such as NOE have entered
the scene, it has been necessary to consider
significantly more stringent response standards
such as_those suggested by Edenborough and
Wernicke8. M example of the level of task
breakdown which should be considered is shown in

™ble 19. ‘'This is based,

in part,

on careful

tabulation of Army training objectives.

Table 1.

Army Flight Tasks and Maneuvers

(Rotary- and Fixed-Wing)

H WEAPON DEL [VERY

STRAIGHT AND LEVEL Hover FiRre
CLins/DESCENT Runnine FIRre
Levee Turns Divine FiRre
CLinB/DESCENDING TurNs ACN

@ ACCELERATION/DECELERATION
TRAFFIC PATTERN INSTRUMENT FLIGHT

Stow FLiGHuT
STALLS

N
TAxeoFF 7o Hover
Hover
Hover CHECKs
Hover Turws
ForwArD HOvER
Lanp FroM Hover
Hover Qut oF Grounp EFFECT
CoNFINED AREA
PrunacLE/RIDGELINE
SLope

TAKEQFF
NorMaL TaxEeofF
MaxiMum PERFORMANCE
SHORT FlELD
0BsTACLE CLEARANCE
TERRAIN FLIGHT TAKEOFF

PROACH/LAND[N

® NorMmaL APPROACH/LANDING
STEEP APPROACH
SHALLOW APPROACH
6a ArounD
SHorT F1ELD
OBsTACLE CLEARANCE
Terrain FLIGHT APPROACH
VASI ApproAcH

QW ALT[TUDE OPERATONS

TerRAtN FLIGHT NAVIGATION
Low LEvEL FLiGHT
ConTour FLIGHT
NOE FLiGnT
Unmask/REmASK
® Dasu/Quickstap
EvasivE MANEUVERS

® CASES CONSIDERED IN THIS PAPER.

The aim of this paper, then, is to show how a

more thorough treatment of
tasks and maneuvers can

TAXEOFF

Lever FLIGHT

Tusns

TiMep Turws
Cr1mBs/DESCENTS
CLimB/DescendinG Turns
ACCELERAT1OM/DECELERATION
AuTOROTATION

YOR MaviGaTion

ADF MavIiGaTION

HoLpine

UnusuaL ATTITUDE RECOVERY
NavaID APPROACH

GCA ApPROACH

TacTicAL [NSTRURMENT TAKEOFF
TacTIcAL INSTRUMENT APPROACH

EMERGENCIES

Hover AuToROTATION
STANDARD AUTOROTATION
STANDARD AUTOROTATION WITH
Turn
Low-LeveL AuvoroTaTion
HyprAuLIC MALFUNCTION
Ant1-ToRauE MALFUNCTION
EnGINE FAILURE AT ALTITUDE
EnGine Faiture AT Hover
FLiGHT AT WMC (SinGLe Ewcine)
SinGLE ENGINE LANDING
SinGLe EnGIne Go Arcuwo
ENGINE FATLURE AT TaKeoFF
Encine FarLure DuriNG APPROACH

individual flight
result in better




understanding of the piloting technique, the
perceptual pathways, crucial vehicle characteris-
tics, and the role of supporting pilot loops.
The hope is to arrive at a more rational and
selective approach to handling qualities which
looks after the key ingredients of any particular
piloting task. This approach can also be useful
in judging the wvalidity of simulator investiga-
tions of handling qualities.

In order to illustrate the above concepts we
shall consider one class of helicopter flight
tasks, namely speed changes. Representing this
class are three rather specific maneuvers:

1) Normal speed change maneuvers
2) NOE dash/quickstop
3) Decelerating approach to hover.

As we shall see, each involves a unique combina-
tion of abruptmess, pilot compensation, essential
loop structure, and crucial vehicle features, In
effect, each maneuwer represents a particular
context for judging handling qualities.

Technical Approach

The approach to analyzing the speed change
maneuvers listed above 1is adapted from a
particularly successful and insightful analysis
of the _ landing flare for a DC-10 jet
transport' V. Based on a direct estimation of
closed-loop flight path response for the flare
manewver, pilot control strategy was quantified
in considerable detail. This resulted, in turn,
in identifying differences between landings per-
formed in flight and in a simulator, the effects
of training pilots in flight as opposed to on a
simulator, and the key features in the pilot or
aircraft responsible for any landing
difficulties.

