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NOMENCLATURE

Drag coefficient

Drag curve slope

Lift coefficient

Lift curve slope

Lift coefficient at zero angle of attack
Blowing coefficient, T/SQ

Constants (Eq. 2)

Deviation from glide slope; ft

Glide slope error (equals ~d when loop is closed as shown in
Fig. 3); ft

Acceleration due to gravity; ft/sec?

Perturbation altitude (change in altitude from trim); ft
Constants in Eq. 1

Pitch-attitude-to-elevator feedback gain
Pitch-rate-to-elevator feedback gain; sec

Mass of alrplane

Numerator of transfer function which describes pitch-attitude-
to-elevator response (see Ref, 2); becomes denaminator of sink-
rate-to-throttle response when attitude is constrained
Coupling numerator due to closure of two loops to two different
control points; becomes numerator of sink-rate-to-throttle
response when attitude is constrained

Dynamic pressure; 1b/fte

Wirg area; ft@

Time; sec

Thrust; percent or 1b
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Pitch attitude SAS feedback time constant, Kg/Kg; sec
Time constant for exponential fiare; sec
Zero of coupling numerator, NgegT (sée Eq. 2a); sec

Zero of sink-rate-to~elevetor numerator, 1/Th1 = =g (0y /oV)sy

Compensation provided by pilot based on experimental measure-
ments; sec

Pitch attitude numerator (Nge) zero; speed mode time constant
when pitch attitude is constrained (see Eg. 1); sec

Pitch attitude numerator (Nge) zero; path mode time constant
when pitch attitude is constrained (see Eq. 1); sec

Horizontal wind gust; ft/sec
Trim speed; ft/sec

Vertical wind gust; ft/sec

Equals ~(pSUp/m)(Cp + cDu); 1/sec
Equals (pSUo/m)(Cr, = Cpy); 1/sec
Equals ~SQCpgp; (ft/sec?)/percent

Transfer function representing pilot control characteristics
to a perceived error

Equals ~(pSUy/m)(CL + CL,); 1/sec
Equals ~(pSUs/2m)(Cp + CLgy); */sec
Equals UgZy,; (ft/sec?)/rad

Equals 'SQCIGT

Angle of attack; deg or rad

Flight path angle; angle of velocity vector with respect to
horizontal

Maximum flight path response to a step throttle input
Steady-state flight path response after a step throttle input
Percent power (throttle)

See Eq. 2.
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Powered-1ift efficiency parameter; —(dCL/3C,)(C,/CL)

Pitch attitude; deg or rad

Effestive thrust inclination angle; lumps aerodynamic and
thrust effects into an equivalent thrust vector (6p = 90 deg
when thrust is perpendicular to flight path); deg

Air density; slug-ft2

Closed~loop bandwidth parameter (see Eq, 5)

Path ?ode frequency when pitch attitude is constrained (see
Eq. 2

vii
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SECTION I
INTRODUCTION

The purpose of this program has been to define characteristics or com-

binations of characteristics which result in minimally acceptable flight
path control for powered-lift STOL airplanes. This summary report presents

an overview of the results, Many of the results were obtained from closed-
loop servo analyses considerations of the pilot/vehicle system. Whorever
possible, these have been reinterpreted in terms of basic aerodynsmic char-
acteristics or time domain responses in this summary report.

A. PROGRAM SUMMARY

The research effort spanned a period of approximately two years and
involved analysis, simulation, and flight test as outlined below.

® Definition of the generic properties of various STOL
concepts with emphasis on those characteristics expected
to result in minimally acceptable path control.

® Conduct of a two-phase simulation program with 11 generic
STOL configuratior.s and 9 pilots. Both phases of this
simulation program were run on the NASA/Ames S-16 Moving-
Base Simulator,

® Conduct of an abbreviated flight test progrem on the
Princeton University Variable Stability NAVION to allow
interpretaticn of the simulation final approach and land-
ing results in light of a flight environment,

€ Analysis of simulation results in terms of key parameters

and critical flight path regimes defining minimum accept-
able flight path control for powered-lift STOL vehicles,

B. DESCRIPTION OF GENERIC STOL CONFIGURATIONS

Eleven generic configurations were derived to characterize the extremes
of potential variations in the performance parameters (Cy, Cp, and C,). The

simulated airplenes are grouped and labeled in terms of their lift, drag, and

thrust characteristics in Table 1. More specific descriptions of the varia-
ticas of the performance parameters with thrust (C,) are given in Vol. III.
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TABLE 1, SUMMARY OF CHARACTERISTICS OF THE SIMULATED CONFIGURATIONS

‘ n REFRESENTATIVE 3 !
GROUP | CONFIGURATIONS | Cr, V8. €, CLQL VS Cy By STOL COFCEPT COMMENTS 2
I BSL1, 2, 2RLD | Linear and | Lirecar and €1 deg | Low efficiency ! 3SL! has 207 lower Cl,
moderate moderate ZRST or VT than B3L% anl 2RID.
BALZRLD nas modified
stall,
II | AP2, 6, RID Very non. | Nonlineer and | 90 deg { High 2. ficiency | AP% has improved ly
linear moderate IBJP crpabllisy (~h degl,
AD(RLD hug moldified
3tall,
ITI | AP3, 7 Linear and | Nonlineor and | 75 deg | Low efficiency | AFT has improved &y
moderately | mederate VI/MF or poorly | capetili‘y.
high designed EZB0T
IV |APY, 5 Linear and | Very low 81 deg | Low efficienzy | A has imnroved Ay
moderetely VT cepability,
high
v AP10 Vary non. | Very low 90 deg | High efficiency
linear JF

The configurations were arbitrarily labeled BSL1 and 2 and AP1 through 10.
The letters RLD following the configuration label stand for "rounded 1ift and
d;‘ag“ and indicate nonlinear 1ift characteristics at high angles of attack.

1. Bteady-State Characteristics

The steady-state characteristics of the test configurations are summarized
in terms of conventional y-V contours in Fig. 1, A summary of the physical
significance of the constant power and constant attitude lines in the y.v
plane is given in Vol. III.

2. Dymanic Charecteristics

All of the tested configurations were flown using the backside technique,
e.g., flight path was regulated with throttle. The time responses of sink
rate to a step throttle change for each of the tested configurations are shown
in Fig. 2, The Group I configurations (BSL1, BSL2, and BSL2 RLD) exhibit a
somewhat sluggish path response. The Group III configuration (AP7) exhibits
a slight overshoot and is more responsive to changes in throttle. Configura-
tions AP1, AP2, and AP10 all exhibit significent path overshoot to & step
throttle input. AP1 and A2 are nearly identical in this regard. Some of
the time response characteristics are summarized in Table 2,

TR=10%5-3R=-1 2
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Figure 2. Time Reacponse: to 1% Step Power Chuinge
(Attitude Constrained)
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TABLE 2

SUMMARY OF TIME RESPONSE CHARACTERISTICS
OF TESTED CONFIGUPATIONS

TIME TO 1/2 AMPLITUDE
GROUP | CONFISURATION | OF f —e-By RESPONSE | 7. /r
(FIG. 2), sec pe
BSL1 L6 1.0
I BSL2 7 1.0
BSL2 RLD 5 1.0
AF2 2.2 2.53
II AP6 2.1 1.72
AP6 RID 2.1 1.72
111 APT 2.8 1.33
v AP1 2.6 1.93
v AP10 2.7 k.40

