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NOMENCLATURE
ag Vertical acceleration; ft/sec?
Cp Drag coefficient — includes thrust effects
’ Chmin Minimm drag coefficient — includes thrust effects
CDm Drag curve slope — includes thrust effects
Cr, Lift coefficient — includes thrust effects
CLa Lift curve slope —— includes thrust effects
CLo Lift coefficient at zero angle of attack — includes thrust
effects
: Cmae Slope of pitching moment coefficient with elevator
1 7 Cy Blowing coefficient, T/5Q
g d Deviation from glide slope; ft
% de Glide slope error
;
§ g Acceleration due to gravity; ft/sec®
" h Perturbation altitude (change in altitude from trim); 't
Hp Flare height; ft
: Kp Flight director display scale or lift/drag relationship in
i Fig. 1d
Kg Pilot model parameter in Eq. 6
g Kg Pitch-attitude-to-elevator feedback rain
k.
! Ky Pitch-rate-to-elevator feedback gain; sec
| m Mass of airplane
r’: !
%1 q Mo, Equ~ls (DSUoC/QIy)Cmse
\ .
| Nge Numerator of transfer function which describes pitch-attitude-
i . to-elevator response (see Ref. 2); becomes. denominator of sink-
rate-to-throttle response when attitude is constrained
NgegT Coupling numerator due to closure of two loops to two different
: control points; becomes numerator of sink-rate-to-throttle
s response when attitude is constrained
3
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a Body axis pitch rate; rad/sec

Q Dynsmic pressure; 1b/£t2

R Range from the alrcraft to thé alide slope transmitter

S Wing area; ft2 | .

t Time; sec

G Thrust; percent or 1b :

TR Pitch attitude SAS feedback time constant, Kg/Ko; sec

Tp Time constant for exponential flare; sec

The Zeré of coupling numerator, NgelgT; sec

Th Zero of sink-rate-to-elevator numerator, 1/Th = —g(3y/dV)syp

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

Ta 5 Zero of coupling numerator, Ng ST; sec

To, | Pitch attitude numerator (N5 ) zero; speed mode time constant
when pitch attitude is constrained (see Eq. 1); sec

Te, Pitch attitude numerator (N e) zero; path mode time constant
when piteh attitude is constrained (see Eq. 1); sec

ug Horizontal wind gust; ft/sec

U, Trim speed; ft/sec

\J Airspeed; ft/sec

Vo Trim airspeed (same as Uy); ft/sec

Verim Trim airspeed (same as U, and V,); ft/sec

Veq Equivalent airspeed; ft/sec

Vg Vertical wind gust; ft/sec

X Distance from runway threshold; ft

X Equals —(pSUo/m)(Cp + Cpy,); 1/sec

) & Equals (pSUy/m)(Cp, ~ Cpg); 1/sec
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: % X7 - Equals —SQCDgqpy; (ft/sec?) /percent
-'%; Ty Transfer function representing pilot control characteristics
: § to a perceived error
- i;; i Transfer function for controlled element (airplane)
£ '
%t ! Zy Equals —(pSUp/m)(Cq, + Clny)3 1/sec
% R - Equals —(pSU,/2m)(Cp + Cr); 1/sec
¥
] % Ze, Equals UpZg (£t/sec?)/rad
g Zo Equals ~SQCrer
f‘ %i a Angle of attack; deg or rad
fV ? y Flight path angle; angle of velocity vector with respect to
q horizontal
f % Ypeak Maximum flight path response to a step throttle input
é Yss Steady-state flight path response after a step throttle input
5’ B Longitudinal control column position; in.
é Be Elevator position; rad
; ST Percent power (throttle)
g
;_ A Characteristic equation
T €S Glide slope error angle; deg
: e See Eq. 8
é p Powered-1ift efficiency parameter; —(BCL/BCu)( Cu/CL)
f Pitch attitude; deg or rad
;%. 6¢ Pitch attitude command; deg or rad
i* . ép Effective thrus* inclination angle; lumps aerodynamic and
: thrust effects into an equivalent thrust vector (GT = Q0 deg)
i‘ when thrust is perpendicular to flight path); deg
; ‘ p Air density; slug-fte
{ g Closed-loop bandwidth parameter (see Fig. 30)
T Pilot model lag (see Eq. 6)
% up Path mode frequency when pitch attitude is co—strained (see Eq. 8)
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SECTION I

: beE A
.

& INTRODUCTION
I »
| E A, BACKGROUND
. This report presents the results of a research effort which included

analysis, simulation, and flight test. The goal of this research was to
define, in a quantitative way, the factors which result in minimally
acceptable path control of physically realizable, 150,000 1b jet STOL
configurations, This effort has been conducted on a continuing basis in
parallel with a joint FAA/NASA program to develop civil airworthiness
criteria for powered-lift aircraft. The purpose of the present program
was to allow research of fundamental effects and identify characteristics
which strongly influenced manual STOL flight path control. A mgjor
benet'it of this program has been therefore the ability to concentrate on
the mire intractable STOL handling problems and to make results immediately
-available to engineers involved in formulation of airworthiness criteria,

Both the experimental and analytical phases of the program are a direct
outgrowth of the notions set forth in Ref. 1 and the experimental results
obtained in Ref. 2. Other basic references which set the stage for the
present research were Refs. 3 and 4. In many cases the hypotheses and
preliminary resuits set down in the asbove references were substantiated
in this program; whereas in other cases more extensive testing revealed a

requirement to modify or change these earlier notions.

B. OBJECTIVES

This experiment was conceived as a detailed study of STOL path mode
dynamics independent of conventional short-period attitude control aspects.
The overall objective was an identification of conditions for minimum
acceptable manual path control in support of future airworthiness require-
ments. However, the desire to define precise "boundaries for the minimal

acceptable condition" in conventional indices was tempered by the knowledge

TR-1035-3R-III 1
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that the factors limiting manual path control would most likely stem from

closed-loop limits which are not easily described by such methods. Thus,

4 ?}} the giitding demirus of tHis effort warc moro Trofisddy 40
gi 1. Identify and quantify critical path control problems and J
_ ﬁ% relate these as far as practical to their underlying
1 % closed-loop deficiencies.
: % 2. Define configuration variations which may be theoretically
¢ and/or empirically related to contemporary (150,000 1b)
§ jet STOL transport aircraft 1ift augmentation concepts.

3, Verify the importance of task (i.e., glide slope and terminal
maneuver), disturbances, and pilot-centered factors on the
manual path control. The pilot-centered factors include
such effects as adaptability, background, experience, and

control technique/strategy during each phase of the approach
task.

AP

Item 2, above, was emphasized as a ground rule of the program, i.e.,
heavy emphasis was placed on consideration of physically realizsble STOL
transport concepts as opposed to parametric variations of stability deri-

vatives. To establish physically realizable parameters, candidate powered-

R P T
Iy e

lift systems were examined to define their crucial lift/drag and power
characteristics (see Volume II). These candidates included the five con-

temporary concepts given below:
® Internally blown jet flaps (IBF)

® Externally blown jet flaps (EBF)

® Augmentor wing (AW)

® Upper surface blowing (USB)

® Vectored thrust with mechanical flaps (VT/MF)

C. DESCRIPTION OF THE FROGRAM '

The research effort described in this report spanned a period of approxi-
mately two years and involved the several phases of simulation, analysis,

and flight test summarized below:

TR-1035-3R-III 2
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® Definition of the generic properties of various STOL
. concepts with emphasis on those characteristics expected

to result in minimally acceptable path control., This
included formulation, programming, and checkout of a
digital computer progrem in which the nonlinesr aero-
dynamic and thrust characteristics of the generic
vehicles could easily be modified while maintaining
fundamental aerodynamic principles. The coriputer
program equations and relations are given in Volume II
of this report. It should be noted that at least three
STOL simulations have utilized this computer program

(for example, see Ref. 5) since completion of the
similations described herein.

® Conduct of a two-phase simulation program (preflight
simulation) with 11 generic STOL configurations 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 program on the
Princeton University Variable Stability NAVION to allow
interpretation of the simulation final approach and
landing results in light of a flight enviromnment. The
fiight test program involved 2 of the 11 configurations
tested on the S-16 simulator. There was considerable

emphasis on comparing turbulence effects in the simulator
with turbulence effects in flight.

® Participation in a NASA-sponsored program involving
limited post-flight simulation in the FSAA to resolve
questions regarding flight and simulator differences
raised by the above flight program.

® TYPerformance of analyses to allow interpretation of
simuiation results in terms of key parameters and
critical flight regimes defining minimum acceptable
flight path control for STOL vehicles.

D. GUIDE TO THE READER
The objective of this volume of the report is to document in detail
all of the findings obtained during the two year program,

Section II presents a description of the static and dynamic charac-
teristics of the tested configurations. The actual derivatives and
transfer functions are deferred to Appendix E. The simulation program
is also discussed in Section II.

The results of the simulation progream are discussed in Section III.

TR~ 1035-3R-II1 3
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A short flight test program was conducted to check certain simlator
results.':This is covered in Section IV. Also discussed in Section IV is
a very short {two day) simulation program conducted to answer certain
questions relative to discrepancies in flight/simulator comparison,

Sections III and IV present results of simulation and flight test.

These results are analyzed, and certain key parameters were identified in
Section V.

Finally, the conclusions are summarized in Section VI.
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SECTION II

DESCRIPTION OF GENERIC STOL CONFIGURATIONS
AND SIMULATION FROGRAM

Eleven generic configurations were derived to characterize the extremes
of potential variations in the performence parameters (Cr, Cp, and Cu). The
simulated airplanes are grouped and labeled in terms of their lift, drag,

and thrust characteristics in Teble 1. More specific descriptions of the

D R ARSI T

variations of the performance parameters with thrust (C,) are given in Fig. 1.

The configurations were arbitrarily labeled BSL1 and 2 and AP1 through 10.

sonee

The letters RLD following the configuration label stand for "rounded lift and
drag' and are indicative of nonlinear lift characteristics at high angles of
attack to be discussed in the following pages.

£

TABLE 1

SUMMARY OF CHARACTERISTICS OF THE SIMULATED CONFIGURATIONS

REPRESENTATIVE
GROUP | CONFIGURATIONS Cr, v8. G, CrL, V8. G, Op STOL CONCEPT COMMENTS

1 |BSL1, 2, 2RLD | Linear and | Linear and €1 deg | Low efficlency |BSL1 has 204 lower Clg

moderate noderate EBJF or VT than BSL? and 2RLD.
BSL2RLC has modified
stall (Fig. 19).

II | AP2, 6, GRLD Very non- | Nonlinear and | 90 deg | High efficiency | AP6 has improved Ay
linear moderate IBJF capability (-4 deg).

APGRLD has modified

stall (Fig. 19).

III |[AP3, T Linear and | Nonlinear and | 75 deg | Low efficiency | AP7 has improved sy
moderately | moderate VT/MF or poorly | capability.
. high designed EBJF
IV (AP, S Linear and | Very low 81 deg | Low efficiency | AP5 has improved Xy
moderately VT /MF cepabllity.
- high
V [ APIO Very non- | Very low 90 deg | High efficiency
linear EBJF
TR-1035-3R-1I1 5
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The magrnitule of the 1ift and 11f% curve slope and thelr lincerity with
thrust coefficient were the major variables in the study and are classified
into five "groups" in Table 1, Group I is representative of low efficiency

. EBF (externally blown jet flap) configurations with low effective thrust
inclination angles, 6r. The powered-lift effects (CL, vs. C,) are low, and
the flight characteristics would be expected to be somewhat conventional.
The Group II configurations represent high efficiency powered-lift STUL cou-
cepts. Because 1lift increases rapidly as the power is increased from zero

thrust; these configurations have inherently nonlinear Cr, vs. C, and Crg

vs. C, characteristics as shown in Fig. 1. Group IIT has the higher cLo

vs. C, characteristics of Group II without the nonlinear shape (see Fig. 1a).
The CL, Vvs. C, characteristics of Groups II and III are identical (Fig. 1b).
Group IV combines the linear Cr, vs. C, characteristics of Group III with a
50 percent reduction in 1lift curve slope. Finally, Group V combines the
nonlinear CLO vs. C, effects of Group II with the very low 1lift curve slope
of Group IV.

Two configuration:. were picked to investigate the effect of nonlinear
1lift curve shepes near stall as shown in Fig. 2. The BSL2 RLD configura-
tion represents the effect of & constantly decreasing lift curve slope with
increasing angle of attack as compared with the more abrupt change in 1lift
for BSL2. The AP6 RLD stall characteristics were hypothesized to show the
effect of stalling at a constant Cj, independent of C;. This is more typical
of CTOL characteristics which show only minor variations in stall speed with
power setting.