The analysis procedure applied to the DC-10
landing flare consisted of identifying the effec-
tive second-order closed-loop response parameters<
(e.g., frequency and damping) and subtracting the
open-loop aircraft response in order to infer the
pilot's control strategy. Each of these compo-~
nents, of course, has value, i.e.,

1) Closed-loop pilot-vehicle response:
abruptness or urgency of the task and specific
context for supporting loops or pilot actions.

2) Open-loop aircraft response: specific
roles or influences of vehicle stability, con-
trol, and performance characteristics.

3) Pilot control strategy: availability of
cues, ease of compensation, and level of skill.
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(ne important tool in the DC-10 analysis was
the use of a phase plane plot of the "command
loop" (extreme outer loop) — in that case height
versus height rate-ofchange. Based on the phase
plane trajectory, it was observed that the
landing flare was equivalent to an unforced
second-order response beginning with a set of
state initial conditions and a set of state
commands appropriate to touchdowmn. This is shown
in the sketch in Fig. 1.

General second-order
phase plane

trajectory \\‘
described by §f, we

]
1
1
!
I
!
I

!

Flare Segment

Approach Segment

Ground
Constraint Flare Initiation
'1'1+2Cfmfﬁ+<b?h = 0
Figure 1. Fthase Plane Depiction

of Ianding Flare

The closed-loop damping and natural frequency

parameters, g and wg, can be found using
rigorous parameter identification procedures,
although even simple phase plane estimation

methods work well. The sketch in Fig., 2 outlines
all that we shall need in order to address the
speed change maneuvers of interest here.

For the 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. In terms of an effective
bandwidth (crossover frequency) and phase margin,
the DC-10 flare was found to have:

Crossover Frequency, v, ™ 0.2 to 0.33 rad/sec
£

Fhase Margin, 4>Mf ='70 to 90 deg



Bk

Figure 2. MNormalized Phase Plane and
Relationships for Extracting Closed-Ioop
Demping and Natural Frequency

These values therefore establish a highly quanti-
tative context by which to judge basic airplane
response characteristics and the degree of pre-
cision and control of pitch attitude required for
support of the landing maneuver. As an example
we might apply a factor-of-five rule of thumb for
setting the necessary inner-loop pitch response
bandwidth. Hence the equivalent-system pitch
attitude bandwidth requirement for landing in the
DC-10 should be at least 1 to 1.7 rad/sec — a
reasonable range of values,

Normal Speed Change Manewer

The normal speed change manewer 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 so as to effect an x-axis accelera-
tion with minimal disturbance to flight path. I
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a helicopter the normal technique for slowing
down is to simultaneously pitch up and lower the
collective. 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 is the use of pitch attitude since it can
be shown _that to a good first-order
approximation' ':

AU = X,0u - gAg m

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 fre-
quency, w o i.e.,

(2

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 in the "command loop," i.e., as shown in
Fig. 3. The job of the pilot is to adopt a speed

Control Strategy for the
Normal Speed Change Maneuver

Figure 3.

control strategy, , which will result in an
effective management Of speed, and we can obtain
strong clues of the pilot's control strategy by
observing a phase plane plot of speed versus
acceleration. In several available flight cases,
it can be observed that the phase plane
trajectory of a speed change is essentially
second order. Figure 4 shows some examples.



\ el
N

U

Figure 4. Typical Flight Examples
of Normal Speed Changes

The kind of data shown in Fig. 4 can be re-
plotted in conventional phase plane terms as
shown in Fig., 5, even though good definition of
the terminal condition is lacking. Where it is
so 1ill-defined, we must estimate or assume a
closed-loop damping ratio, g,. A value of 0.7 to
0.9 is probably reasonable in view of the desire
to avoid significant overshoot in any discrete
manewer. (Recall that for the landing flare a
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.

Aek

__px
“ AU

u~2.4g

3

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

trol law, Y, .
° Pu

I A s2+2:;umus+m‘_21 ()

u

i.e., 0=1+4+Y
1.e pu
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Initial
Condition at a

Terminal Steady Forward
Condition Uu—-u e Veloc:l.ty\
U
s—ge
U + 2§utbuU + a)i] = 0
Figure 5. Typical Phase Plane of a
Normal Speed Change
g 1
where Ycu S-&J.<1+S> )
w
e
Airframe Closed-loop
Speed Pitch
Response Response

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

K

1
Ypu ~k; (1+35) (6)
then
3
5+ (1 +§I_) 32+(gKU—Xu) s + gkK; =0
(l)ce mce

0

It can be shown that for veg >> w,, the s3 term
is negligible and the s2 coefficient is nearly
unity.