The flight path to throttle dynemics can take on two separate character-
istics depending on the values of certain vehicle aerodynamic and propulsive
parameters. These are referred to as dynamically coupled and dynamically
uncoupled responses, as illustrated generally by the following equations for
sink rate to a step throttle input with pitch attitude constrained and zero

engine lag.
® Dynamically uncoupled response:
h = Kbp[1 + ng"f‘/T61 +K5e—t/T92] (1)

Speed Mode Path Mode
Response Response

or in terms of transfer function notation:

b Coupling
Boe Zer01(s + 1/Thg) Ngeg'l‘ Numerator (1)
- 1 1 N N
s{s + s=\{s + m— - Attitude
( To1 )( Te?) © Numerator
p— —— Nougm—_
Speed Path

Response Response

TR-1035-3R-1 5




R

e Ry e

® Dynamically coupled response:

e Cqop[1 + Coe 009" sin (wg/1=22 ¢ + y)] (2
\’\/‘—/

Speed and Path Respond
Together at Frequency wg

or in terms of transter function notation:

8 h Coupling
Zopdr(s + 1/Thg)  ¥oedr ™ Mumerator (25)
s(s2 + 2Lgwgs + wg) Nge ~—__ Attitude
Numerator ;

For conventional airplanes, the path and speed modes are dynamically
uncoupled with path responding significantly faster than speed (T92 << Tgy '
in Eq. 1). Furthermore, conventional airplanes usually have & very low
value of Ko so that the speed response does not contaminate the sink rate
response, - Configurations which are dynemically coupled (Eg. 2) respond at
the sane frequency (wg) in path and speed. The condition for dynamic coup-

ling is:
(Zw = Xu)® < XyZy (3)

This expression may be approximated in terms of the more basic nondimensional

derivatives as follows:

CLg, < CLyS(1=mp)(1 = Cp,/CL) (3a)

where np = (acr/acy)(Cu/cL). Tp is & measure of powered-lift efficiency
(change in 1ift coe*flcient, Cp, with blowing coefficient Cu).' Low values
of np tend to result in dynamic coupling. Likewise, low values of 1ift curve
slope, Cy,, and drag curve slope, CD,, 8lso tend to cause dynamic coupling.
The tendency for dynamic coupling in powered-lift airplanes is due to very

*Ac ually, p arises directly from the change in lift coefficient with
speed, €.g., ., = CL /CL. A more camplete discussion of this parameter is
given in Ref. "1, fogthcoming.

TR-1035~3R~1 6
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large lift coefficients which more than offset T To put things in per-
spective, np may be as large as 0,6, Cp,/CL is usually on the order of 0.6,
and Cr, was 4,8 for all of the generic configurations, The dynamic coupling
properties of the tested configurations are sumarized in Table 3.

TABLE 3
DYNAMIC COUPLING PROPERTIES OF TESTED CONFIGURATIONS

TESTED DYNAMIC

GROUP | ~onricurarzon | covermg | /%61 | V/Te2| S | @
BSL1 S1ight -~ | — |0.95| 0.%

I BSL2 Yo 0.15 | 054 | — | —
BSL2 RID | Just Barely| — | — | 1.0 | 0.29

AP2 No 0.21 | 0,35 | == | =—

IT AP6 No 0.11 | 0,50 — —_—
AP6 RLD No 0.12 | 0,50 —-— —_—
IIT APT Yes — | — | o0.81 ] 0.33
v AP Yes — | — | o0.52] 0.32
\') AP10 Yes —o — 0059 0027

C. PILOTING TASKS

The generic configurations described in Tables 1, 2, and 3 were evaluated
in a comprehensive simulation program on the NASA Ames S-16 simulator. A sum-

mary of the piloting tasks is given in Table &,

TR-1035-3R-I (f
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TABLE 4

SIMULATION TASK DESIGNATION AND DESCRIPTION

DRSO TASK DESCRI®TION

Glide slope tracking (Start at 1120 ft and termi-
minate at 370 ft of altitude —~ all IFR)

1.0 Calm air

1.01 Turbulence (o = 4.5 ft/sec) (IFR only)

1.1 High fast initial condition (IFR only)

1.2 Low slow initial condition (IFR only)

1.7 Speed change on glide slope (IFR only)

Landing (Initial condition at 300 ft — VFR)

2.0 Attitude flares and power flares in calm air
2.1 Add turbulence (o = 4.5 ft/sec)
2.7 Add discrete shear

Composite ILS approach task (Rate glide slope
intercept, path control, and flare ahd landing

separately)
3.0 Calm air (IFR and VFR)
3.1 Turbulence (o = 4.5 ft/sec) (IFR and VFR)
3.2 Headwind
3.3 Tailwind } (IFR end VFR)

TR-1035-3R~1 8




R RPN e Ry W R T L R R A AT ﬁnﬂﬁd‘@"»?"?r e

s e

SECTION II
GLIDE PATH CONTROL RESULTS

The results of the glide path tracking tests showed that ILS glide path
control was not the critical feature of the total approach and landing prob-

lem, Even fhough the experimental matrix included same configurations with
apparent drastic deficiencies (low path damping, large path/spéed coupling,
very sluggish response, large engine lag), the pilot ratings and commentary
indicated little differences among the configurations, None of the con-
figurations was rated as unacceptable for the IFR ILS tracking task down to
300 £t (cask was teminated at breakout). When this task was extended to
include the visual portion of the approach down to flare, significant degra-
dations in the pilot ratings were observed to occur for some configurations.
A comparison of pilot ratings for the IFR only task (ILS) and the task which
included visual tracking to the flare point (ILS plus visual) is shown in

A R e U e

Fig. 3. Configurations AP1 and AP10Q are seen to exhibit increased numerical
pilot ratings along with increased rating variability which is symptomatic

of inconsistent run-to-run performance with degraded configurations,

Evidence that the degraded pilot opinion ratings in Fig. 3 are directly
attributable to the final portion of the approach is quite conclusive from
the associated pilot commentary which is summarized in Table 5. The key
1 result here is that the most critical portion of an ILS approach and landing
| with & marginal or unaccepteble aircraft is the visual tracking on EESEE
% ' fipal, Those features of the tracking task on short final which appear to
contribute most heavily to its critical features (most commonly commented

on by the pilots) are sumcarized below:

® The effects of path disturbances due to turbulence and
shear were very prominent due to the near proximity to
the ground.

® The teminal control nature of the task required that
errors (in the apparent touchdown aim point) be elimi-
nated immediately which is symonymous with the need for
& highly responsive (i.e., high bandwidth) controlled
> element. This sense of urgency does not exist in the
ILS task.

® The short STOL runway leaves very little margin for error
in setting up for the flare.