A. S8TEADY-STATE CHARACTERISTICS

| Of the various methods of presenting steady-state performance character-

i istics, the most useful is a plot of flight path vs. airspeed (y-V) contours

L for constant power settings and pitch attitudes. Such a map graphically

] - shows how the steady-state values of the important responses vary with trim
condition and with off-nominal excursions about trim. The y, V, 8 contours

for representative configurations in Groups II through V are given in Fig. 3.
Nominal (symbol ¥ ) and off-nominal (symbols (7 and [\) trim conditions are

shown. Key features of these plots are summarized as follows.

TR-1035-3r-ITT 7
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1. Constant power lines. Defines the appropriate control tech-
nique. If (Oy/oV)sp is positive (or negative but small) the
STOL technique of using pitch attitude to control speed and
power to control sink rate is appropriate. This is the case
for all the tested configurations.

oy RN
e PR £5

2. Constant attitude lines.

a. The slope of the constant attitude lines (OV/dy)g defines
the magnitude and sign of airspeed/flight path coupling
for the steady-state situation. Positive values of
(3V/dy)g are referred to as proverse coupling and are
characteristic of the Group I configurations. Physi-

cally, this means that for constant attitude flight the

trim speed will increase as the flight path angle is
increased with power. Proverse coupling is typical of
all CTOL aircraft. The constant attitude lines tor

Group III are nearly vertical (3V/dy)g = 0), indicating

neutral airspeed/flight path coupling. Group IV exhibits

weak to moderate adverse coupling, (OV/dy)g = —1.75 kt/deg;

and Groups II and V show strong adverse coupling, (BV/ )e

from 4.8 to =5.6 kt/deg).

b. The spacing of the attitude lines (along lines of coastant
speed) is indicative of the magnitude of change in trim
pitch attitude required to hold airspeed constant while
changing flight path angle with power. This gradient,
(38/dy)y, tends to become quite nonlinear at low power
settings for the adversely coupled vehicles (Groups II,
IV, and V). The resulting large pitch attitude require-
ments (greater then 30 deg for AP 10) will, in some cases,
limit the down y capability; i.e., if the pilot is unwill-
ing to either let speed vary or use extreme pitch attitude.
Increasing the down (Ay) capability from —2° to —4° (from

the nominal y = —A°) tends to increase the attitude gradi-
ent. For example, compare AP2 and 6 in Group II (see
Fig. 3).

c¢. The constant attitude lines may be quite nonlinear at low
pover settings, resulting in sudden changes in airspeed/
flight path coupling. For example, (dy/oV)g changes
abruptly from —1.7 deg/kt to =5 deg/kt as the power is
decreased below 20 percent in AP1 (Fig. 3e). Similar
offects are seen to occur at very low power settings in
Group I.

3. Trim point. The location of the trim point relative to the
zero thrust constant power line defines the down capability
in terms of degrees of Ay from the nominal glide slope angle.
Unfavorable constant attitude contours in the region of trim
may further restrict the down capability. Additionally, as

TR-1035-3R-I11 10
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the trim point is moved to lower speeds the backside effects
are magnified [increased slope of (Jy/0V)sr) and the speed/
path coupling i: increased for adversely coupled configura-
tions (Groups II, IV, and V). In the case of Groups II and V,
lower trim speeds will result in flat constant attitude con-
tours [(3y/oV)g = O), indicating that power has no steady-
state effect on flight path. Finally, moving the trim point
to higher power settings. generally improves the speed coupling
characteristics. This implies a lower trim flight path angle

or an increase in drag which would move the y —V contours
downward.

A R R e )

Simple analytical expressions may be derived from the attitude con-
i strained equations (Appendix B) which relate the basic performance para-
i meters to the slope of the constant attitude linears (0y/oV), as follows.

(a ) I P (CD/CL tan eT.+ 1) (1)
S\Zf ) - Vtrim (1 - CDQ]CL) tan 9m - CLC(/CL

or in terms of the dimensional derivatives

(2)

(gz) . 1 tanep Xy +Zy  tan 8y Tug
V/g Virim tan op Xy + Zy Virim Tde

It follows directly from these equations that adverse airspeed/flight path
coupling [(dy/dV)g negative] occurs when:

CL
tan O > m———o (3)
T CL - CDCL
Z
or tan ¢ > - f% (4)

Thus, we have established the underlying relationships which result in
. adverse airspeed/flight path coupling.

Physically, Eq. 3 shows that the factors responsible for adverse
airspeed/flight path coupling are large effective turning angles com-
bined with low 1ift curve slope and/or large lift coefficients. Note

that the more severely coupled configurations (AP10) exhibit combined
adverse effects (e.g., large Oy and Cp, and low CLa)'

TR-1035~3R-1III 1
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B. DYNAMIC CHARACTERISTICS
1. Pltch Attitude SAS

Each of the configurations tested utilized the pitch attitude SAS shown .
in Fig. 4. The design philosophy of the pitch augﬁentation was to obtain
a minimum acceptable SAS (pilot rating of 3-1/2) that would keep the atti- o
tude dynamics from being a dominant factor in the ratings. A relatively
low gain closure was utilized (bandwidth of about 0.8 rad/sec).

This augmentation scheme meets the minimumm needs of the pilot for atti-
tude stabilization based on the criterion of Ref.3 and the closed-loop
requirements from which the criterion was derived. Furthermore, the attitude
closure (i.e., bandwidth) cannot be significantly improved by the pilot's -
compensation; thus the influence of attitude loop tightness is minimized.
.The pilots generally did not tighten up on the attitude loop and were basi-
cally willing to accept the low gain attitude dynamics during ILS tracking.

dec Actuator  Vehicle

Lag Dynamics
8c | 2 83 + 8
2 Ky, b2 S [ o) s ! N3,
h s Vv + TeSt| A
Tes+! =
Kec = _‘u'oo d.eg/in- Te = o-] sec
Kg = =1.0 Tg = 2.0 sec
8, = 0.2 sec” Vo = 75 kt

Figure 4, Pitch SAS Used in Generic STOL Simulation

TR-1035-3R-II1 12
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Thus, the pilots appear to have recognized that they could not improve the
attitude lbop or the path modes by a tighter inner attitude loop. This is
to be expected since the path mode poles drive int6 the numerator zeros
for very low values of Kg. The result is identical responses of h/sT for
low and high values of Ky at path mode frequencies. This explains why the
assumption of constrained attitude in Appendix B is also valid for low
attitude gain closures when analyzing path mode dynamics.

There was some tendency for the pilots to PIO in pitch attitude during
flare and landing when tight attitude control is desired.

2. Flight Path Dynamics

The attitude-constrained beam-rate-to-throttle dynamics for the tested
generic configurations are shown in Fig. 5 in terms of time response to a
unit step input and frequency response characteristics., The overshoot in
the time response for some configurations is seen to be equivalent to a
peak in the frequency response. This peak is generally characterized by a
first-order zero, 1/Tyg, and the roots of the attitude-constrained charac-

teristic equation (Appendix B). Thus, the generic forms of the d/87 responses

are defined by the coupling numerator zero, 1/Tnhg, and the two roots of the
attitude numerator, Nge. The generic forms of the E/aT and i/ec frequency
response asymptotes are shown in Fig. 6. The beam rate to attitude responses
either exhibit a sign reversal (1/‘1‘h1 negative) or decay to zero (1/Th1 = 0).
This was discovered very early by the evaluation pilots and path control was
accomplished with power in all cases. The ﬁ/ST overshoot is characterized
by low values of the coupling numerator zero, 1/The. The definition of
1/The [1/The = —Xu —Zu(Xsp/287)] shows that increasing the effective thrust
inclination angle 6y [op = tan™! (~Zop/Xep)] tends to reduce 1 /Thg, thereby
increasing the overshoot. In fact, it can be shown that the h/8p response
reverses sign (putting the vehicle on the backside for throttle control)
when:

op > 90° + tan! (%u/Zu) (5)

TR-1035-3R-III 13
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Group Sink Rate to Sink Rate to .
, Attitude Asymptates, h/8 Power Asymptotes, h/ 5y
: Za
& LN
1 ¢ 1 T Tg
Th,
i
Negative {backside)
Th, oo
h L1 B l |
] Bc 1 TO, 1'92 St % Ts, Ts, I
Th h8 %
1 L ]
* Y] L <1
hy The" Tg,
. wg Y
_3_ ‘—’/\ | _§_T | —1/“"\8
18,744 B 1 : |
T, né Te
| . . |
T, 0 Tog™ “°

Note: The washout effect is
slmost negligible in
Group III due to high {g
snd 1/Thg close to wg

Figure 6. Generic Cuaracteristics for Sink Rate Control
with Attitude and Throttle

Thus, there is a direct correlation between thrust inclination angle and
dynamic path overshoot. Furthermore, the thrust inclination has been shown
to be tied to the steady-state coupling (Eq. 1). Hence, there is a direct
correspondence between the STOL performance parameters and the dynamic
response, and that the dynamic and steady-state characteristics are directly
related. Specifically, high effective turning angles and large lift coef-
ficients required for good STOL performance are directly responsible for
adverse path/speed coupling and path overshoot. From a practical stand-
point numerical solutions to Eqs. 4 and 5 indicate that the condition

for low-frequency flight-path-to-throttle sign reversals (1/Ty,g < 0) occurs
at significantly higher thrust inclination angles than the condition for
adverse path/airspeed coupling. For the tested configurations, the value
of 6p required to obtain adverse path/speed coupling ranged from about

85 deg for Group I down to 50 deg on Group V. The critical value of 6p

TR-1035--3R-IIT 15




T ety

S s Tt

T R o e

.?.i"g e

e
o

PRI
o

o L e

T P T R g VAP 7 i S T e

Coosaleld Madit ol Pl o

b

T LTI P A

which would result in low-frequency :1/5'1' sign reversals varied from 100 deg

on Group V to 104 deg on Group II. None of the configurations tested had

this characteristic at the nominal trim flight condition (75 kt) although

three configurations (AP2, 6 RLD, and 10) exhibited a flight-path-to-throttle
sign reversal at 65 kt (e.g., add power and end up sinking faster in the

steady state).
3. Rate Change of bynmicl

An important aspect of the STOL path control problem is the rate at which
the basic vehicle dynamics change with speed or power setting. The piloted
simulation results reported in Ref. 5 indicate that large changes in vehicle
response characteristics with small changes in speed are very uadesirable.
In fact, a key issue in the present investigation is the character of speed
margins based not only on stall but also on regions of unacceptably poor
handling qualities. The variation in the dynamic response with speed for
the tested configurations is given in Fig. 7 in terms of the ratio of peak
to steady-state values of the Bode asymptotes in Fig. 6. It will be shown
later that the shape of the ﬁ/&]} frequency response has a significant eflect
on closed-loop piloted control during ILS tracking and landing. All of the

S Note: I/ Thg becomes negative for AP2,6RLD
o2 B and 10 af speeds near 65kis. All have
3 S very nonlinear Cpyvs Cp
s
§ 0
] Groups I, ¥, XC
a
8
F 4
2
g LY Adverse
p P\ Coupling
o
o5 3 t
- = ___!__ Zero Coupling
0 NN RSN Group I
50 70_ o~ $0 Proverse
Airspeed(kts) Coupling
Group I

Figure 7, Effect of Airspeed on the Dynamic Response
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adversely coupled configurations are seen to exhibit a fairly rapid increase
in overshoot with decreasing speed. API10 has the most rapid degradation and
AP2, 6 RLD, and 10 all exhibit a reversal in sign at 65 kt. The time responses

for AP10 (see Fig, 8) illustrate the dramatic effect of speed on this cdnfigu-
ration.

C. DESCRIPTION OF THE SIMULATION

The equations defining the generic STOL simulator model and a complete
description of the cockpit layout, computer facility, and moving Lase cab
are given in Volume II. The instrument display and cockpit controls were

typical of & conventional present day CTOL transport.

1. Simlaticn Scenario

The piloting tasks were broken down into subtasks and a composite task
as outlined in Table 2 below., The geometry of the flight task is shown in
Fig. 9.