(Also X, is often negligible.)



Thus
Zyey T X “’121
KU = -—g~ and KI L] m ®,(9

Typical flight data may show a 10 deg pitch
change for an 80 kt speed change which therefore
corresponds to an of 0.1 rad/sec according to
Eqn. (3). For a g, of 0.7, this would yield a
crossover frequency of 0.07 rad/sec and a phase
margin of about 85 deg. It should also be noted
that only a pitch attitude cue and a speed cue
(i.e., indicated airspeed) are needed to accom-
plish this task. ‘The integral term implies a
trimming function in parallel with the basic
pitch attitude command. ‘Thus the basic pilot
gains (assuming a typically negligible X, for
helicopters) would be

Ky~ 0.4 528 and K = 0.07/sec ao,an

In retrospect it can be seen that the usual
closed-loop pitch attitude bandwidth (w, ) of
about 1 rad/sec is not critical to the perfor-
mance of a the normal speed change maneuver; in
fact, it could be as low as 0.35 rad/sec and
still provide adequate support to the task.
Takeoff time histories for a UH-60'2Z seem to
substantiate these estimates well in that an
airspeed inverse time constant of about 0.1/sec
and an attitude inverse time constant of about
0.33/sec can be cbserved.

NOE Dash/Quickstop Manewer

This is a far more aggressive variety of

speed change maneuver than that considered
above. The NOE speed change — really a position
change —_ also involves use of collective pitch

to offset height changes and prevent ground con-
tact. As before, though, we shall treat only the
x-axis, i.e., the pilot's control law for effect-
ing a speed change through use of pitch attitude
control, and set aside the important collective
control aspects., (At the same time, we are es-
tablishing the context of the collective control
task.)

The basic control strategy for the NOE man-
euver involves a range command-loop (Fig. 6)

since position is of ultimate importance. A
phase plane portrait of the dash/quickstop is
therefore correctly depicted in the R - R plane
of Fig. 7. MNote that we can handle either the
dash-quickstop combination or the quickstop alone
depending upon how we pick initial conditions,
but the family of phase plane trajectories would
be the same.

Rc + Y 8.
Pr
R
Figure 6. Command loop for the

NOE Speed (Position) Change

Initial Condition
at Rest (dash
plus quickitop)

Terminal
Condition

R-Rg

—————

Dash Segment

———

Quickstop Segment
Initial Condition
at a Steady Forward
Velocity (quickstop
alone)

R+2t of+ mfR = 0

Figure 7. Range Phase Plane Assuming
Second-Order Closed-Ioop Behavior

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

Y

b = Kr + Kis 12)



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

Y o~ B, ] (13
o TRESR (T
luce
Airframe Closed-loop
x-Position Pitch Response
Response
= 2 2
thus 0 = YbrYér +1 =58+ 20,08 + w 14
and
3 %
s 2 .
- + (1 - ?)s + (gKg - X )s +gkg = 0 (19

e 8

and with the same simplifying conditions as be-
fore for the s’ and s“ terms,

2
20w .

rry r
and KRS_g

Ky =~ 16,017

Observations made for a UH-1H performing
quickstops in flight9 were that

18

max

e.g., starting from 40 kt, the peak pitch-up
during the deceleration was about 40 deg. Based
on these observations,
w498 ang g o~ 19E (19)
KR £ R T
This corresponds to w,. = 0.8 rad/sec and, for

g 0.7, the effective crossover £frequency is
0.5 rad/sec and the phase margin is 85 deg. This
is an extraordinarily high bandwidth for an
x-axis taskl Again applying a factor-of-five
bandwidth requirement for pitch attitude, an NOE
dash/quickstop should require about 2.5 rad/sec
w. —— nearly an order of magnitude higher than

the normal speed change task. Also, this value
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agrees well with the pitch damping (essentially
pitch  attitude bandwidth) suggested by
Edenborough and Wernicke® for the NOE regime.
This bandwidth requirement, of course, is at
great variance with the pitch damping specified
in MIL~H-8501A (see Ref. 11).