TR-1035-3R-I 9




TABLE 5,

WERE SPECIFICALLY NOTED (TASKS 2.1 AND 3.1)

PILOT COMMENTARY WHERE FLIGHT PATH CONTROL PROBLEMS ON SHORT FINAL

ot FILOT 2 PLLOT B POOT 7 PILOT 8 FlloY &6
384 Hione Poor verticnl speed Kone one @ flying glide
¢ response makes it easy slope (ILE) 1o et
“to overcontrol 19 window Jor Tiac
z Put on too much power to
S correct for a low condi-
3 tion and then don't rot
% it off in time, ete.
% B8sL2 None None I a= havine quite a Lone None
ﬁ% bit of probloms
g with the turtwlence
g varticularly during
& the rinal glide
K sloze tracking and
& the flare
'ri”
% E3L2RLR| Requires roderate coc- None Eoor sink rate to
pensation on throttles throttle reapoase
S to set up for flare is responsible ror
& problens in gevtiny
£ sat up rt Ilece
; roint
& Flying IVSI te
w trrottles ever in
close
3 APV Tre primary deficiency Pilot rating is | ‘he workload gots voo read) dicey | Primery difficdty
i is a very sluggish a 3 down to too Rirn trying to get a good was the corsidor-
% sink retc to throttle broskout and to get the power sink rate and able laz Irn tr2
‘L response, The major then & 7 on set for your e good aim throttle ani If
A problex is the in- short finei flare, particu- point on the your effectins a
ebility to recover larly with these runway change on glicle
from off rominal ver- last minute path tie resuli-
tical position in time flight path cor- ing change in sink
to set up for landing rections where rate late in the
o on this short runwvay the power can be approach will give
going up end down you reel protlams
P2 The primery problem in | Recovery from turbulence Turtulence is rot
landing is setting wp effects coning into the & problem and
for the flare with flare vas difficult getting set up
¢ power in the presence for flare is also
of “hese fairly large rot a protlem
. gust disturbances with this config-
uration
AP5 lona None lone
APSHLD | Moderate compensation Sink rate None
on sink rate control response to atti-
with power is required tude and power
to set up the flare are good
point
A7 lione None lione
2P0 The sluggish sink rata The rain problem Got lov and Seems very sersitive
to throttle meres it with flight puth slow, & bear 10 throttle mu:ing
difficult %o get setup. control 13 that to corract 1t difficult to set
My primary objection flig-t path argls up for flares.
to this configaratior. washes out after Ertremely rard to
1ies in the inability a throttle Input. get into proper
to control sink rate This problen is flare windod
during the last several especielly rotice-
tundred feet of e ahle as you
approach approach the flare
point and even
2aring the flare
Notas: Blank space means pilot 4id not fly the configuratiom.
"None" means that no specific corments relative to flight path control on short final were recorded,

TR-1035-3R-1
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Figure 3. Pilot Ratings for Path Control

The commentary in Table 5 represents conclusive evidence of significant
flight path control problems in that all the pilots who flew AP1 (and AP10)
noted sericus deficiencies on short final., The final conclusion that APl
and AP10 were less than minimally acceptable for flight path control was
based as imich on the commentary as on the ratings in Fig. 3b.

A review of the comments for AP1 gnd AP10 in Table 5 reveals that the
pilots had a very difficult time trying to sort out what the actual problem
was, Some said that the response was sluggish, probably referring to the
fact that the longer-term flight path correction was a lot less than indicated

?, % ) from the initial response. The engine lag was decreased from the nominal

%3 1.5 sec to 0.5 sec for several pilots. All indicated that they could see the
effect, but it was of no help in controlling flight path for these two con-
1i figurations. (There was no change in pilot rating.) This served as evidence

that the pilots were not referring to engine lag effects when camenting on

R o

the excessively "sluggish" response of AP1 and AP10,

TR-1035-3R-1 1
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'Utilizing closed-loop pilot/vehicle analysis procedures, it was deter-
mined that the flight path control problems associated with AP1 and AP10
were due to & combination of severe dynamic coupling (see Table 3) and a
large effective thrust inclination angle (see Table 1), These results arose
directly from frequency response considerations and are felt to be important
enough to include (briefly) in this summary report,

The fundamental closed-loop piloting problem was analyzed using the
frequency response characteristics of the sink rate, f1, to throttle, &p,
transfer functions plotted in Fig, 4 for AP1 (a bad configuration) and AP2
(a good configuration)., Utilizing experimental and theoretical results from
the theory of manual control (for example, see Ref, 2), it can be shown that
the flat region in the frequency response (for AP1) represents a fundamental
limitation on closed-loop control, This stems fram the fact that the human
operator always tries to adjust his control inputs so as to equalize the
vehicle frequency response to a —20 dB/decade slope (or X/s shape). With
mid-frequency droop, this was not possible.” (See Section IV-C of Vol, III
for experimental evidence of this result.) Faced with undesirable and non-
equalizable response characteristics, the pilots rated these configurations
very poorly. Physically this was manifested in a path response to throttle
that initially looked very good, but never seemed to settle down. As a result,

the pilots were "constantly hunting for the proper throttle setting as they
came into the flare."

The primary purpose of this program was to identify vehicle characteris-
tics which result in unacceptable path control, Comparison of the time
response and frequency response characteristics of AP1 and AP2 in Fig. &
reveals the following:

® The shape of the time responses 1s about the same.

® The shape of the frequency responses (including pilot
lead) is noticeably different., AP2 is almost a pure
~20 dB/decade slope (desirable K/s feature) whereas
AP1 has a significant mid-frequency droop (undesirable
and unequalizable by the pilot).

*It should be noted that an automatic system could be developed with complex

equalization to get an acceptable response but that this is beyond the capa-
bility of the human pilot.

TR-1035-3R-1 12
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The pilot ratings (Fig. 3) and commentary (Table 5) strongly indicate that
AP1 is unacceptable and AP2 is acceptable, Therefore, it appears that the
frequency fesponse characteristics are more discriminatory in terms of iden-
tifying limiting path control deficiencies. Consideration of the frequency
response plots for AP1 and AP10 reveals that the limiting mid-frequency
droop condition tends to occur when both of the following conditions are
satisfied:

1. The configuration must be dynemically coupled, e.g., the

denominator of the sink-rate-to-throttle transfer func-

tion, h/s7, is a complex pair, Note that AP1 is highly
coupled and AP2 is uncoupled (see Eq. 3 and Table 3).

2. The h/s7 numerator zero (1/Thg) is much less than wg
(1/Thg << wg). This gives the flat region or "shelf" in
the Bode plot for AP1 in Fig. 4. It occurs when the
thrust inclination angle is nearly vertical (greater than
75 to 80 deg).

The above results indicate that unacceptable flight path control results
from a combination of two effects: large thrust inclination angle and dyna-
mic coupling., From Eq. 3a the latter stems from low lift curve slope (CLy),
low STOL efficiency (np), and low Cpy. By definition, efficient powered-lift
designs must have a large (..ear 90 deg) effective thrust inclination angle.
It is therefore essential that dymamic coupling be avoided in these airplanes.
Fortunately, some pretty extreme (but not inconceivable) values of Cr, and
Cpy Were required to get the path and speed modes dynamically coupled in AP1
and AP10. [CL, = 4.6 (1/rad) and CDy = 0.737 (1/rad), whereas more "typical"
values are Cr, = 7 (1/rad) and Cpg = 2 (1/rad).]