L5

o) o
g Vo = 85kts
- S5
=
a Vo= 75kts
£
O
° 1 1 | 1 1 1
‘“.5 ° . e t(sec) !
P S

Vo *65kts
-5
Figurc {!, Effect of Speed on Path Response to a
Unit Step Fower Input (AP1D)
TR-1035-3R-11I 17



TABLE 2

SIMULATION TASK DESIGNATION AND DESCRIPTION

- - TASK DESCRIPTION

Glide slope tracking (Start at 1190 ft and termi-
minate at 30 ft of altitude — all IFR)

1.0 Calm air

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

1.1 High fast initial condition (IFR only)) See

1.2 Low slow initial condition (IFR only) Fie- 9

1.7 Speed change on glide slope (IFR only)
Landing (Initial condition at 300 ft — IFR)

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 apprcazch task (Rate glide slope
intercept, path control, and flare and landing

AN s e £ L b o Gl ot s . o i T PO T AT i e kel s — —_—
ey, (I S r - pap———t I o P = T PR :
- 3 - . — - e e - s Tl s - 3

- 4 7 e P B S AT TE e e 2

1] separately)

1 3,0 Calm air (IFR and VFR)

%% 3.1 Turbulence (¢ = 4,5 ft/sec) (IFR and VFR)
Eé 3.2 Headwind

1 3.3 Tailwind } (2! gl W)

TR-1035-3R-11I 18
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Localizer capture just
prior to glide slope capture STOL Runway

2
Sy Initial Condition
X~—— for Composite Task (3.0,3.,3.2)
7 Vo= 130kts , 5 =0
|nmo| Condition
: for High Fast Task (I.1)
|800' ._/ V°= 85kts ) 7°= '7.5deg
—
/L_MMM
Inltial Condition Ceiling = 300
for ILS Tracking Tasks (1.0,.01 |

Vo= 75kts , yo=-6deg

Initial Condition for

Initial Condition Landing Task (2.0,2.1)
for Low Siow Task (1.2)

Vo= 65kts , y,=-4.5deg

‘Figure 9. Flight Task Description

Each pilot was given A présimulation briefing which consisted of an
oral presentation and a written outline (Appendix D). Several pilot ques-
tionnaires were developed (see Appendix D) to obtain pilot opinion of
the tested configuration and to help quantify the pilot technique being
used. The tes- engineer (riding in the cockpit with the pilot) utilized
these questionnaires to obtain spontaneous pilot responses (and pilot

ratings) during and immediately after a series of runs for each piloting

task. Particular emphasis was placed on obtaining specific literal
interpretations of the Cooper Harper scale. In this regard, the pilots
were asked to justify their rating by relating the verbal description on
the Cooper Harper scale to specific handling problems they had encountered.

TR-1035-3R-III 19
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‘2. Data Gathering

1. The simrlation data consist of pilot ratings and commentary, analog
strip chart records; pilot performance measures, and describing function
data. Pilot ratings were obtained for each of the subtasks listed in the
previcus section. In addition, pilot ratings were obtained for each seg-
ment of the composite ILS approaca task; glide slope intercept, glide slope
tracking, flare and landing, and an overall rating.

TR-1035-3R-II1 20
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SECTION III

SIMULATION RESULTS ]

An extensive two-phase simulation program involving eleven generic STOL
configurations and nine research pilots was conducted on the NASA Ames S-16
Moving Base Simulator. The first simulation period served to identify the
eritical flight regions which were then investigated in detail in a second
similation period. The pilot ratings, commentary, and other results pre-
sented in the following sections are a direct result of the more detailed
investigation (second simulation period).

A. TFLIGHT PATH CONTROL

The pilot rating data and commentary for the glide slope tracking, flare ?
and landing, and composite tasks (Tasks 1.01, 2.1, and 3.1) revealed that
flight path control deficiencies were most apparent on short final during the
visual portion of the approach. It was not possible to obtain a numerical
assessment of flight path control on short final (last 300 ft of approach)
since this case was not separated out and rated as & separate task during
the experiment. However, it was possible to draw certain inferences from
comparison of the pilot ratings for the composite approach task (3.1) and
the TLS tracking task (1.01). This comparison (shown in Fig. 10) allows
us to make the following observations:

© The ratings for the IFR approach tracking task (1.01)
showed little difference across the configurations,

e.g., none of the configurations were rated worse than
as.

® The ratings for the composite task, which included both
IFR and VFR tracking, indicated that two configurations
(AP1 and AP10) were definitely unacceptable (large spread
with ratings of 7 or worse) and that two configurations
(AP6 ag% BSL2 RLD) were marginal (large spread with ratings
up to 6).

® The only appreciable difference between the glide path
tracking portion of Task 3.1 and Task 1.01 was that
Task 3.1 included a VFR tracking segment on final approach
after breakout (glide slope intercept was rated separately).
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Figure 10, Pilot Ratings for Tasks 1,01 and 3.1

Based on the above observations, it seems reasonable to conclude that
the tracking problems that resulted in degraded pilot ratings for Task 3.1
were assoclated with the final portion of the approach between breakout
and initiation of flare. This indirect inference led to a careful review
of the pilot comments (see Appendix A) regarding flight path control and
any indications of problems in setting up for flare. The results of this
review are shown in Table 3 where it can be seen that most of the tested
configurations received some advevse commentary regarding flight path
control on short final in turbulence. This reflects the experimental
design, in that all configurations represent marginal cases of various
STOL concepts. (Recall that the basic goal of the study was to find out
what features or combinations of features resulted in crossing the boundary
from marginal to unacceptable.) The large number of, and intensity of,
derogatory comments regarding flight path control on short final for
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* TARLE 3 PTLOT COMMENTARY WHERE FLI@YT PATH CONTROL PROBLEMS ON SHORT FINAL
WERE SFECIFICALLY FOTED (TASKS 2.1 AND 3.1)

PILOT 1 ,Pnntz‘ PIOT & PIOT 7 PILOT 8 PILT ©
. BSLY None Poox- verticnl spred Xone Kope Az flying -\;‘:ae
} response makes it easy slope ‘Ii8) %o get
1o overcautro) to winisw for flare
Pat on too much pover to -
correct for & low condi-
- tion and then dan't pet
it off in tira, cte.
BSL2 None ] Noae I ao having quite a None Noze
bit of prodles
with the turbu.euce
: particulsrly during
the final glide
N slope tracking and
zg the flare
i BSLZRLD | Requires moderate com- None Poor sink rate to
, i*\ pensetion o throtiles throttle resronse
| M to get up for flare is responsibls for
i problens ir gstting
:t set up et flave
K point
‘ Flying IVSI o
throttles evez in
‘ close
! AP1 The primary deficiency Pilot rating is | The workload gets e.. Teal dicey | Primary difficulty
| is a very sluggish a ) down to too high trying to get @ good | wvas the consider-
sink rate to throttle breakout and to get the power siik rete and | eble leg in the
responge. The major then a Ton set for your s good aim throttle end if
prodle is the in- short final flare, particu- point on the your effecting e
ability to recover larly with these uvay change on gliie
from off nominal ver- last minute path the regult.
tical porition in time flight path cor- ing change in sink
to get W for landing rections vhere rete lete in ¢he
on this skt runay ' the pouver can be approach will give
going up avd dow., you real protlems
AP2 Tte primary probiem in | Recovery m turm.nco Turbulence is aot
landing is setting vp | sffects cowing into the & problem and
for the flare with flare was difficult getting set up
povwer in the presence for flare {e ¢'s0
of thege fairly large got & problem
gust disturbances with this config-
urstion
APS ¥on: Nane Koae
APEALD | Moderate compensetion 8inx rate None
on sink rete control regpanse to atti-
with pover 1s required tude and power
to get up the flare ere good
point
AP7 None Sone None
APVO | Tre sluggish sink rete The main protiem Got lov and Seems very sersitive
i} to throttle makes it wvith flight puth slov, & bear to throttle muking
difficult to get setup. control is tha: to correct it difficult o get
My prizary objection fligkt path angle up for flares.
to this configuration wastes out after Extremely Lari to
lies in the inedility a throdtie ingut. gt into proper
. to control sink rete This protlm {: flare vindow
during the last several ezpecielly notice-
modred fee’ of the ehle a3 you
approach approsch the flare
pe'nt and evep
during the flare

Motes: Blank spaco means pilot 4id got fly the configuratiom.
i "Rone” means that no specific ccaments relstive tc Zlight path control am short final were recorded.
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‘Configurations AP1 and AP10 tended to support the results inferred from
the pilot ratings, that is, that these configurations were unacceptable
for flight path control apd that the.primary problem occurred during the
visual portion of the approach.

B. PATH/SPEED COUFLING

Based on earlier work (for example, see Refs. 2, 4, and 5), adverse
path/speed coupling was expected to be a heavy contributor towards the
definition of minimum ascceptable boundaries. This was not the case for
the configurations tested in this experiment. While the pilots found that
adverse speed/path coupling was undesirable, it was not a major factor in
the final pilot ratings. The evidence upon which this conclusion is based

is 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 are discussed in the next section).

® A review of the pilot commentary (see Appendix A)
indicated that sreed was monitored rather than con-
trolled for adverse coupled configurations. Addition-
ally, some pilots volunteered that the adverse speed/
path coupling reprasented a rating degradation of only
1/2 to 1 point. (For example, see the commentary for
Pilots 2 and 7, Task 1.01, for Configuration AP2 in
Appendix A.)

® The strip chart records of the simulation show evidence
of changes in trin pitch attitude with long-term speed
excursions but no evidence of closed-loop speed control.
This result holds true for the IFR glide slope tracking
portion of the approach, as well as the visual aim point
control after breakout and before the initiation of
flare. Two examples of this result are shown in Fig.
11. The example in Fig. 11a illustrates the use of a
pitch attitude bias in response to a very large long-
term airspeed excursion (see Chennels 5 and 6). Note
that errors in the flight path (Channel 3) are dealt
with by use of the throttle (Channel 7). The lack of
concern over airspeed excursions is even more dramati-
cally illustrated in Fig. 11b where the pilot held
congstant attitude throughout the approech even in the
presence of a long-term persistent airspeed error of
between 5 and 9 rt. It should be noted that these
results are consistent and repeatable across all the
pilots for the adversely coupled configurations.
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@ The pilot rating for Configuration AP6 RLD was ini-
' tially a 9. This rating wes given after a run where
the pilot got low on short final and added power.
Because of the strong adverse coupling on this con-
figuration, 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
B result in a stall (increased Clyg,y by 10 percent) as

shown in Fig. 12. The pilot rating then improved to
a 5.

. _—r
L s e e et

In summa>y, 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

3 : coupling had only & minimal effect on the pilot ratings, which tended to |

% : be more directly associated with sbility to control the flight path. These
? results were published in early progress reports and were checked by other
A investigators running STOL certification simulator programs (Ref. 5). These

R VA R R

investigators concurred that the pilots were not controlling airspeed for
adversely coupled configurations. There now appears to be a general accept-
ance of the fact that airspeed control in itself is not the appropriate
flight reference for many STOL configurations. For the configurations in
this experiment, constant attitude appeared to be a good flight reference.

é Considerations for formulating a flight reference for various STOL configu-
: rations are discussed in Ref. 5.

hacs Ry

3 | C. CLOSED LOOP TRACKING BEHAVIOR

1 1. Pilot Vehicle Loop Structure
? All of the pilots indicated that the technique for glide slope tracking
7% was primarily to control the glide slope deviation rate (d). A summary of
3 - 5
~ pilot commentary and interpretatior of the time histories is given below in
terms of a sek of rules which effectively quantify the technique used for
. ) glide slope tracking with power.
;h ‘8., Keep d at a very low level by controlling IVSI with
: power, e.g., find a target IVSI that keeps the glide
4 slope bug stationary on the display (nominally 800 ft/
] min)
‘ TR-1035-3R-III 27
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Notes:

® |5 percent increase in power at trim pitch attitude (3°)
will result in a stall with basic AP6RLD

® By increasing Cpyax by 10 percent AP6RLD will not
stall due to a power increase at the trim pitch attitude

81 ® The pilot rating is 9 for the basic AP6RLD and 5 with
a 10 percent increase in Cy,,y

g 8 5% e R e
sy \,:;&Wy\%%,:,{‘«sfmg eigxm@ SRR ,.5«:/-:».,’6-,:,-"-—-'-1_ T 5

o 4 Pitch Attitude 8 (deg)
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il @
j ; 8 OoF AP6RLD _» Power
! ; = With 10% St
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1 @ C
i = L MAX 100
4 < o -
g . c 4 Trimmed
| B ~On 80
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S gL 60
L
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-14 | l 1 1 |
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*  Figure 12. Effect of 17 Fercent Increase in c]-'max on Stall Characteristics
1
E
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~b. If glide slope error (d) is diverging, try to first
: zero d, then adjust power so d is slowly converging
(i.e., pick a new target sink rate on the IVSI).

c. if the glide slope error is less than one dot, make
very small power adjustments (if any).
Thée attitude control technique suggested by the pilot commentary
(Appendix A) and strip chart records (for example, Figs. 11 and 12) may
be summaerized as:

a., Let the SAS hold attitude and occasionally adjust to
correct back to target attitude when required.

b. Bias the target attitude ¢ correct persistent speed-
errors that are large enough to be outside the indif-
ference threshold,

These rules suggest a basic pilot vehicle system loop structure consist-
ing of beam and beam rate feedback to the throttle with a very low gain atti-
tude to column feedback (assumed to be zero in subsequent analyses). This
is shown in block diagram form in Fig., 13. Further quantification of the
model was obtained using the results of specifically designed simulation
runs where the pilot was given deterministic inputs in beam error, sink rste,
and vertical acceleration (sum of six sine waves) which was filtered to give
the sppearance of random vertical gusts. The method is described in detail
in Appendix C, As shown in Appendix C, the describing function representing'
the pilot plus vehicle system may be experimentally derived from measurements
of the system response. Describing function magnitude and phase points were
computed at six frequencies thereby giving an experimental frequency response
(Bode plot) for the beam to beam error response (the effective controlled
element) of the pilot vehicle system which was fitted with pilot model para-

meters corresponding to the Fig. 13 throttle series loop structure,

The analytical approximation to the effective controlled element used
to fit the experimental data was based on the assumption that the pilot
flies constant attitude and may be derived from the block diagram in

Fig. 13 and approximate factors in Appendix B.
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SNBe(TeS + 1)
N " - ~ -
Pilot Augmented
Airframe
where
8 . 1 1
Nge = ‘Mée(s * T91)(S * Top (7)
or
2 2 8
MBe(S + 2L s + we) (8)

K3 represents the pilot's internally derived sink rate command based
on & beam error. Kd represents the amount of throttle response that was
used for a perceived error between the target sink rate and actuel sink
rate on the IVSI instrument or from the visual display during the final
approach segment. 1 represents the overall pilot lag that arises from
several sources such &8s neuromuscular and scanning lags. The sink rate
command, hc, is internally generated by the pilot by obsérviné the IVSI
reading that nulls the glide slope deviation rate, d As shown in Ref. 6,
there is negligible lag associated with internally generated commands,
which accounts for the fact that the outer loop pilot transfer function
Ypy is represented as a pure gain (v =0).