Decelerating Approach to Hover

This is a flight task for which the estima-
tion of a simple pilot control strategy is
obscured by the effects of visual perception of
range. Men, et al., collected numerous
approach profiles, such as those shown in Fig. 8;
but it is not possible to fit simple linear,
constant-coefficient models as in the previous
two cases.

10
(<]
(deg)
° \\ .
10
80
-R
(kt)
) 1 )
0] .25 .5
R (nm)
Figure 8. Typical Approach Profiles

Measured by Moen, et al.

It was found, however, that if the "perceived
range" function of Gilinsky14 was assumed to be
operating, i.e.,

Perceived

Range. (20)

- R
TTewa

where A is an empirically obtained perceived
range constant and R is the actual range, then
the pilot control strategy for the entire



approach followed by hover is a simple,
stationary form such as shown in Fig. 9.
R 2
c + Y [
% 1 R
T+ R/A
Figure 9. Decelerating Approach-to-Hover

Control Strategy

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

. K R
gAB = R = _3—_3 @1
(1 + R/A)

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

(22)

The goodness of this model is shom in
Fig, 10 along with two fittings to a set of
flight data - one slightly better at long range
and the other at short range.

— Flight test data for one typical deceleration
maneuver starting at 80 kt airspeed and
1000 ft altitude
2 —-— Modeled maneuver with A = 600 ft, K = 0.23/sec

— — ~Modeled maneuver with A = 400 ft, K = 0.30/sec

0 125

Figure 10. Comparison of Deceleration Profiles
Between fnalytical Model and Flight Test Data

228

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 increasing bandwidth. It is particu-
larly interesting that the model applies to a
steady hover as well as to the entire speed

Furthermore, the above estimated
e, at hover agrees well with the
similator measurements made by Ringland, et
al.,16 using an open cockpit on the NASA Ames

transition.
value of o

Research  Center S.01 six-degrees-of-freedom
similator. Those data showed hover position
bandwidth w, = 0.2 rad/sec for three pilots.

X
ne last observation for this case is that

the supporting pitch attitude bandwidth require-
ment would be about 1.3 rad/sec, and crucial only
during the very last portion of the maneuver.
This agrees with the Ringland datal® (the
measured mce was about 1.4 rad/sec) and other
multiloop analytical approaches as exemplified by
Craig, et al.,17.

Handling Qualities Implications

As a result of the above analysis, we have
defined the x-axis control for three basic heli-
copter speed change maneuvers. In each case
there were variations in cues used and in the
abruptness and, therefore, the quickness required
in the attitude response. This is summarized in
Table 2.

Table 2. Summary of Helicopter Speed

Change (haracteristics

IurLED BaMrwiDTH
ReautremeEnT Fan
Pitcn ArTttune

ErFEcTive Crossover
n Duter Loor

Loor Stmuctume,

ManeuvER Pirot Cues

NormaL Seeep ==0.07 man/sEc ==0.35 mAD/sEC

CHARGE

U e,
{TNTEGRAL-PLUS-
PROPORT 1 ONAL
COMPERSATION)

Increastne To
==1.3 man/sec

IncREASING TO
=20.25 man/sec

DeceLemaTINg
ApproacH To Hovem

Rp * 8
{Pure sAln
USING “PERCEIVED
RANGE")

NOE Dasw/QuicksTor [ .8 L 220.5 rap/sEC ==2.5 mAn/sec




It should be mnoted that certain handling
qualities requirements having fair agreement with

present standards have been derived from a
direct, simple analysis of basic discrete-
manewer flight tasks. Furthermore, the

parameters used to characterize the outer-loop
discrete manewers are identical in form to the
inner-loop regulatory or tracking functions such
as attitude control. For example we can deal
with pilot control strategy gains, pilot
compensation, crossover frequencies, phase
marginsg, etc.