While there are not sufficient data to allow definition of exact boun-
daries where flight path control becomes less than minimally acceptable, we
can observe that AP1 is essentially on the boundary with pilot ratings between
4 and 7. AP1 had a thrust inclination angle of 81 deg and was Guite heavily
coupled (g = 0.52; see Table 3).

The above results should not be construed to mean that decreasing the
thrust inclination angle (thereby increasing 1/Thg) would automatically fix
an unacceptable configuration. One must also consider path control limita-
tions arising from an overly sluggish response which could occur if

1/Thg >> wg and wg was low,

TR-1035-3R-1 14




A. EFFECT OF STEADY-STATE EATH/SPEEL COUPLING

Path aﬁd speed are said to be statically coupled when a change in power
intended to change flight path results in a new trim (steady-state) air-
speed (attitudelfixed). Conventional airplanes are said to be proversely
coupled because increasing power results in an increase in path angle and
speed. Adverse steady-stats. math/spaatl moapling mefirs to the oane whor

. an airplane loses airspeed when flight path is shallowed by increasing power.
From Fig. 1 it can be zcen that the Group I airplanes were proversely
coupled, Group III was neutral, Group IV had weak-to-moderate adverse coup-
ling, and Groups II and V were severely adversely coupled. There is a con-
siderable body of experimental evidence that adverse path/speed coupling is
a heavy contributor towards the definition of minimum acceptable boundaries
(for example, see Refs, 3, 4, and 5). This was not the case for the con-

i figurations tested in this experiment, While the pilots found that adverse

k3
¢
¥
Y
¥
N
@
;

3 rpeud/patll coupling was undpsirebls, it was nob o major facter in the firal
pilot ratings. The evidence upon which this conclusion is based in summarized
below,

® Quantitative measurements of the pilot's closed-loop
tracking behavior via describing functions showed no
evidence of active (closed-loop) speed control (these
measurements ar- discussed in Vol. III).

® A review of the pilot commentary indicated that speed
was monitored rather than controlled for adverse
coupled configurations, Additionally, some pilots
volunteered that the adverse speed/path coupling
represented a rating degradation of only 1/2 to 1
point,

® The strip chart records from the simulation show evi-
dence of changes in trim pitch attitude with long-term
speed excursions but no evidence of closed-lcop speed
control., This result holds true for the IFR glide
slope tracking portion ol the approach, as well as
the visual aim point control after breakout and before
the initiation of flare, The pilots' apparent lack of
concern over adverse path/speed coupling was based on
the fact that, for the tested configurations, safety
and performance margins did not depend on airspeed. A
single exception to this was AP6 RLD. The pilot rating
for Configuration AP6 RLD was initially a 9., This

TR=-1035-3R-1 15
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~rating was given after a run where the pilot got low
on short final and added power., Because of the strong
 adverse coupling on this configuration, the airspeed
decreased to below stall and control was lost (too low
to recover). The stall speed was decreased slightly
(64 kt to 61 kt) so that increasing power at the trim
pitch attitude did not result in a stall (increased
CImex DY 10 percent) as shown in Fig. 5. The pilot
rating then improved to a 5.
In summary, the above results indicate that as long as the flight path
response or aircraft safety margins were not degraded, the pilots tended
to simply monitor speed and fly constant attitude. Adverse speed/path
coupling had only a minimal effect on the pilot ratings, which tended to
be more directly asscciated with ability to control the flight path itself,
These results were published in early progress reports and were checked by
other investigators running STOL certification programs (Ref. 5). These
investigators concurred that the pilots were not controlling airspeed for

adversely coupled configurations,

Notes:

® |5 percent increase in pawer at trim pitch attitude (3*)
will result in @ stoll with basic APERLD

® By increasing Ci . by 10 percent APGRLD will not
stoll due 10 0 pawer increass at the irim pitch ottitude

85~ | o The pilot rating is 9 for the bosic APGRLD and S with
0 10 percent increase in Ci .,

e Puch Attitude 8 (deg)
Origina! 0="
APSRLD

o
T
3
g

&

\

Increase n
Cluax

™ Trimmed
On
Glidesiape

-8

Flight Poth Angle , y (deg)
>

ALl 1
Vo0 70 80 %0 10
Indicoted Awspeed (it}

Figure 5. Effect of 10 Percent Increase in Clpay on Stall Characteristics
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The stall problem discussed above is not the only safety margin that
can be adv’erse]& affected by adverse steady-state path/speed coupling. As
an example of a safety margin that would be affected by poor speed control
conslder the excess flight path capability variation with airspeed of some
typical powered-lift airplanes (see Fig. 6). On many current STOL designs,
the flight path performance in the up direction (Ypsy &t 100 percent power)
is somewhat less than on the test configurations in this experiment. For
these configurations, adverse static path/speed coupling would mean an even
lower ypoy When thrust is added at constant attitude (see Fig. 6) due to
reduced speed. Because of the adverse path/speed coupling, the likelihood
of experiencing low speeds (and hence lower ypax) is very high. Thus, we
must consider safety margins other than stall when evaluating the effect of

adverse path/speed coupling.

One other possibly limiting deficiency with large adverse path/speed
coupling was noted briefly during the variable stability flight test portion
of the program. This occurred wher several approaches were made in a tail-
wind which sheared to a slight headwind near touchdown. The configuration
being tested was AP1 which has light-to-moderate adverse steady-state path/
speed coupling (see Fig. le). Because of the reduced power required to .ain-
tain glide slope in a tailwind, the airspeed tended to be quite high coming
into the flare (90 kt or 15 kt above the target speed), making it difficult

Yuax ot at Trim Speed
Lower Speed AL
: Airspeed
° P
\ ”4* > /OOQ

Flight
Path
Angle

4
_\ o po.v’r

Figure 6. Iliustration of Effect of Speed on Maximum
Achievable Flight Path Angle
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to get into the touchdown zone. Several approaches were made with increased
pitch attitude ﬁo keep the airspeed within reason coming into the flare.

This was entirely unsuccessful because it left no pitch attitude for the
flare itself. Flares with power (pitch attitude held constant) were unsuc-
cessful because of the very large engine lag (Tg = 1.5 sec) used in the
experiment, The effect of a tailwind on final approach should be carefully
considered when evaluating STOL configurations with adverse static path/speed

coupling.
B. FLIGHT DIRECTCR RESULTS

Two flight director configurations were designed to provide the pilot
with command information for column, throttle, and lateral wheel inputs.
The flight directors were designed to be compatible with the Group I and
Group II configurations using the STOL flight director design procedures
developed in Ref. ‘6. The primary objectives of the flight directors
were to reduce the pilots' workload and to increase glide slope and
localizer tracking accuracy. In keeping with these objectives the guidance
and control and pilot-centered requirements discussed in Ref. 6 were a
primary factor in formulating the eppropriate feedback signals for the
flight directors. A third obJective was to investigate the flight direc-
tor ac a means of decoupling the airspeed flight path responses. It was
hypothesized that with a good flight director the displayed quantities
can be quite well decoupled with regard io pilotlinputs even though the
basic airpla-~ responses (airspeed and flight path) are quite highly
coupled. The basic Joop structures for the column and throttle flight
director were taken directly from Ref. 6.