2. Experimental Results

The pilot model parameters (Kq, Kj, ) Wwere varied to obtain the
experimental data fits in Fig. 14, Each data point in the figure repre-
sents the average experimental value across all the pilots who flew each
of the configurations. Two glide slope sensitivities were run for each
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configuration to help quantify the effect of the pilot's "tightening up"
as glide slope sensitivity increases near decision height. The high sensi-
tivity (squares) and normal sensitivity (triangles) cases represent a glide

B ' slope width of 50 ft and #100 ft, respectively. To put this in perspective,
these numbers correspond to glide slope tracking at a range of 0.67 miles

. and 1.3k miles from the 6 deg glide slope transmitter.* Figure 14 shows

2ibid

that the characteristic tightening up near decision height does not occur
for some configurations (AP6 and AP10) and appears as an increase in gain
for others (BSL2 and AP1). The pilot ratings for path control are shown

§ ; below the experimental results for each of the configurations shown in

¥ TSR e R A R BT IR T

o

Fig. 14, These ratings are seen to be significantly degraded for the cases
where the pllots were unsble to equalize the effective controlled element

to a K/s shape (AP1 and AP10). Other implications of piloting technique
a0y to be drawn from these data fits are:

q ® The pilots are not regulating speed with attitude to
i any significant degree. This is evidenced by the fact
) that closure of & speed to attitude loop significantly
& alters the shape of the analytical fit to the point

| : where it does not metch the experimental data. This
is especially true on the more highly coupled configu-
rations such as AP10.

® The overriding pilot closed loop operation was beam
and beam rate to throttle. Other pilot activity was
of such low gain as to have negligible effect.

® The phase margin at crossover weas generally about 50 deg
for the high sensitivity glide slope resulting in a
closed loop bandwidth of about 0.25 rad/sec for BSL1, 2,
and 2 RLD, and 0.4 rad/sec for all other configurations.

; ® The effective pilot lag is considerably higher than

| indicated on previous single controller experiments

(7 is usually about 0.4 sec). This could be due to
the higher scanning workload inherent to increased
rates of descent and low approach speeds. The latter
results in increased lateral workload due to the
increase in turn rate for a small bank angle excursion
[r = (g9/Vo)] requiring significantly more scanning

*Glide slope width was *0.7 deg.
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activity on the attitude gyro (bank angle) and HSI
(localizer). TFinally, the high degree of coupling
on some configurations probably results in more than
usual scanning activity on airspeed. However, a firm
explanation cannot be supported from the current
‘results.

3. Conclusions

The results obtained from experimental measurement of the pilot's closed-
loop tracking behavior have some very important implications in the definition
of minimally acceptable handiing qualities., Most importantly, there appears
to be very good correlation between the ability of the pilots to equalize
the effective controlled element to a K/s (see Fig. 14) and configurations
that are less than minimally acceptable (e.g., Configurations AP1 and AP10).
Configuration AP1 is an interesting example because it is not especially bad
in terms of criteria developed in previous work (see Refs. 5and 7). For
example, Configuration AP2" relative to Configuration AP1 has

a. Thirty percent more flight path avershoot (A7peak//_\73$)
b. Three times more steady-state coupling (95V/dy).
c. Nearly identical uSTOL characteristics (see Ref. 5).

d. More repid degradation of dynamics with speed change
(see Fig., 7).

e, Identical control power characteristics (both have a
~2 deg B, capability).
Based on the above list, we would certainly not expect AP2 to receive better
pilot ratings than AP1. However, this was indeed the case for the composite

task (3.1), as well as the final approach and landing task (2.1). This

*Configuration AP2 has the same dynmamics as Configuration AP6 (which
is shown in Fig. 14b, the only difference being that AP2 has -2 deg 8y
capability compared to -4 deg for AP6.

TR~ 1035-3R-1I1 34




importént result illustrates thét limiting flight path control characteris-
tics are more directly identified via analysis of the closed-loop pilot/
vehicle system (inability to equalize the effective controlled element to a
K/s in the éase of AP1) as opposed to considerations of open-loop response

. characferistics. Uhfortunately, closed-loop response measurements are not
easy to make, It would therefore be desirable to identify open-loop vehicle
characteristics which are a valid measure of, and are sensitive to, changes

in the closed-loop pilot/vehicle effective controlled element characteristics.

As earlier stated, deficiencies in flight path control were not apparent
to the pilots until the last 300 ft. However, the above describing function
analysis results suggest that certain fundamental limitations are apparent

in terms of closed-loop tracking behavior on the glide <"ope long before the

)
¥
:
'x"\."
:
i 3

pilots recognize the deficiency. Thus, we may conclude that path control
deficiencies which are limiting for visual aim point tracking may be iden-
tified by taking long term closed loop tracking measurements on the ILS
' glide slope. (The glide slope sensitivity should be high to induce tight
"  control.) This is an importsnt result in that it is very difficult to

quantify the visual aim point tracking problem due to the short amount of
time over which this task occurs.

D. FLARE AND LANDING

Comparison of the pilot ratings for the ILS glide slope tracking task
(1.01) and the final approach and landing task (2.1) indicate that flight
path control deficiencies were far more apparent to the pilots during the
final approach and landing task. This comparison is shown in Fig. 15 below
where it can be seen that some configurations which received acceptable
pilot ratings for ILS tracking were rated as unacceptable for the flare and
landing (for example, BSL1, AP1, and AP10). This result probably reflects
the increased precision required for the final approach and landing task,
especially in the presence of turbulence.

Atmospheric turbulence had a very strong adverse effect on pilot opinion
ratings and performance for the final approach and landing. As shown in
Fig. 16 below, Configurations BSL1, AP7, and AP1 were particularly sensitive
to turbulence. The effect of steady winds was not tested.
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There was general agreement among the pilots that the sink rate excur-
sions seemed extremely large near touchdown. This has also been noted on
other STOL simulations (Refs. 5, 8, 9) where the pilots have complained of

unusually large gusts which seem unrealistic based on CTOL experience.
Possible explanations of this are:

® The magnitude of low-frequency shear in the turbulence

model was unrealistically high.

® Turbulence effects tend to be magnified in the simu-
lator due to limited peripheral vision, inadequate

motion cues in heave, and lack of sink rate perception
in the visual display.

Turbulence has a much more pronounced effect on STOL
vehicles than on CTOL airplanes.

A short flight test program using the Princeton University Variable Stability
NAVION was conducted as a follow on to this simulation.

(Discussed at greater
length in Section IV.

One of the primary goals of the flight program was to
gain & better appreciation of the seemingly unrealistic turbulence effects

obtained in the simulator. In order to insure identical turbulence models in

the simulator and in flight, a magnetic tape of the simiilator turbulence was

used to generate artificial turbulence in the variable stapility airplane,
The followlng results were obtained

® Qualitatively, the effect of turbulence on the flight path
seemed very similar in flight to that experienced in the
simulator using the BSL'! configuration in each case.

® The basgic NAVION was flown with the turbulence tape and
given a pilot rating of 4-1/2 for the landing maneuver.
The pilot's comment was that it was like flying with the
NAVION in winds of 18 kt with gusts to 25 kt.
These results imply that the simulator results were valid and that the comments
and ratings regarding severe effects of turbulence are ettributable to STOL
deficiencies (which are highly sensitive to turbulence).

Inly one pilot flew
this phase of the experiment.

Therefore, more testing is warranted to support
this conclusion,

The above experimental results suggest that flight path control defi-
ciencies are more correlated with the VFR tagk associated with final
approach and landing than the IFR tracking task., Those features which
appear to contribute most heavily towards this result are
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‘@ - The effects of path disturbances due to turbulence
and shear are very prominent due to near proxmity
of the ground.

® The terminal control nature of the task requires
‘that errors (in the apparent touchdown aim point)
be eliminated immediately. This sense of urgency -
does not exist in the ILS task.

This has resulted in a switch in emphasis from analysis of the classical .
glide slope tracking task to the final approach and landing task. It was

therefore appropriate to concentrate the analysis for identification of

key parameters on the final approach and flare msneuvers. This aralysis

is presented in Section V of this report.

E. SIMULATOR CALIBRATION FOR LANDING

There was 'general agreement suong the pilots who have flown the NASA
Ames simulators that the visual and motion cues do not have one to one
correspondence with the real world during landing. Early in the program,
it became apparent that what appeared to be a smooth landing was actually
firm to hard from the standpoint of computed touchdown sink rate. It
therefore appeared desirable to allow the pilots to rate their landing
performance based on what they saw on the display. Since all of the
pilots had considerable flying experience ( greater than 2000 hr) it was
] reasoned that they should be able to distinguish a good landing from a
L ; , bad landing. Moreover, the pilot can only operate in a closed loop sense
1 based on ris informetion input, e.g., visual display and simulator motion.
Allowing the pilots to rate their performance and using those ratings to
calibrate the simulator should compensate in some way for the effect of
the missing or erroneous cues from the data. The pilot ratings of touchdown
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fﬂ.,u
AN A T R S, AR TR - Rz
S ES R TR RIS TIRN ag R SR R I PRy T LI

! sink rate consisted of "soft, firm, and hard." A numerical scale has been
defined which quantifies these ratings in terms of percentage of responses
in a given category. The pilot .to pilot variation was found to be small

; enough to group all of the data and define a relationship between actual

; : performance on the simulator and the pilot's subjective opinion across all
pilots. This effectively calibrates the simulato:.
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A1l the landing data were tabulated according to touchdown sink rate and
pilot rating (soft, firm, hard) resulting in the three distributions shown

in Fig. 17.

Percent Rated Soft

100

Percent
Rated Firm

\

.. Percent
Rated Hard

50 -

Percent of Lundings

0 5 10 15

Actual hqyp (ft/sec)

Figure 17. Distribution of Ratings for Soft,
Firm, and Hard Landings

Based on these distributions, a numerical scale was developed to quantify
the pilot's rating of touchdown sink rate as shown in Table L. The correla-
tion between simulator and pilot opinion of touchdown sink rate is made by
plotting the actual (simulated) touchdown sink rate against-tne number corres-

ponding to the pilot verbal descriptors in Table k., The results is shown in

R R T N R S A T

Fig. 18.
TABLE L. LANDING "RATING" SCALE
NUMERICAL | PERCENTAGE OF LANDINGS RATED | VERBAL
: SCALE AS SOFT, FTEM, OR HARD SCALE
SOFT FIRM HARD
: 1 100 0 Soft
i 2 ™ )
) ! 3 20 20 Soft-firm
. 4 o) & 10
{ 5 15 70 15 e
; 6 10 & 2
§ 7 20 50 | Firm-hard
¥ 8 0 5 ™
i;k 9 0 0 100 Hard
:
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Verbal Scale

10 e
2 Hard
3 8| —
E Firm-Hard
S 6 e
-§ ol Firm
_E’ Soft-Firm
‘é °r Soft
- 0 1 /l | 1 1 ] 1

O 2 4 6 8 10 12 14
Touchdown Sink Rate, hyp(ft/sec)

Figure 18. Simuletor Landing Correlation Plot

Figure 18 verifies the subjective feeling that what would be a high
touchdown sink rate in actual flight (order of 6 ft/sec) looks like a
"soft to firm" . wding in the simulator. It follows that landing date
taken in the simulator (ﬁTD) should be evaluated based on the landing
opinion scale in Fig. 18.