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 is 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
methods do not require large arrays of vehicle
state records, therefore extensive flight test
instrunentation 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 include
those listed in Table 1 with special emphasis on
the critical mission segments such as NOE or
air-to-air combat or difficult operating
enviroments 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-
especially
maneuvers. For example, in normal speed change
manewers (including takeoff) or in an approach
to hover, large torque transients due to the
pilot's use of collective pitch are not likely.
Performance of a very abrupt quickstop, on the
other hand, requires collective pitch applied
with commensurate quickness to avoid ground-tail
contact or excessive increase in altitude. The
specific amount of maneuver abruptness (in terms

formance"  aspects, in extreme

of w,. or wcr) implied by the quickstop analysis
presented here is likely to lead to the rotor
drive-system/fuel-control coupling discussed in
Ref. 18. 'The result may be significant rotor
underspeed/overspeed transients which, in effect,
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limit just how aggressively 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 unmanned
computer simulation very early design
stages. Thus realistic closed-loop investiga-
tions can be conducted into '"stability and
control” and "performance" interactions.

in

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

Similator 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. DMNormally similator 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.

(ne criterion for simulator fidelity is the
extent to which the simulator induces the same
piloting technique or control strategy for a
given task as does the actual aircraft’. Thus we
might measure pilot control strategy in the simu-
lator in the mamner suggested here and compare it

to flight. . This was_done in the case of the
DC-10 landing maneuver'” and found to reveal sig-
nificant differences accounting for landing

performance problems. In addition, certain ad-
verse training effects were spotted in terms of
pilet control strategy.

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. 11, describe a quick-
stop maneuwver as performed by an instructor
flying at low altitude over a rumway.
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J
Figure 11. Quickstop Phase Plane Data

From UH-60 Training Simulator

Direct inspection of the phase plane of R
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, )(s + 0.065)s. Equation (15)
can thus be used t estimate Kp and Kg, i.e.,

o=i+s2+gK§s+gKR
w
[+

3]

3 0.071y 2

= + (1 + =211 g% + 0.065s 22

wC wC

<] 3]
Hence
© = 0.2%8 and K, ~0 (23),(24)
t

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 nose. According to the
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simlator specification19 this was 18 deg, and
the maximm pitch attitude recorded during the
maneuver was 13 deg.

Conclusions

Using, as an example, three specific kinds of
helicopter speed change maneuvers, we have demon-
strated how each of the manewers can be modeled
and interpreted in terms of its own individual
pilot control strategy. The normal speed change
maneuwver relies only on a speed feedback Lloop
with some proportional-plus-integral compensa-
tion. The manewer is mild and requires minimal
response bandwidth in the supporting pitch atti-
tude regulation.

The NOE dash/quickstop contrasts greatly with
the normal speed change maneuver in terms of
abruptness and requires both range and closure-
rate feedbacks. The pilot's aggressiveness in
the maneuver calls for a very large pitch atti-
tude bandwidth in order to adequately control the
vehicle. In addition, the collective pitch con-
trol response required to support the maneuver in
terms of height regulation may precipitate
engine/fuel -control deficiencies in adequately
controlling rotor rpm.

The third maneuver, the decelerating approach
to hover, is intermediate to the other two in
terms of abruptness but involves pilot perception
in a special way. It is shown that the pilot
control strategy can remain relatively invariant
throughout the approach and ensuing hover and
that the main source of closed-loop variation
arises from the nonlinear effect of range
perception.

Handling qualities implications can be drawn
in each case by inspecting the role of wvehicle
dynamics either in the direct response (in these
cases, speed response) or in the response of
supporting axes or controls (e.g., pitch attitude
due to cyclic pitch change). ‘This was demon-
strated for the simple cases considered here by
applying a "factor-of-five" inmer-loop/outer-loop
bandwidth criterion. A more thorough, systematic
treatment would, of course, be required to set
fimm handling qualities requirements.

Simulator fidelity was also addressed in
terms of the analysis approach illustrated
here. The main fidelity criterion used was the
direct, quantitative comparison of the pilot
control strategy induced in a particular simula-
tor versus that induced by an actual aircraft
comterpart. Discrepancies in control strategy



can then be used to aid in searching for specific
sources of deficiencies in the simulator motion
or visual systems or in the computer mathematical
models of the vehicle and enviromment.

It is suggested that the general approach

illustrated here be applied in a broader, more
thorough marmer to the field of handling quali-

ties.

The approach provides a rational way to

"account for the handling-qualities needs in sup-

porting a given flight task.

It also offers a

means for evaluating the validity and effective-
ness of flight simulation tools which must be

used in  establishing handling qualities
requirements.
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