The directors were based on the principle of normal "backside" or STOL
operation, i.e., throttle controls path deviations and attitude controls
speed. The column flight director was basically an attitude hold with'a
low gain speed feedback [A6/AV = (0.24 deg/kt)]. The speed error limiter
was set to *29.6 kt which results in a maximum flight director pitch command
of +10 deg. Attempts to increase the speed feedback gain and/or open up
the speed error limiter met with unfavorable pilot commentary. This was
primarily due to the incressed activity of the pitch command bar. These

TR~1035-3R~I 18
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results are consistent witn the concept tnat tne IeedDacks TO each ol The

controls must be frequency separated. That is, one control is primary
(glide slope to throttle) and the other is a low frequency trim function
(airspeed to attitude). We therefore may conclude that the flight director
is effective in decoupling the aircraft responses only from the standpoint
that one variable (speed in this case) is controlled very loosely. This
is entirely consistent with the way the pilots flew the aircraft using

"raw data" glide slope information.

A few of the pilots felt that the workload required to keep all three
director coamnands centered was excessive. Their initiel ratings were
unacceptable. However, when instructed to fly the director cammands "more
loosely" the comments and ratings moved into the acceptable range. These
pilots never were totally convinced, as evidenced by such comments as "the
performance was excellent but the workload was a little higher than with
raw data." Other pilots felt that the flight director resulted in a con-

siderable improvement in workload level and performence.

The pilot ratings and ILS tracking performance results are summarized
in Fig. 7 to show comparisons with and without the flight director in
turbulence. These res: lts show that:

® The flight director improves the pilot rating 1 to
1-1/2 points. In terms of Cooper Harper descriptors
this implies "moderate to extensive compensation'

with raw deta to "minimal compensation" with the
flight director.

® Averaged rms glide slope tracking performance was
improved 25 to 40 percent with the flight director.

© Averaged rms localizer tracking showed the most
dramatic improvement in performance (up to 86 percent.
reduction in rms tracking error).

C. SUMMARY OF GLIDE PATH CONTROL RESULIS

The glide path control results are sumarized below,

® Major deficiencies in path control were found to be
most apparent during short final and in the landing
flare, IFR glide slope tracking was not found to be
critical for any of the configurations,

TR=1035-3R=1 19




® Raw Data
A Flight Director

a) Cooper Harper
Pilot Ratings

Note: Vertical lines indicote
maoximum and minimum
pilot rating

b) RMS Glideslope Error
Averaged Across All Pilots

Note: Vertical lines indicote
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Unacceptable flight path control resulted from a com-

bination of two effects: near vertical thrust inclina-

tion angle; and dynamic coupling (when the roots of the

TR=-1035-3R-I

attitude-to-elevator mmerator are a camplex pair, see
Eqs., 1-3)., The latter effect tends to occur when the
life curve slope CI, is low, the drag curve slope is low,
and the STOL efficiency ny is low (see Eq. 3).

Adverse static flight-path/airspeed coupling was found to
be undesirable by the pilots but not a dominant factor in
the ratings (which were found to be more directly asso-
ciated with ability to control flight path). Flight-path/
airspeed coupling would, of course, be & limiting factor
if it led to other problems such as regions of degraded
path control or safety limits (such as stall), A problem
with adverse coupling was briefly noted during the flight
program in a tailwind (shearing to a headwind). This
should be further investigated as it may represent a
limiting path control item,

The addition of a flight director tended to Improve the

pilot ratings and performance. It did not, however, allow
the pilots to decouple the path and speed responses for
aircraft with significant path/speed coupling. The most
significant effect of the flight director was on the lateral
lineup at breakout, and this resulted in drastically improved
performance., Some pilots noted that while their performance
was significantly improved by the flight director, the work-
load was also correspondingly increased. This was due to the
intense concentration required to keep three needles centered
(glide slope, localizer, and throttle directors) while still
maintaining some awareness of the status information,

21




SECTION III
FLARE AND LANDING RESULIS
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Atmospheric turbulence had a very strong adverse effect on pilot opinion

ratings and performance for the final approach and landing. As shown in
Fig. 8, Configurations BSL1, BSL2 RLD, AP7, and AP1 were particularly sensi
tive to turbulence.

g

Closed-loop servo analysis techniques were utilized to identify certain

B

key parameters which define the dominant pilot/vehicle characteristics in
? the flare maneuver. These parameters were then campared with experimentally
; derived pilot ratings in an attempt to achieve correlations, and when suc-
cessful, to approximate the shapes and values of the limiting boundaries,
The basic hypothesis of this analysis was that the pilot must be able to

break the sink rate without using excessive pitch attitudes, and he must be
able to precisely regulate sink rate in a closed-loop fashion, For flares
where pitch attitude was the primary control (conventional) the following
parameters were derived (see Vol. III):
° . I
4 or Py - a a
< - o < «
8l 82 2 =
] g2, :
7 - (-] a8 =T -l ol ~ -
: & = &8 2 & & =
E [~ & ez < [z x 6 § o
) (o] <4 @ :- < -~ 8 N aa
| CslBve W7 sklao &%
‘ an o a 45 2 &
4| oa < < 4+ Q
3 3k é 3
2 ! | ] 2 1 [ | 1
. 1 1] oD ¥ X 1 b1 m I 4
] Groups Groups
, o) Pilot Ratings tar F. 2! Approach b) Pilot Ratings for Final Approach
] and Landing Tosk (2.12); Oy, =0 ond londing Tesk (2.1);
1 Tyg = 4.5 11/sec

Figure 8. Pilct Ratings for Approach and Landing Task
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® Magnitude of pitch attitude required to break sink rate

0

= = o T (k)
ﬁo Flo Ty

® Closed-loop regulation parameter

or, very approximately

gy & Zw“’%"(ﬁ_%‘ﬁ%) (5)

kS

where {gwg is the coefficient of s in the numerator of

the pitch-attitude-to-elevator transfer function. 1/Tg

is the feedback compensation in the attitude SAS

(Tg = K§/Kg) and Tp is defined by the flare geametry

and varies fram 2.5 to 5 sec for STOL landings. The

above parameters indicate that the magnitude of the

required pitch attitude in the flare depends on the

product of speed and Zy (UoZw = Zg), whereas the closed-

loop regulation capability depends on Zy; alone,
We therefore expect that configurations with very low Zg would require
excessive pitch attitude to break the sink rate in the flare. The only
alternative in these cases would be to revert to power as & secondary con-
trol in the flare. Such a technique was evolved by the pilots and consisted
of an initial power increase to break the sink rate followed by fine tuning
the touchdown with pitch attitude. These were termed "combination flares"
(power and attitude). Pure power flares were not possible because of the
very large engine lag (Tgp = 1.5 sec) utilized in the experiment.  The pilots
were asked to try all three flare techniques (pure attitude, pure power, and
combination) during the familiarization runs and to state their preference
at the end of the simulation test period (familiarization and formal runs).
The results are shown in Fig. 9 where it is seen that there was a narrow
range of Z, where the appropriate flare technique was uncertain, e.g., between
50 and 60 (ft/sec2)/rad. For values of Zq at or less than about 55 most of
the pilots found that an initial power input was necessary to break the sink

rate so that the nose would be low enough to allow the final touchdown to be
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Figure 9. Experimental Results of Pilots' Control
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more precisely adjusted with attitude, Based on Fig. 9, there was suffi-
clent authority to camplete the entire flare maneuver with attitude when
Z,, exceeded about €0,