The landing performance data for the tested generic STOL configurations
are summarized in Table 5 in terms of the computed and adjusted (Fig. 18)
touchdown sink rate and the touchdown position, All landings between 200
and 500 f't were considered as in the touchdown zome. Table D reveals that

® None of the configurations could be landed consistently
soft and in the touchdown zome.

® The Group II configurations were rated significantly
better than the rest.

® The Group IT configurations exhibit the lowest touch-
down sink rates and also the lowest dispersions from
the mean (o) in Xgp.
It should be pointed out that the dispersions of XTp about the mean were
not symmetrical, that is, an extremely low number of touchdowns occurred
short of the runway. In cases where the possibility of landing short or
overshooting existed, the pilots executed a go-around.
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TABLE 5

SUMMARY OF LANDING PERFORMANCE
(Turbulence = 4.5 ft/sec rms)

TOUCHDOWN PERFORMANCE
GROUP| CONFIGURATION SINK RATE POSTTION, £t| " naee trOT
WG | o AYgié§A$§NG e, | o | (Task 2.1)
BSL1 6.8 3.0 | Firm 27h 171 3.7
I| BSl2 6.1 2.4 | Soft-firm | 415 200 4-6
BSL2 RLD 7.3 | 3.3 | Fim 320 | 30k 3.5-4
AP? 5.1 2.4 | Soft-firm | ko7 159 L
II AP6 6.0 2.6 | Soft-firm | 123 161 L
AP6 RLD 4.3 2.5 | Soft 21k 82 3-5
III | APT 7.6 | 3.0 | Firm Ll 245 4-6
v AP1 6.41 | 3.18| Soft-firm | 361 194 3.5-8
\ AP10 6.7 2.0 | Soft-firm | 412 206 6-8

F. FLIGHT DIRECTOR RESULTS

wa flight director configurations were designed to provide the pilot
with comand information for column, throttle, and lateral whreel 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. 10. 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. 10 were a
primary factor in formulating the appropriate feedback signals for the
flight directors. A third objective was to investigate the flight direc-
tor as a means of decoupling the airspeed flight path responses. It was
hypothesized that with a good flight director the displayed quantities
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can be guite well decoupled with regard to pilot inputs even though the

basic airplane responses (airspeed and flight path) are quite highly
coupled. The basic loop structures for the column and throttle flight

 director were taken directly from Ref., 10.

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 [A8/AV = (0.34 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 increased activity of the pitch command bar. These

results are consistent with the concept that the feedbacks to each of 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.

The pilot ratings and ILS tracking performance results are summarized
in Fig. 19 to show comparisons with and without the flight director in
turbulence. These results 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 data 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).
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Figure 19. Effect of Flight Director On Ratings and Performance
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S8ECTION IV
FLIGHT TEST RESULTS

A. DESCRIPTION OF FLIGHT PROGRAM

The flight test program which spanned a period of about three months
was bagically 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 Configurations BSL1 and
AP1. The artificial turbulence was identical to that used on the simulator
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 evaluation pilot
taking over on final approach at about 1000 ft, Approach guidance con-
sisted 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
alrplane to touchdown or to the point at which the safety pilot felt an
abort was neceésary. Each configuration was tested for three basic levels
of turbulence and two levels of attitude SAS bandwidth. The levels of
turbulence tested were 0, 2.25 ft/sec rms, and 4.5 ft/sec rms. The atti-
tude SAS bandwidth was tested at a bagic level of 0.7 rad/sec and also a
level of 1.2 rad/sec.

B. FLIGHT RESULTS

The basic NAVION was mechanized with the turbulence tape and several
approaches to touchdown flown to gain an appreciation for the level of
simulated turbulence with a known airplane. The pilot rating was 4-1/2,
and the pilot commenved that the situation appeared to be congistent with
tower-reported winds of approximately 15-20 kt with gusts 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 a 2-1/2, This is
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© an important result, because it associates the unreagonably large distur-

banceé-in the simulator with STOL response to turbulence rather than with
similation 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 vali-
dation of this result is warranted.

Two levels of attitude SAS were tested; a 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 c* 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
gimulator and had different limiting effects. That is, BSL1 was very slug-
gish and AP1 had dynamic coupling problems. The pilot ratings for each of
the three levels of turbulence and two levels of SAS response are shown in

Table 6 for flare and landing (Task 2.1) and in Table 7 for final approach
only.

The following results are indicated from the pilot ratings in Tables 6
and 7. '

1. The high gain S8AS 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 = L.5 ft/sec.

3. The ratings for maximum turbulence level (o,, = 4.5 ft/
sec) were much worse that obtained in the siffulation
program, For example, comparison of Fig. 15 with Table 6
shows that BSL?1 was rated from 3 to 7 on the simulator
and from 7 to 10 in flight.

Result number 2 is consistent with the simulation in that increasing

the turbulence level had a degrading effect on the pilot ratings. This
effect was more pronounced in flight.

The disparity between simulation and flight (result 3 above) indicated
that worse pilot ratings were received in flight where the peripheral and

motion cues were better than the simulator, It was not possible to resolve
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TABLE 6

COOPER HARPER RATINGS FOR FLARE AND LANDING
(FLIGHT PROGRAM)

TURBULENCE AND SAS CONFIGURATION BSL1 CONFIGURATION AP1
' | PIIOT 1 PIIOT 3 PIIOT 1 PIIOT 3

Gug = 0 ft/sec |

High Gain SAS h-1/2 L 6-1/2 5-1/2

Low Gain SAS 5 5 7 6-1/2
Oyg = 2.25 ft/sec

High Gain SAS 5 5 Did not fly 6-1/2

Low Gain SAS 6-1/2 6 enough in tur- 9
Oug = 4.5 ft/sec bulence to rate

High Gain SAS T 6-1/2 to 10 10

Low Gain SAS 8 7 to 10 10

TABLE 7

COOPER HARPER RATINGS FOR FINAL APPROACH
(FLIGHT PROGRAM)

TURBULENCE LEVEL CONFIGURATION BSL1 CONFIGURATION AP1

oug Tt/sec PILOT 1 PILOT 3 PTIOT 1 PILOT 3
0 4 L 5-1/2 5
2.25 5 5-1/2 - 6-1/2
4.5 T .8-1/2 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 percent about trim on Navion).
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‘these flight/simulator discrepancies (with any confidence) without consider-
ebly more testing (which was beyond the scope of this program). There are

two possible hypotheses which help to "explain" the data., These are summarized
. below, . ' |

1. The roting effect of the 4.5 ft/sec turbulence is more

a pronounced for flight than for simulation. To some
extent this may be due to the fact that during the simu-
lation many of the landing problems were attributed to
poor simulator cues. The flight tests served to illus-
trate 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 environment than on the simulator with the
Redifon display.

3
oA
g
s
v
5
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5
e

2. There were certain discrepancies in the environmental,
tasgk, and procedural varisbles between flight and simu-
lation.

g B SRR

The discrepancies noted in item two above are summarized below.

o stz

® Tagk varisbles. Task variasbles comprise all the system
i inputs and those control system elements which enter
directly and explicitly into the pilot's control task.
The primary discrepancy here was the limited throttle
suthority on the Variable Stability NAVION (320 percent
about trim) and lack of any engine noise cues in the
airplane (due to variation of thrust with the Beta prop
instead of power).

o

® Environmental variables. These are clearly superior in
flight, end flight ratings are usually better than simu-
lator ratings due to improved visual and motion cues
and their generally favorable effects on closed-loop
performance.

® Procedural varlables. These include aspects of the
experimental procedure such as instructions, background,
indoctrination, training, etc. These variables present
e particularly difficult problem for the simulator
landing task, especially with regard to definition of
"desirable," "adequate,” and "inadequate" performance.
Clearly, these factors depend on aircraft specifics
such as gear strength, gear softness, braking effective-
ness, ete, Furthermore, the simulator motion cues at
touchdown are frequeutly ineppropriate no matter how
the landing gear is modeled (due to hitting the motion

Lo
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- stops or to artificial effects caused by protection

circuits to reduce wear on the simulator motion system).

The pilots of the simulator program were given rather

vague instructions in that they were told to assume that

the gear was strong enough "within reason" (touchdown

should be at least well below the glide glope sink rate

of 13 ft/sec) and that braking effectiveness was such

that they could stop the airplane if on the ground and

under control at midfield (1000 ft of runway left). The .

procedural variables in the Variable Stability airplane

were quite different. The landing gear has finite strength
1 L and is very stiff. It is the safety pilot's responsibility
' to abort if the sink ratec gets into the unsafe region near
touchdown. For example, touchdowns of 8 ft/sec were rela-
. tively common on the simulator. In the aircraft, a touch-

¢ : down sink rate of this magnitude was cause for alarm (the
i tests were interrupted while the gear was checked). There ;
was some attempt during the flight test program to minimize 3
this discrepancy in the procedural variables by having the
evaluation pilots try to ignore the aborts and evaluate 3
the landings. It is difficult to impossible to evaluate 5
: the ability of a pilot to ignore the fact that he has been ;
4 aborted for a large percentage of his attempts to land the
: airplane. It would therefore seem that the safest way to

maintein a high level of credibility for flight/simulator
: comparisons is to mechanize the simulator so that the pro- \
: cedural variables are as close as possible to the flight :
i situation. This was done in the present program during a
‘ post-flight simulation and is discussed below.

g

T REE ey

® Pilot-centered variables. These are the characteristics
that the pilots bring to the control task. One of the
pilots had extensive experience with the simulation phase
of this program, while the other had flown many hours
evaluating STOL configurations on the Princeton Variable
Stability NAVION. This was felt to be complementary, and
the very low variability in ratings between the two pilots
indicates that the pilot-centered effects were not respon-
sible for the flight/simulator discrepancies.
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In response to these preliminary results and findings, a short-term
sirulator program sponsored by NASA Ames was undertaken to further inves-
tigate the effects of turbulence on STOL landings, especially with regard
to simulator/flight comparisons; The same two pilots participated as in
the flight test; however, the FSAA simulator was used (the S-16 was the |
% primary simulator in the pre-flight simulations). The BSL1 configuration é
‘ was used since it received most of the attention in flight. This simulation ’
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'period was separated into two phases to evaluate the effects of task,
enviroﬁmental, and procedural veriasbles. The primary differences between

these phases were as follows:

® _Phase I — Direct Simulator/Flight Comparison

1, Program the safety pilot as an "abort mode.” By

) scanning the strip chart records from the flight
test, it was determined that the safety pilot was
reasonably consistent in that he aborted if the
sink rate exceeded approximately 6.5 ft/sec below
an altitude of about 10 ft. The simulator was pro-
grammed to abort (go into reset mode) with this
criterion.

2. Physical stops were clamped on the FSAA simulator
throttle quadrant which limited thrust excursions
sbout trim to *+20 percent. (NAVION control power
was 20 percent of simulated STOL.)

3. The pilot position was set to simulate the NAVION
(eye height of 8 £t and longitudinal pilot position
at the center of gravity).

4, Engine noise was eliminated (changes in power are
not audible in the NAVION since they are accomplished
via propeller pitch at constant rpm). .

N RSO

® Phase IT — Same scenario as pre-flight simdation
(Discussed in Sections IIT and IV)

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

20 KRR TN YES

T

2. The throttle stops were removed.
Englne noise cues were turu~d back on,

L. Pilot position was made consistent with a large
aircraft (eye height 17 £t and 20 ft forward of
the aircraft center of gravity).

A, 2 b
W
.