As discussed earlier (Eq. 5), the ability to achieve good closed-loop
regulation of sink rate with pitch attitude was related to the closed-loop
bandwidth parameter og. It cen also be shown vie closed-loop pilot/vehicle
analysis that the propensity of a configuration to be perturbed vertically
due to a horizontal gust or wind shear depends primarily on the derivative Z,.
For conventional aircraft in subsonic flight, Zy is simply & function of the
trim 1ift coefficient:

5 CL

Zy = -
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For steady flight where lift equals weight this may be very closely approxi-

mated as:
- 2g
Zu_._
%
For powered-lift STOL configurations, Zy is modified as follows:

y = "%% (1- ﬂp)

where

TN, G (6)

BCL/BCu is the change in lift coefficient with blowing coefficient (power)
and is therefore a measure of the efficiency of the powered-lift concept.
For efficient STOL concepts, Tp may vary from 0.2 to 0.6, thereby lowering

the gust sensitivity a moderate amount (20-60 percent),

A logical set of correlating parameters would therefore be Z,, (tendency
to be disturbed from the desired path) versus Og (ability to quickly return
to the desired path). Figure 10 presents Og Versus Z, for the configurations
tested in the present experiment.

Referring to Fig. 10, certain trends in the experimental results (pilot
ratings) may be explained as follows:

® AP1 and AP10 were rated unacceptable because gg (& measure
of piloted closed-loop regulation of sink rate with atti-
tude) was too low.

® The value of og for Configurations BSL1, BSL2 RLD, AP2,
AP6, AP6 RLD, and AP7 are all about the same (gg = 0.5
to 0.55). From Fig. 10 it is seen that this value of o
is acceptable for configurations with low gust sensitivgty
(Zu)- However, as the gust sensitivity is increased to
approximately the CTOL value (Zy = -2g/Uy), the pilot
ratings begin to degrade into the unacceptable region
(BSL1, BSL2 RLD, and APT).

These results are not conclusive in that the poor ratings could have been
either wholly or in part due to unacceptable secondary control (throttle)
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Figure 10. One Possible Way of Using Key Parameters to Correlate
Minimum Acceptable Path Control with Aircraft Configuration

L L

characteristics. It was shown (via pilot/vehicle analysis procedures) in
Vol. III that path control deficiencies on short final (sink-rate-to-throttle
response) also show up in the flare when the throttle is used as a secondary
control. Another possible explanation may be that the requirement for a
secondary control is unacceptable. This can only be verified by optimizing
the secondary control.

The primary and secondary deficiencies for each of the test configura-

R T e wae s

tions are summarized in Table 6. Configurations with marginal or unaccept-
able ratings are seen to have combinations of deficiencies. Many of these
limiting deficiencies are not completely independent. That is, low Z,,

low 0g, and poor secondary control with throttles all result to some extent
from low heave damping, Zy. The connections between low Zy and limiting

effects for the flare maneuver are summarized below:
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TABLE 6

PRIMARY AND SECONDARY DEFICIENCIES FOR EACH
OF THE TEST CONFIGURATIONS

NG T TR L

g

CONFIGU- ACCEPTABILITY 9 -
RATION FOR LANDING PRIMARY DEFICIENCY SECQIDARY DEFICIENCY
BSI Marginal to Required excessive pitch ettitude Very sluggish secondary control;
unacceptable; to flare; low Zy (see Fig. 9) sink refe to throttle response
PR: 3-7 Moderately large horizontal gust f:g:l;::lz.g)sec to 1/2 explitude
sensitivity compared to level by Y
closed-loop control (Zy vs. gg in Also has mild dymamic coupling
Fig. 10) (Table 3) but effective thrust in-
clination angle is not large (61°)
BSL2 Acceptable; Secondary control not required
R: 3-3.5
BSL2 RID Marginal; Marginally excessive pitch atti- Very sluggish secondary control;
PR: 4-6 tude to flare; marginal Zg (see sink rate to throttle respoase
(Fig. 9) required S sec to 1/2 amplitude
Moderately large horizontal gust
sensitivity comparad to level of
closed-loop control (Zy vs. og
in Fig. 10)
AP) Unacceptable; Required excessive pitch attitude Sink rate response to second:ry
PR: 5-8 to flare; low Zg (see Fig. 9) control was unacceptable beceuse
of dynsmic coupling (Table 3) and
Z:;{ri;wciev:]ﬁ:{ c%;::d;lc)aop largs effective thrust inclina-
pebiiity 8 tion angle (81°)
ApP2 Acceptable; Iarge static path/speed coupling Secondary control not required
PR: Lel,5 could lead to limiting effects in
tailwind or tailwind shear (see
Flg. 1)
AP6 Acceptable; Same as AP2 Secondary control not required
FR: 3‘1‘05 '
AP6 RLD Acceptable; Same as AP2 Secondary control not required
FR: 3-5
APT Marginal: Marginally excessive pitch atti- Possible deficiencles due to
PR: k-6 tude to flare; marginal Zg (see moderate dynamic coupling
Fig. 9) (Table 3) and moderate effsctive
o
Moderately large horizontal gust thrust inclination angle (75°)
- sensitivity cormpared to leval of
closed-loop control (Zy vs. og in
| Fig. 10)
e AP10 Unacceptable; Required excessive pitch attitude Sink rate response to secondary
FR: 6-9 to flare; low Z, control was unacceptable because
Very low level of capability for :: dyuﬁcc:gt:epl:;\ngmga:le;)‘and
closed-loop control of sink rate u::euegle (90° neing-
vith throttle (low o) e )
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® Excessive attitude required for flare (low Zy):

Zq, = UoZy (7)

® Iow level of closed-loop control capability (low 09):

gy = ZW"'%'(T]E_"T—]E) (8)

@ Inadequate secondary control due to dynamic coupling;
dynamic coupling occurs when:

(g = %)% < [W%y2y (9)

® TInadequate secondary control because of very sluggish
sink rate response to throttle:

ii Zopls = Xy + (Zu/tan o)
87 - (s = Xu)(s = Zy)

(10)

For large thrust inclination angles, 6p, the response
time constant is Zy.

By _

o § = Iy

One final deficiency which did not show up in the simulation, but resulted

in significant problems in flight, was adverse steady-state path/speed coup-
ling in a tailwind shear (discussed in Section II-A). In some cases this
deficiency resulted in excessive pitch attitudes at flare initiation, leaving
nothing left for the flare itself. Like the deficiencies listed ébove, it
also can be attributed to a low value of the heave damping derivative, Zy.
That is, adverse steady-state path/speed coupling occurs when:

tan 67 > =~ a
W
or, equivalently, CL,
tan 6p > m; (1 1 )
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Any of the above factors can result in unacceptable path control (short
final or flare and landing). Therefore, a configuration with marginal 1ift
curve slove [recall Zy = (pSTUo/m)Cr, ] would be suspected of having limiting
path control deficiencies. The actual value of Zy which is limiting depends
on its relationship to other key aerodynamic and propulsive parameters
according to the relationships established above (Egs. 7-11). It should
be emphasized that the fundamental limitation is on the parameters in
Figs. 9 and 10 and on the secondary control characteristics., Low values
of Zy are limiting only in that they adversely affect these parameters
(which are related to the basic deficiency in a more comprehensive way).