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

) effect in the simulator as in flight, e.g., they appeared extreme. A summary
of the pilot ratings for each phase is shown in Table 8. These ratings are

- closer to the flight values than the original simulation, perhaps lending

¢ some credence to hypothesis number 1 above (since both pilots had recent

5 flight experience). Pilot 1 felt that the differences between Phase I and

1]

¢ Phage II (effect of experimental variables) was significant (about two rating
points) and Pilot 3 did not (ratings about the same). Clearly more data would
‘5'7 ‘ be required to resolve hypothesis number 2 above.
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TAELE 8

COOPER HARPER RATINGS FOR FLARE AND LANDING
POST FLIGHT SIMULATION-CONFIGURATION BSL1

TURBULENCE LEVEL | PHASE FLARE AND LANDING FINAL APPROACH
Gug T't/sec PILOT 1 PIIOT 3 PIIOT 1 | PILOT 3

0 I Charf2 L L 3 L.
2.25 5-1/2 | b to k-1/2 b 5
4.5 | 7 5-1/2 to 10 5 7

0 II 3 L 3 4
2.25 3-1/2 | b=1/2 t0 5 L4 5
4.5 } 5 6 to 10 5 7

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

One final comment. The majority of simulation was done on the S-16
simulafor (very limited motion and marginal redifon) whereas the post-flight
simulation was done on the FSAA (better motion and visual). A three day
exercise was undertaken during the original simulation where three pilots
flew Corfigurations AP7, and AP10 on the FSAA and S-16 back to back. 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
ANALYSIS OF RESULTS

Experimental results have shown that flight path control deficiencies
were most apparent on short final when the pilot was tracking a visual aim
point on the runwey and during the flare. The analyses efforts were accord-
ingly concentrated in this area. The approach taken here has been to quantify
these tasks in terms of their closed-lvop properties and to identify path
control problems via the pilot-centered and guidance and control requirements
from a well-established theory of closed-loop pilot/vehicle analysis (see
Ref. 11, and 12). The structure of the closed-loop pilot/vehicle system is
based on a combinstion of quantiiative (describing function) measurements
of closed-loop tracking behavior, pilot commentary, and analysis of strip
chart records. These data were obtained from the pre-flight and the post-
flight (Phases I and II) simulations and the flight test program.

A. ANALYSIS OF FINAL APFROACH TRACKING

The first step in quentification of the pilot's closed-loop structure
during the final spproach was to find out where the pilots transitioned from
tracking the electronic glide slope to looking out the window and track-
ing the visual aim point on the runway. Most pilots commented that they
were "in and out" right down to the point of flare initiation. In most
cases the pilots noted that the outside tracking was primarily to get sink
rate and lateral line up information. The primary scan inside wes the
glide slope display and airspeed, This explains the strip chart records
which showed that the pilots tended to meintain a glide slope error near
zero to very low altitudes. Based on this result, we have assumed that
the tracking model close in (visual portion of the approach) is identical
to further out (IFR). It follows that the pilot model given by Eq. 6 is
valid for analysis of the final approach.
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The fundemental hypothesis of this analysis is that minimally acceptable
path control is a direct consequence of an inability to satisfy the pilot-

centered and guidance and control requirements (see Ref. 11) sumarized below:

° .Guida.nce and control requirements
1. Command following and disturbance regulation
2. Stebility

® Pilot-centered requirements

1. Minimum equalization to achieve K/s effective
controlled element

2., Wide separation in crossover frequency of the
primary and secondary controls

1 3, Tolerant of variations in pilot response (desire
: & broad region of K/s)

B be repid and well demped, akin to & second-order

i system with minimum coupling between the modes of
motion. The pilot should be able to easily sort
out path mode response to a control input.

3 g 4. Response quality. The closed-loop system should

Assuning that the pilot flies constant attitude (attitude constrained
assumption), the generic form of the offective controlled element (pilot
plus airplane) for primary path control with throttle is given by Eq. 6.
This is repeated below along with a definition of the effective controlled

element.
Airplane
d _o. . KaZads+Kq)s+1/Tqp) Pilot Dynamics Glideslope
de ~ P 7 s(Tes+1)(s*+2Lgugs +wh) S Yp -§1> Ye DevicnioL.
N \— o’ d
Engine Path Mode ~ ~~ =
l.ag Effective Controlled Element
Feedback
4 DEFINITION OF EFFECTIVE
1 ' CONTROLLED ELEMENT (9)

The numerator time constant, 1 /Tde, and the path mode frequency and damping
are primarily dependent on the ST0L uerodynamic charnrcteristics and thrust
inclination angle (see Volume II of this report. The engine lag time
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constgnt, Te, was 1.5 sec for most of the experimental runs in this study.
The primary variables in the experiment which arise from variation of the
STOL generic characteristics are the 1/259 zero and the path mode frequency
and damping, ge and ag. The extremes of variations in these parameters are
well represented by the generic configurations, BSL1 and AP10, where the
former is largely characterized by 1/Td9 = @g and the latter by 1/Tde << wg.
The frequency responses for these generic forms and the corresponding limit-
ing factors for closed-loop control are shown in Table 9.

Bandwidth limited configurations (1/Tyg > wg) were the subject of con-
siderable research in Ref. 9 where two possible criteria for determining
“he level of acceptability were derived. These criteria were based on the
path mode r2sponse to throttle and involved correlations between pilot
ratings (level of acceptability), the time to achieve one-half peak ampli-
tude, and the phase lag of the path response to throttle transfer function
at 0.5 rad/sec. Neither of these two criteria has been finalized; however,
present (unpublished) indications aré that rise time of greater than 3 sec
to one-half peak amplitude result in unacceptable flight path control for
the approach.

As can be seen from Table 9, configurations with the generic charac-
teristics involving 1/The << wg, Groups IV and V, tend to have a larger number
of combined effects which are limiting in terms of closed-loop control. We
therefore would expect that configurations where the effective controlled
element (Ych) has a region of zeru slope are more likely to have deficiencies
which are ilimiting. Experimental evidence to support this conclusion is
shown in Fig. 10 where it is seen that Configurations AP1 and AP10 are
raced quite poorly (& large spread in the ratings with ratings of 7 or
worse), and in Table 3 where the pilot commentary for these configurations
regarding flight path control is very unfavorable. Airplanes with nearly
vertical thrust inciination angles (small XST/ZaT) tend to have very low
values of 1/Tyq. Thus, the combination of vertical thrust and a coupled
attitude numerator, (Zy — Xu)z < bXyZy, is seen to lead to unacceptably
deficient configurations, e.g., 1/Tyq << ag.
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TABLE §

. GENERIC FORMS OF THE EFFECTIVE CONTROLLED ELEMENT
FOR PATH CONTROL WITH THROTILE

| LIMITING FACTORS FOR CLOSED
GENERIC FORM LOOP CONTROL

-GROUP I,DI and I (BSL 2 is example) Guidance and Control Requirements
® Inability to augment wgy to
frequencies high enough to
regulate against distur-
bances

I h“l I»..ﬂ; |53 P

Closed loop root based o 1

on experimentally derived : !

value of Kj{See Fig.31)
-1

Pilot Centered Requirements

@ Lags occur at frequencies
too low for practical lead
equalization

DCMINANT CHARACTERISTICS E\ ERIC PROPERTIES
* Low Bondwidth Moderate Lift Curve Slope (Cy o)
e K/s Shape Low to Moderate Effective Thrust inclination
o O is Real or Complex With {8y= 60deg 1o 80deg)
W/ Thg ¢ 1/Tg, or I/Tpo ¥ wy

GROUP I ond ¥ (AP0 is example) Guidance and Control Requirements

© Poor low frequency response
due to inability to close
loop at frequencies well
above g ., cannot drive
/Tye into 17The

© Poor response quality due
to secondary mode at 1/T, 1.
Desire closed loop 3ystem
that is rapid and well
damped. These generic con-
figurations result in pri-
mary response at wg and
secondary droop response st

1 /Th 8
Pilot Centered Requirements

, LR i 5 i il 0 © Cannot equalize to a K/s
DOMINANT CRARACTERSTICS CNERIC PROPERTIES
—_— > = without severely limit-
e Noderate Bacdwidtn o Low Cffective Powered Lift ing the bandwidth

o Modero’e Midlrequency Sheif | o Low Lift Curve Sicpe (Ciq)
o A isa Complex Poir With « Moderate Effectwe Thrust Inclination
W e <oy (61x90deg)

- '_.h"'.'
o sy -
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Conclusions:

® The limiting effects for path control which are due to
aerodynamic and thrust inclination effects may be iden-
tified via the parameters ag, {g, and 1 /The-

® The engine time constant is a direct limitation on the
bandwidth of path control with throttles.

® Configurations where the effective controlled element
has a mid-frequency zero slope are more prone towards
having combined limiting effects. Note that this zero
slope can be due to a very large difference between
1/Tyg and wg or can arise from low path mode damping, g

® The data base for bandwidth limited configurations
(1/Te = wp) is fairly complete (for example, seeRefs. 5, 8,
9). There are very little data, however, for configurations
where 1/Tyq << wg. Future simlation and flight test
experiments should concentrate on this area.

® Adequate piloted path control with throttle is highly
dependent on the ability of the pilot to perceive sink

; . rate (see Kj = O root loci in Table 9). This result

@ fi has important implications for development of displays

ot 2 , ' for final approach (head up displays, visual approach

slope indicator lights, etc.) '

»,_..A,”_vé<
P R R R Y

e rep

B. ANALYSIS OF FLARE AND LANDING

B
i -
1 The flare strategies observed during the simulation included the following:
; ¥ e Attitude only
§ ® Power only
}gff ® Attitude and power with attitude primary
% ® Attitude and power with power primary
- % . There was little or no objection to the use of two controls in the flare.

17 Upon reflection, this result is not surprising in that it is standard
practice to use powef in CTOL airplanes as an aid to gust regulation even
though attitude is primary during the flare. The guidance and control and
pilot~centered requirements for the landing task were therefore based on the

use of two controls.
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Analysis of the flare and landing was carried out under the assumption
that the maneuver was performed by the pilot in a closed-loop regulatory
way. The evidence upon which this assumption is based consists of strip
chart records showing significant attitude and/or throttle regulation of
a nature too complicated to be a precognitive open-loop input. Additionally,
there was general agreement among the pilots that attempts to flare these
configurations with a fixed open-loop strategy were not satisfactory. It
therefore seemed pertinent to proceed with the analysis of the flare as a

closed-loop tracking maneuver despite certain difficulties which arose

® There is no external command (such as a glide slope
error, visual approach slope indicator lights, etc).
The pilot must therefore internally generate the
command structure as well as the feedbacks.

® Tt is not possible to experimentally measure closed-
loop behavior (by the use of describing function
technique) because of the short duration of the
maneuver and the lack of a precise definition of the
input.

The development of the command and feedback structure used in the closed-
loop pilot/vehicle flare model in this study were based on the following

observations, hypotheses, and assumptions:

® The pilot's primary objective in the flare was to
reduce the sink rate to some acceptable (target)
value at touchdown,

® There should be no abrupt changes in sink rate;
that is, if most of the sink rate is eliminated
early a "floater" results, and if most of the sink
rate is eliminated just before touchdown freguent
hard landings result. Thus, we hypothegized that
a steady decrease in sink rate with altitude was
representative of the pilot's internally generated
command structure,

® The trajectories of sink rate vs. altitude for a
number of flares in calm air with a reasonably good
configuration (where the pilot's performance should
have been representative of his command structure)
tended to verify the above hypotheses, that is, the
effective command for a closed-loop flare maneuver
involved an essentially linear decrease in sink rate
with altitude. An example of five consecutive calm
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Figure 20, Phase Trajectories for Five Consecutive Flares —
No Turbulence — Configurstion BSL2, Pilot 7

air flares with Configuration BSL2 (Pilot 7) is shown
in Fig. 20. Note that a linear variation of h with h
is the well known exponential flare which is frequently
the basis of autoflare systems.

® Because STOL runways are short, touchdown precision is
important. As is well known by experienced pilots,
flare strategies that emphasize smooth touchdowns (grease
‘jobs) tend to use up & lot of runway. Therefore,.the
proper technique for STOL landings most likely involves
a reasonably high target sink rate (compared to CTOL)
that will minimize the probaebility of an overflare and
resulting flost.

The above points may be quantified in terms of an assumed commend structure
on a phase plane of sink rate vs. altitude in Fig. 21 below. The flare
law which derives directly from the phase plane in Fig, 21 is given as:

I:Ic = - é% H+ ﬁTDc (10)
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Figure 21. Assumed Commend Structure for Closed Loop Flare

The slope of the internally generated command structure (ﬁé vs. H) becomes
the flare mode inverse time constant, 1/TF. From the geometry in Fig. 21,
Tp is seen to be dependent on the sink rate at flare initiation, Hp, and
flare height, Hp.

1 T (11)
Ty iy

Representative values of flare height (between 30 and 50 ft), target touch-
down sink rate (3 to 5 ft/sec), and sink rate at flare initiation (13 ft/sec
for 6 deg glide path) yields "typical values" of T between 2 and 5 sec.

Once the flare is defined in closed-leop tracking terms, the pilot-
centered and guidance and control requirements which arise from well
developed models of human pilot behavior (see Refs. 9, 13, and 1k4) may
be used to identify those airplane features which are unacceptable. Even
if the above formulated model is not exactly correct, it seem intuitive
that identification of features which result in poor closed-loop regula-
tion of sink rate as a function of altitude should lead to a good quanti-
fication of unacceptable handling in the flare.
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1. Guidance and Control Requirements for Flare

Command following. The assumed command (Eq. 10) may be
modeled as a closed loop system. Since He is a function
of the dependent variable altitude, it appears as an outer
loop. In block diagram form:

Internally Generated Sink

Rate Command
Hroc

| + .~ Sink Rate Error He

Altitude , H Sink Rate,H

Disturbance regulation. At low altitude the proximity of
the ground precludes large vertical gusts. Therefore, the
primary disturbance for the flare maneuver is horizontal
wind shear.

Stebility. Repeatable flares require good closed-loop
flight path stability to avoid large excursions in sink
rate that result in unacceptable flare characteristics
such as hard landings and overshoots.

2. Pillot-Centered Requirements for Flare

Insensitivity to pilot response variations (desire broed
region of K/s).

Minimm pilot compensation. Ability to achieve 2 K/s
effective controlled element with minimum equelization.

Frequency senaration of controls. The primary control
should have a high crossover frequency adequate to turn
the corner on the flare. The crossover frequency of the
secondary control loop must be well separated (occur at
a lower frequency) from the primary control loop.

Response quality. The closed-loop system response should
be rapid and well damped with minimum coupling between
modes of motion. The pilot should be able to easily sort
out the path mode response to a control input.
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The primary control for the flare maneuver is usually pitch attitude,
and its function is to provide the necessary control over sink rate. This
implies a requirement for adequate frequency response to turn the corner
on the flare and for adequate control authority to assure that the pitch
attitudes réquired to arrest the sink rate are not excessive. The primary
control must also provide the necessary regulation sgainst sink rate excur-
sions due to horizontal wind shear near touchdown. The level of windproofing
required of the primary control depends on the quality of the secondary con-
trol. In cases where the sink rate response to pitch attitude is not adequate
for flare, the primary control must revert to power or a direct-lift-type
control device. Both pitch attitude and power are (alternatively) considered

as primary ccntrols in the following analyses.

The main requirement on the gsecondary control is that it complement the
primary control, that is, the closure of the secondary control loop should
improve the response in the primary loop. A common use of the secondary
control in the flare for CTOL, as well as STOL airplanes, is to provide
regulation against large gusts or shears that are beyond the capability of
the primary control, Another common use of the secondary control is to
make up for deficiencies in the low-frequency region of the primery control
response. As example would be the elimination of an unstable backside mode
(due to negative 1/Ty,;) or excessive speed bleedoff by using the throttle
as a secondary control. For purposes of analysis, these strategies were
quantified as low gain control of sink rate error with the secondary control.
Use of the secondary control to regulate some other flight variable (speed,
angle of attack, etc.) was ruled out by the pilots who said they were head
up during the flare. It was specifically noted by some pilots that once

in the flare airspeed control was no longer a consideration.

Formulation of the analytical pilot model for flare was complicated by
the fact that the flare maneuver is actually a response to initial condi-
tions. In order to interpret the flare in terms of transfer functions
(which by definition have no initial conditions), the initial conditions
had to be reinterpreted in terms of an equivalent input. The details of
this calculation and block diagram algebra are given in Appendix B. The
resulting block diagrams are given in Fig. 22.

TR-1035-3R-1I1 60




Secondary Control { A- _ow frequency secondary closure
Technique B- Step throttle at flare initiation
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Figure 22. Effective Closed Loop System for Flare (In terms of
perturbation variables and with initial conditions
¢ reinterpreted as an input, see Appendix B)
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. 3. TFlare with Attitude Only

The approximate solution for the sink rate response of the closed loop
pilot plus airplane system for an attitude-oniy flare (no secondary control)
may be derived from Fig. 22a. Ignoring low frequency effects (e.g., assuming
1/Th1 = 0) the approximate solution for sink rate response in the flare is
glven as follows:

1

g (12)

g2 B
s{(Tps + 1 -5 + 2 — s + 1
( F )[wﬁ a% s

Nttt s ——— S ————r’

e

Effective Path Mode Response —
Flare Defines Departure
Command From Ideal Response

The details of the piloted loop closure are discussed later in this section
as are the effects of nonzero 1 /’l‘h1 . The double prime superscript on wg and
tgy indicates that two loops (an inner h loop and the outer "command loop")
have been closed around the attitude-constraired airplane as shown in Fig. 22a.
The first-order response term (Tps + 1) results from the outer (command) loop
closure (should actually be Ty but we are assuming Tp = Tp). It indicates
that the assumed linear sink rate vs. altitude command is an exponentieal
function in the time domain. The second-order "path mode response" is due
to the fact that the airplane has dynamics which are characterized by the
closed-loop frequency and damping (Qg and of). Thus, the quality of the
flare (ability to follow the H vs. H command) will depend directly on the
pilot's ability to modify the closed-loop path mode frequency and damping

to deslrable levels.

The generic response characteristics of Eq. 12 (for an initial sink
rate of 15 ft/sec) are shown in.Fig. 23. The effect of the path mode is
seen to cause an initial delay followed by oscillations if the closed-
loop damping, {g, is low. From Fig. 23a the time history for ay = 5/Tp
sets an approximate lower boundary on path mode frequency in that it
returns to the commend sink rate in approximately one flare mode time

constant.
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Figure 23. Generic Response Characteristics of Attitude Flare
(Solution to Eq. 12)
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'Likewise, from Fig. 23b a logical lower bound in path mode damping, g;,

(+o avoid undue reversals) is seen to be between 0.1 and 0.2, or,

i

tr > 0.15 (13)

Investigation of the detailed loop closure characteristics required to obtain
these desired values of closed-loop path mode frequency and damping form the
basis for prediction of pilot compensation and workload. From the block
diagram in Fig. 22a and the approximate factors contained in Appendix B,

an expression for the effective controlled element (pilot plus airplane)

may be derived as follows. Assuming a high gain attitude loop closure

[6/8c = (1/Tgs + 1)], the characteristic equation for the system in Fig. 22a
is:

- 1 .3
Kppe TS + T3 s)Ng
F e \
1+ = (%)
(Tgs + 1)»158

which is of the form:
1+Y¥e = 0 (15)

where YpYo is defined as the effective controlled element of the system.
Using the approximate factors in Appendix B:

Kp;e™"5Za(s + q%—l)(s + )

Yo¥o = 16
pie Tps(s + f%)(se + 2(gwgs + m%) el
or
1 1
(s + TE?)(S + TEE) (T
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The numerator zero, 1/Th1, defines whether the airplene is on the frontside
or backside of the power-required curve (1/Thy = — 1/3 dy/dv in deg/kt).
Trp is the flare mode time constant, Ty is the attitude SAS time constant
(1g = K5/Kg), and wg is the path mode frequency. The detailed characteris-
tics of the piloted loop closure are given in the system survey shown in
Fig. 24. The pilot model used for these closures assumed no lead or lag
equalization and a neuromuscular lag, 7, of 0.25 sec, e.g., Yp = er-rs.
A flare mode time constant of 5 sec was assumed. Note that the attitude
SAS mode at 1/Tg drives into the zero at 1/Tp for low values of pilot gain.
Hence, the essumption that 1/Tp = 1/Tp in the approximation for the closed

loop flare response (Eq. 12).

Comparison of the pilot-centered and guidance and control requirements
(defined in Subsections V-B-1 and V-B-2) with the pilot/vehicle closure
characteristics in Fig., 24 indicates that the ability to increase the
closed-loop path mode frequency (wg) is limited by the SAS, 1/Tg (due to
the K/52 slope of the frequency response at frequencies about 1/Tg). Pilot
equalization (lead in the h loop) is impracticel since it would require
time constants greater than 1 sec to be of any value. (Lead equalization

greater than 1 sec is unacceptable; for example, see Ref., 15). Finally,

low vasic values of path mode damping, (g, make it impossible to avgment
the closed-loop path mode frequency, w%, to the required values necessary
to turn the corner on the flare (mg >5/Tp). This basic deficiency is
apparent in Configuration AP1 (see Fig. 24b) where Qg is 0.09 (less than
the desired 0.15). The pilot rating for approach and landing with AP1
veried from 4 to 7 whereas the pilot ratings for AP2 (C; = 0,15) were all
Lts,

For STOL configurations which operate far on the backside of the power-
required curve, 1/Th1 will have a relatively large negative value. As shown
in Fig, 2ba (for Configuration BSL1), this is manifested as a low-frequency
flight path instability (the free s at the origin drives into the zero in
the right half plane at 1/Th1) which is only aggreveted by increased pilot
gain. Airplanes with this or other deficiencies in the attitude flare
characteristics exhibit a requirement for a secondary control (throttles,
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'spoilers, etc.). The next subsection covers the effect of throttle as a
secondary control; however, these results may also be applied to other
types of secondary controls with a reinterpretation of the engine lag,
Te.

S s b S L e

: b, Flare with Attitude Primary and
; - Throttles Secondary

Consider the feedback of sink rate error to throttle as a low-gain
secondary closure (Option A in Fig. 23a). The effect of this secondary
closure on the closed-loop characteristic roots is obtained by factoring

the characteristic equation as a funetion of KP2

wo o (s g
A" = A +Kp2—--—T1LN§T§e (18)

(s + 5;)

The migration of the characteristic rouvts as a function of the pilot's
secondary control (throttle) gain is shown in the system survey in Fig. 25
below.

o o  wired/sec) o
3 Pltor Throtle
L 3
+
+

Gain to Stabilize
Bockside . / L Jw
Ua -~

g i
i
= -8
&
<
-4

Phase (deg)

Figure 25. Use of Secondary Control to Stabilize Backside Mode
Generic Configuraticr BSL1
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The effect of K?Q on the numerator of ﬁ/ﬁF is very small for reasonable
values of Kp,. Figure 25 allows us to quantify the effects of the secondary
closure in termms of satisfying the pilot-centered and guidance and control

requirements as summarized below. o

@ The flight path instability resulting from the pilot's
attitude closure (negative 1/Th¢) can be eliminated by .
low-gain secondary control activity (throttle). This
satisfies the pilot-centered requirement for wide
separation in crossover frequency between the primary
and secondary control and, at the same time, satisfies
the guidance and control requirement for stability.

® The value of the coupling numerator zero, 1/Tng, deter-
mines the effectiveness of a secondary loop closure.
In terms of basic airplane parameters (see Appendix B):

1 X7

s (19)

i
|
&
+
£
|

Airplanes with large thrust inclination angles (small
Xsp/Zsp) tend to have very low values of 1/Tpg. Thus,
we would expect that a combination of large thrust
inclination angle (low 1/Tyg) and operation way on the
backside (large negative 1 Th1) would receive very
poor pilot ratings due to the pilot's inability to
improve 1/Ty, with the secondary throttle control.
That is, the pilot's inability to satisfy the pilot-
centered requirements would be expected to result in
very poor ratings.

5. Analytical Conclusions for Attitude Flare

The results of the above analysis of the attitude flare with throttle

as a secondary control may be summarized as follows:

® The ability to satisfy the guidence and control and
pilot-centered requirements for flare (e.g., obtain -
good pilot ratings) msy be quantified in terms of the
equalization and pilot effort requirea *o increase
the closed-loop path mode frequency, wg, to values .
greater than 5/Tp (a.ppro:cima.tel‘v 1 rad/sec) with
adequate closed-loop damping (Cé >0.15).
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@ The parameters which affect the ability to improve the
closed-loop path mode, w'g' , are the flare mode time con-
stent (Tp), the attitude SAS time constant (T = K3/Kg),
and the attitude constrained path mode damping and fre-
quency (L, and ag). The flare mode time constant is a

‘ function of the flare geometry, depending on the flare
height and sink rate at the initiation of flare. Its
value for STOL configurations on a 6 deg glide slope is

c generally on the order of 5 sec.