The landing results may be summarized as follows:

® All of the tested airplanes had a very large engine lag.
This made it necessary for the pilots to make attitude
primary for landing. )

® The pilot ratings for the landing task tended to degrade
to unacceptable when:

~ The primary control was in itself marginal (due to
low Zg and/or low og).

=~ Use of the secondary control did not improve the
response to the primary control (due to sluggish
response or dynamic coupling).

~ The sensitivity to turbulence approached that of &
CTOL (Zy # ~2g/Up) (due to low STOL efficiency, np)e

© Low heave damping, Zy, was related to most of the limiting
deficiencies.

® Excessive pitch attitudes were required for flare when
Zq < 60 (ft/sec2)/rad, necessitating use of throttle as
& secondary control,

® None of the configurations which required a secondary
control were rated better than marginal. The secondary
control characteristics were not separately optimized.
Therefore, conclusions regarding the tradeoff between
primary and secondary controls for flare and landing
cannot be made at this tinme,
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SECTION IV
FLIGHT TEST RESULTS

A. DESCRIPTION OF FLIGHI PROGRAM

The flight test program which spanned a period of about three months
was basically a flight version of the final approach and landing task
(Task 2.1 on the simulator)., The Princeton University Variable Stability
NAVION was programmed and checked out to simulate Configrrations BSL1 and
AP1. The artificial turbulence was identical to that used on the simlator
in that a magnetic tape of one hour of the simulator turbulence was used to
generate artificial turbulence in flight.

The flight scenario involved the safety pilot's flying the aircraft
around the pattern and setting up for each run, with the evealuation pilot
taking over on final approach at about 1000 ft. Approach guidance consisted
of a 6 deg microwave landing system glide slope and localizer (TALAR) plus
& lighting system which provided visual indication of whether the pilot was
above or below the 6 deg approach path. The evaluation pilot flew the air-
plane to touchdown or to the point at which the safety pilot felt an abort
was necessary. Fach configuration was tested for three basic levels of
turbulence and two levels of attitude SAS bandwidth, The levels of turbu-
lence tested were 0, 2.25 ft/sec ms, and 4,5 ft/sec rms., The attitude SAS
bandwidth was tested at a basic level of 0.7 rad/sec and also a level of
1.2 rad/sec.

B. FLIGHT RESULIS

The basic NAVION was mechanized with the turbulence tape and several
approaches to touchdown were flown with oyg = L.,5 ft/sec to gain an apprecia-
tion for the level of simulated turbulence with a known airplane., The pilot
rating was 4.5, and the pilot commented that the situation appeared to he
consistent with tower-reported winds of approximately 15 to 20 kt with gists
to 25 kt. The evaluation pilot noted that the pilot rating for Task 2.1
(final approach and landing) with the basic NAVION in calm air is about 2.5,
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This is an important result, because it associates the unreasonably large
disturbances in the simulator with STOL response to turbulence rather than
with simulation of unrealistically high gusts. Only one pilot flew this

portion of the experiment (Princeton project pilot) and only a few approaches

and landings were made. Because of its importance, further experimental
validation of this result is warranted.

Two levels of attitude SAS were tested: & high-gain SAS and a low-gain
SAS. The low-gain SAS resulted in a very sluggish attitude response to
column input (3 sec to 75 percent of steady state), whereas the high-gain
SAS was quite responsive (1.8 sec to 75 percent). Three levels of turbu-
lence were tested for two configurations (BSL1 and AP1). These configura-
tions were selected because they exhibited marginal characteristics on the
simulator and had different limiting effects. That is, BSL1 was very slug-
gish and AP1 had dynmamic coupling problems, The pilot ratings for each of
the three levels of turbulence and two levels of SAS response are shown in
Table 7 for flare and landing (Task 2,1) and in Table 8 for final approach

only,

TABLE 7. COOPER-HARPER RATINGS FOR FLARE AND LANDING
(FLIGHT PROGRAM)

CONFIGURATION BSLt CONFIGURATION AP1

TURBULENCE AND SAS
PILOT 1 PILOT 3 PILOT 1 PILOT 3

Gug = 0 £t /sec
High-g&in SAS u’.s h 6'5 5.5
Low-gain SAS 5 5 T 6.5
Oug = 2.25 ft/sec
High-gain SAS 5 5 Did not 6.5
fly
Low-gain SAS 6.5 6 enough 9
in turbu-
Oug = 4.5 ft/sec lence to
High-gain SAS 7 6.5 to 10 | rate 10
Low-gain SAS 8 7 to 10 10
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TABLE 8. COOPER-HARPER RATINGS FOR FINAL APPROACH
(FLIGHT PROGRAM)

TURBULENCE LEVEL| CONFIGURATION BSL1 | CONFIGURATION APT
oug (ft/sec) | prror 1 | prror 3 | prror 1 | przor 3
0 4 L 5.5 5
2.25 > 5.5 — 6.5
4.5 T 8.5 to 10" — 9 to 10

Ratings did not vary with high and low gain SAS.

*This rating improves to a 6 with increased throttle control
power (throttle was limited to +20% about trim on NAVION).

The following results are indicated from the pilot ratings in Tables 7
and 8.
1. The high-gain pitch attitude SAS resulted in consistently

better pilot ratings for landing and had no effect on
glide path control (on short final),

2. The turbulence level had a dramatic effect on the ratings
with both configurations being clearly unacceptable at
Oug = 4.5 ft/cec (Tables 7 and 8).

3. The ratings for maximum turbulence level (oy, = 4.5 f%/sec)
were much worse than obtained in the simulation program.
For example, domparison of Fig. 8 with Table 7 shows that
BSL1 was ratel fram 3 to 7 on the simulator and from 7 to
10 in flight.
The first of these results is consistent with the closed-loop criterion
for landing shown in Fig. 10. That is, 0g was increased fram 0.51 to 0.76

due to an increase in 1/Tg from 0.5 to 1.0 with the "high-gain" SAS.

Result No. 2 is consistent with the simulation in that increasing the
turbulence level had a degrading effect on the piiot ratings. This effect
was more pronounced in flight, especially for B3L1 on final approach (pilot
ratings from 3 to 4.5 in simulation ard 6 to 7 in flight). The very poor
flight ratings on short final for BSL1 are belicved to be a direct conse=
quence of its very sluggish sink-rate-to-throttle response characteristics
(see Fig. 2). On this basis we would also expect poor flight ratings for
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BSL2 RID on short final. BSL2 has a higher level of heave damping which
would allow the pilots to use pitech attitude to augment the sluggish path
response to throttle. The extent to which this is possible is an impor-
tant consideration for defining minimally acceptable path control. However,
testing of secondary control effects was beyond the scope of the present

study.
A disparity between simulation and flight (Result No. 3 above) was

indicated in that worse pilot ratings were received in flight, even though

the peripheral and motion cues were better than in the simulator. It was

not possible to resolve the flight/simulator discrepancies (with any con-

o
-
3
2
f ey
B
b
el
-
B
g»«,.
7.
o

fidence) without considerably more testing, which was beyond the scope of

A

this program. There are two possible hypotheses which help to "explain"

s 2

the data. These are summarized below,

1. The rating effect of the 4.5 ft/sec turbulence is more
pronounced for flight than for simulation. To some
extent this may be due to the fact that during the
simulation many of the landing problems were attributed
to poor simulator cues. The flight tests served to
i1lustrate that the much improved visual and motion
cues in flight were of no help in regulating against
the large gust inputs near touchdown. In fact, the
improved sink rate cues served to increase the pilot's
awareness of "how bad things really were." Sink rates
of 1200 to 1400 ft/min on short final tend to be far
more dramatic in the flight enviromment than on the
simulator with the Redifon display.

g

[

2. There were certain discrepancies in the envirommental,
task, and procedural variables between flight and simu-
lation.

A very short (two-dey) poét-flight simulation (conducted by NASA Ames on
the FSAA) was undertaken as a quick look at the problem. The similation

. was divided into two phases, as follows,

Phase I — Direct simulator/flight comparison

1. The simulator was programmed to abort (go into reset
mode) if the sink rate exceeded approximately 6.5 ft/
sec below an altitude of about 10 ft. This criterion
was based on examination of the flight test strip
chart records which showed consistent safety pilot
behavior in this regard.
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Physical stops were clamped on the FSAA simulator
throttle quadrant which limited thrust excursions

" about trim to *20 percent (NAVION control power was

3.

20 percent of simulated STOL).

The pilot position was set to simulate the NAVION
(eye height of 8 ft and longitudinal pilot position

~at the center of gravity).

Engine noise was eliminated., (There are no corre-
latable changes in sound with changes in power in
the NAVION since thrust is varied via a beta prop
at constant engine rpm).

Phase II — Same scenario as pre-flight simulation

Assume gear is "strong as required within reason,"
i.e., no abort.

The throttle stops were removed.
Engine noise cues were lurned back on.
Pilot position was made consistent with a large air-

craft (eye height 17 ft and 20 ft forward of the
aircraft center of gravity).

The pilots both commended that subjectively the large shears had the same

effect in the simulator as in flight, e.g., they appeared extreme, A sum-

mery of the pilot ratings for each phase is shown in Table 9. These ratings

TABLE 9. COOPER-HARPER RATINGS FOR FLARE AND LANDING

POST-FLIGHT SIMULATION ~— CONFIGURATION BSL 1

TURBULENCE LEVEL | oo | FIARE AND LANDING FINAL APPROACH
Tug {t/sec) PILOT 1 | PIIOT 3 | PILOT 1 | PILOT 3
0 I k.5 L 3 it
2.25 L 5.5 b to L.5 b 5
k.5 I 7 5.5 to 10 5 7
0 I 3 b 3 iy
2,25 II 3.5 4.5 to 5 [t 5
k.5 11 5 6 to 10 5 7
‘TR=1035-3R-I 3,
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are closer to the flight values than the original simdation, perhaps lending
same credence to hypothesis No. 1 above (since both pilots had recent flight
experience). Pilot 1 felt that the differences between Phase I and Phase II
(effect of experimental variables) were significant (about two rating points),
and Pilot 3 did not (ratings about the same). Clearly, more data would be
required to resolve hypothesis No. 2 on page 3k.

While the simulator results did not agree well with flight in terms
of absolute value of pilot ratings, the problem areas identified via pilot
commentary were identical., Since the objective of this program was to find
effects or combinations of effects which are limiting, the pilot rating
discrepancies do not detract from the simulation results. However, these
discrepancies should be resolved before actual numerical boundaries are

derived for certification criteria.

One final comment: the majority of simulation was done on the S-16
simulator (very limited motion and marginal Redifon), whereas the post-flight
simulation was done on the FSAA (better motion and visual). A three-day exer-
cise was undertaken during the original simulation where three pilots flew
Configurations AP7 and AP10 on the FSAA and S-16 back to hack. The FSAA
ratings were one to two points better than the S-16, e.g., in the wrong
direction to resolve the simulator/flight discrepancy.
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SECTION V
SUMMARY OF CONCLUSIONS

® Flight path control deficiencies were most apparent during the
final portion of the approach and during the flare and landing.
Vehicle deficiencies were not apparent when further out on the
approach despite the fact that the pilots were in IFR conditions,
e.g., being "close in" was more critical than being on instruments.

! . 3 :
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® Two characteristic deficiencies resulted in unacceptable flight
path control on short final., These were:

1. A near vertical thrust inclination angle combined with
dynamic coupling. Dynamic coupling occurs when
(T = Xu)® < 4Ty,

2. An overly sluggish sink-rate-to~throttle response. This
characteristic has been identified in terms of time to
1/2 amplitude of the sink rate to a throttle step in
Ref. 7. There were indications of this deficiency with
BSL1 in flight but not in the simulation.

5 E R e ke g2\ e

: ® Exact boundaries where the above two deficiencies become unaccept-
able cannot be identified at this time. However, dynamic coup-

. ling combined with thrust inclination angles over 81 deg is a

: conservative estimate based on the simulation results for AP1,

j Likewise, a time to 1/2 amplitude for the sink rate response to

a step throttle of 4.5 sec was found to be limiting in the flight
: program (based on BSL1 results). This is somewhat greater than
the limiting value of 3 sec defined in Ref, 7. It is suspected
that this value depends on the ability to use pitch attitude to
augment path control with throttle.

f
'} ® The pilot ratings were noticeably more critical for a given con-
‘ figuration in flight than in the simulation program. Detemmina-
tion of the reasons for this discrepancy was beyond the scope of
f the present pregran,

® ILow heave damping, Zy, was related to most of the limiting defi-
ciencies for flight path control and the flare and landing.

#
® Excessive pitch attitudes were required for the flare when Zg < 60, i
necessitating the use of throttle as a secondary control. ‘

@ The turbulence level had a significant degrading effect on the i
pilot ratings for final approach and landing with large low fre-
quency horizontal gusts (wind shears) being the major contributor.
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The pilots noted that the large low frequency effects of the
turbulence model seemed extreme in the simulator. Two pilots
flew the same turbulence tape in the Variable Stability NAVION
and felt the effects were subjectively the same as in simula-
tion for the tested powered-lift configuration., One pilot flew
the same turbulence tape in the unmodified Variable Stability
NAVION (all feedback gains turned to zero) and rated the final
approach and landing as & 4.,5. Hence, there is evidence that:
1) the simulated turbulence was not excessively large; and 2)
the similator did not magnify the effect of turbulence.

Static coupling between flight path and airspeed was not found
to result in significant problems unless it resulted in decreased
safety or performance margins,

It was not possible to decouple the path and speed responses by
means of a flight director. Th: Tiight director was effective
only when the speed command (pitch bar) was utilized as a low
frequency trim.function.

The averaged rms glide slope tracking performance was reduced
25 to 40 percent with the flight director. The lateral director
resulted in an 86 percent reduction in rms tracking error.
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