® Configurations which require a large amount of lead
(Tp = K3/Kg) in the attitude stability augmentation
system ?due to lightly damped or unstable short-period
characteristics) are characterized by degraded path
mode response characteristics. This effect stems from
the fact that the inner-loop lead associated with aug-
mentation of the attitude mode becomes a lag in the
outer loop. That is, a closure of the inner, attitude
loop in Fig. 22a would result in e numersator zero
occuring at 1/Tg; whereas closure of the outer, path
mode loop (shown in Fig. 24) involves 1/Tg as a pole
or lag in the system, Thus, we see that there is
some upper limit to the ratio of pitch rate/attitude
feedback that can be used befnre significant degrada-
tion in the path response will occur,

PR e R e L N

® Low-gain secondary control with the throttle during the

: %f flare is very effective in minimizing the effect of
i large negative values of 1/lp;. Physically, this tends
{8 to minimize the tendency of configurations wey on the
& backside to drop out at the end of the flare.
’5 ® The value of the throttle as a secondary control for

|
:.- ] attitude flares is dependent on the position of the
E ‘ coupling numerator zero, i/Tvg. Low values of 1/Tyg

1§ tend to restrict the value of throttle as a secondary
i control. In fact, for some cases, throttle as a

i secondary control may actually degrade the response.
% Experimental evidence to support this conclusion was
L roted in the pilot commentary for Configuration AP6
A (see Appendix A) which had reasonably good flare

18 characteristics with attitude alone. The pilots noted
that the use of throttle (as a secondary control) in
the flare tended to make things much worse (1/Tyg on
AP6 was 0.05). Other configurations with similar {(low)
1/The (AP1 and AP10), but also with marginal attitude
flare characteristics (poor wg, Lg location) received
very poor ratings. This is attributed to the pilot's
inability to improve the response with a secondary
control in the presence of a marginal primary control.
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- On Configuration AP10 the engine lag time constant was
reduced from 1.5 sec to 0.5 sec to see if improved
bandwidth would help. The resulting pilot commentary
was "can see faster response of sink rate to throttle
but it doesn't seem to help performance; therefore my
pilot rating is unchanged (was a 6)." Thus, the experi-
mental results tend to verify the importance of the
effect of low 1/Tyg on setting minimum acceptable bounda-
ries for throttle as a secondary control. These problemg
arose out of an attempt to compensate for limited control
power for flaring with attitude by using a step secondary
throttle on Configurations AP1 end AP10. This is further
discussed in Section V-B-8.

6. Tlare with Throttle as & Primary Control

Using the same technique as for attitude flare, the effective controlled
element (pilot plus airplane) may be derived from the block diagram of the
closed-loop flare maneuver in Fig. 22b., An approximate expression for the
oepn-loop pilot plus airplane (effective controlled element) has been derived
from Fig. 22b and the approximate factor: in Appendix B and is given as
follows:

- 1 1 '
. By Pzgy (s + g)(s + 5=)
s(Tes + 1)(s® + 2Lgwgs + i)

The form of this effective controlled element is identical to the effective
controlled element for attitude flares and for glide slope tracking (see
Eq. 9 in Section V-A). In fact, recognizing d = h, 1/Ty, = 1/Ty,, the
terms are identical to the glide slope tracking Ych except for the zero

(s + 1/Tp). It follows that the generic response plots and conclusions
stated in Table 9 apply equally well to throttle flares and glide slope
tracking, with Ky replaced by 1/Tp. This is a very important and intui-
tively satisfying result in that it indicates that problems with flight
path control have a one-to-one correlation with flare and landing problems
for configurations where power is primary for flare, e.g., serious degreada-
tions occur when 1/Ty << wg.
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7. Tlare with Throttle Primary and

Attitude Secondary

The ability of the pilot to improve the powered flare characteristics by
closing a low-gain attitude loop has been investigated by considering the

effect of this closure on the characteristic equation for the closed-loop

power flare.

s+i

a™ = (Tgs + 1)A" + Ky, —IE g (21)

s e
R L e e
Attitude Secondary
SAS Control
Charac- Term
teristic
Equation
with Throttle
Loops Closed

Putting this in root locus form for factoring snd using the approximste
factors in Appendix B
K
Iy
q o = 0 (22)

(s +T}I’é )(s + o (sz'/l')(s + ecewgs + wg2)

A system survey indicating the effect of the pilot's secondary (attitude)
loop closure on the characteristic roots (roots of A") is shown in Fig. 26.

The following conclusions can be drawn from Fig. 26

® No significant changes in any of the characteristic roots
occur for "low gain" secondary attitude control,

® The secondary control gain must be increased to crossover
frequencies near the closed loop path mode, wg, before any
of the roots are affected ("moderate gain" in Fig. 26).

® Based on the pilot centered requirement for separation
of crossover frequencies for primary and secondary con-
trols, attitude is not a good secondary control for flare.
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Figure 26, Effect of Secondary Attitude Closure on
Closed Loop Roots for Throttle Flare

8. Attitude Effectiveness for Flares

In Subsection V-B-3 attitude only flares were evaluated on the basis
of dynamic response characteristics (e.g., closed loop path mode). An
important factor that was not considered was the magnitude of pitch atti-
tude required to achieve the flere maneuver. This may be determined from

the following expression

. 1:1"
e h. . 8 Nigo N
2 s ()(2) = JE e (25)
Hp Hp h A" NB,

Substituting Eq. 12 for h/ip and approximate factors in Appendix B for the
6 and h numerators

1 aA 2
. -,i.— _Z;; 8% + 2Lgwgs + a.%

8 =
fip (S+-'1§)(S+T‘h1 s? + 2 wgs + ay?
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The ffequency response asymptotes of Eq. 24 are plotted in Fig. 27.

Flo

wg w

Figure 27. Asymptotes of |o/Hp|

A technique commonly used for configurations with marginal Zy was to
bring in some power (throttle step) at the initiation of the flare. This
is shown as Option B for the secondary control in Fig. 22a. The object
was to obtain a decrease in the flight path angle and thereby minimize the
requirements on pitch attitude in the flare. Since crossfeeds from the
command input (feedforward) have no effect on the characteristic equation,
the effect of this control stategy is apparent from analysis of the ﬁ/ﬁ@
numerator. Msking the ususl tight attitude control assumption (X, large),

the numerator is written as:

i B .oy [k e-ts L b _ 1 e
i M T Yo'm® Tgs oo T Fp, Ts ¥ 1 orde
% é = Y 'K ~ts L z0(s + L)+ Kp,2 - Tlg (
= GLP.]e Eg al 8 ﬁ]—; p25TTeS+1 25)

ESS i TR

KppZogs(s + T%g) ]

1 1
Y =TS e ( +‘—-—-)[1+T
GK’P1e Tos Zg(s Ty, F e 1

YRR T
T s
to

.

e ™52 (s + ==)(Tes +1)

kit

o

The numerator zeros result from factoring Eq. 25 (with Kba/K?1 as the root

locus gain) which is shown for a generic configuration with very low 1/The
(AP10) in Fig. 28,
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Figure 28, Migration of h/HF Numerator Zeros with
Secondary Control (Throttle) Gain, Kpy

As would be expected, the magnitude of the pitch attitude required to
flare depends on Z,. The form of the closed loop transfer function for
flare is

= 1
: (1 55 2 * Foger)(* * min)* * )
PR = i 1 1 \/.2 i . (26)
(HF)step (Tes + 1)(s +‘E;)(s + E;?)(S + 2Lgwgs + wea

Where the triple primed numerator zeros indicate that three loops have been
closed (h, h - Be, and HF -~ 57), and the double primed denominator indi-
cates that HF -= b7 does not affect the denominator.

Assuming near cancellation of the 1/Th1 roots, Table 10 shows some
resulting asymptotic Bode sketches. These are to be interpreted not as
the equivalent of frequency resﬁonse measucrements tut as indicative of
the system response to an initial (secondary) throttle step. The primary
improvement is seen to be an overall increase in gain {gsin is increased
by &pazaT). If 1/Tgé << mg, this increase in gain is offset by a mid to
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TABLE 10

EFFECT OF THROTTLE STEP AS SECONDARY CONTROL
IN CLOSED LOOP FLARE MANEUVER

Basic response at 1/Tp
with""nuisance mode"
at G)e

Tendency to gver flare
depends on {q

1.0
LN
He
No Secondary Control
(Kp L Za +Kp,28,) &
P T, ca ¥ Rppl8r/ 52
ﬁ-l ! ”
He | " 1 1%
The Te

Step Throttle Secondary Control
1/The = wg
(Represented by Configurations BSL1, 2, 2RLD
in experiment)

Increased overall response,
i.e., effective increase
in control power

Rapid initial response

with mid-frequency delay
proportional to

VT - 1/Tg

Increased initial response,
and decreased final value

Throttle is highly effec-
tive initially followed
by droop or falling out
at the end of the flare,
Highly undesirable,

Al oL, [y
HF Tha Te
Step Throttle as Secondary Control
1/The << wy
(Represented by Configurations AP1, 2, 6,
6 RLD, 1C)
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low "frequency" droop which makes the aircraft appear to fall out at the

end of the flare. This characteristic is the same as that which also caused

the flight path control problems with power noted earlier (e.g., 1/Tjq << wy

for Configurations AP1 and AP10). It is now obvioi s why the pilots were

unable to impmnve tl eir landing performance by using power as a secondary

control on these configurations. Many pilots initially thought the problem

was due to the large engine lag, but runs with Ty as low as 0.25 sec did
not result in any rating improvement.

9. st Regulation

L3 noted in the pilot-centered requirements, Section V-B-2, one of
the functions of the primary control is to provide the necessary regulation
against sink rate excursions due to horizontal wind shear near touchdown.
The generic characteristics of the sink rate response to horizontal gusts
of the closed-loop pilot plus airplane system with attitude or throttle as
primary controls are shown in Fig. 2%a and 29, respectively.

2,8 (u%)

_ﬁ-&- Zu!.‘Tllfn i‘-
v v LR 7
L \s + -!-,,)(s + = )(s +2{gwg s+wg') . ( T.Xu» Ine)(" )(S'+2Cawas+u t)

a/ Attitude Only Flare b) Throttte Only Flare

Figure 29. Generic Characteristics of Gust Response in Flare

The following conclusions may be drawn from Fig. 29:

® The sink rate response to a u gust at frequencies above
the closed-loop path mode, wf, is proportional to the
stability derivative, Z,, and is the same for either
attitude or throttle flares
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" @ The gust response of the closed-loop systew Iz attenuated
at frequencies above and below the closed-loop path mode.
The peak response (at w) decreases with increasing wid;
this is another reason for wanting to maximize the closed-
loop path mode frequency, wy.

© \Maximizing the coupling numerator zero, 1/Th9, will reduce
' the low frequency gust response (i.e., below wy)

As was noted in the simulator and flight test results, the pilot ratings
for flare and landing were highly sensitive to the gust environment and
tended to be especially sensitive to large horizontal shears. It is there-
fore very desirable to minimize the magnitude of the h to u gust response
shown generically in Fig. 29. These generic frequency response asymptotes
indicate that the stability derivative Z; sets the magnitude of the h to u
gust response. For CIOL aircraft Zy; is simply a function of the trim lift,
€.g., from Ref, 12

Zy = - °z° (cy, + o) (27)

For CTOL in subsonic flight, cLu = 0 and
. 2
g & -8 (28)

However, for STOL configurations, the variation of lift coefficient with
speed may be significant (CLu # 0) , and for vectored thrust configurations
a large portion of the vehicle weight may be supported directly or indirectly

13 by the thrust. 2, for SICL configurations may be written as follows:

Q £ 2g aCL

- &y = =T, 1 p (29)

=
=2

Thne efficiency of the powered 1ift concept is directly proportional to
aCL/acu. Thus, we would expect that highly efficient STOLs will have
lower values of Z, and therefore decreased gust sernsitivity. (A typical
number for an EBF is (BCL/Bcu)(Cu/CL) = 0.4,)
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'C. DISCUSSION OF KEY PARAMETERS

Certain key parameters have been identified as being of primary importance

in assessment of minimally acceptable path control. These are summarized as

follows:

Tt "
wy and §e
1/Tg

Ly

Zg, = Uoly
Zy

Tp = H/(fipp, - Ti)

1/,

I/The

1/Te

Closed loop path mode frequency and
damping

Attitude SAS mode. Limits ability to
obtain desired closed loop path mode
for attitude flares

Heave damping derivative
Measure of control power for attitude flare

Speed coupling derivative., Measure of
horizontal gust sensitivity

Flare mode time coustant, Defines minimum
acceptable closed loop path mode frequency,
e.g., wg > 5/TF. Usually about 5 sec for
STCL

Backside parameter defines tendency to
drop out at the end of an attitude flare

1/Ty, = — (1/3)(dy/dV) in deg/kt. Sets
requlrement for secondary throttle control

Dominant numerator zero for flight path
control with throttles. Low values limit
usefulness of throttle as a primary or
secondary control when attitude numerator

is coupled

Engine lag. Restricts ability to increase
wg to its minimum acceptable value

The ability to achieve good flight path control depends on satisfying the
pllot centered and guidance and control requirements. The most dominant

of the relationships between these requirements and the key parameters are

defined below.

1. Guidance and Control Requirements

® Command following.

Depends on adequate ~losed loop path mode

frequency wg. A tentative lower limit (pending more exhaustive
testing) of ay > 5/$F has been set for the flare, but no value

TR-1035-3R-IIT
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- has yet been determined for glide slope tracking., It is sus-
pected that the flare requirements are more stringent and
1

therefore will also set the critical limits for wg for final
approach. '

® Disturbance regulation. The level of sensitivity of a con-
‘ Tiguration to horizontal gusts (which are the critical input)
- depends on Zy. The ability to regulate against these gusts
depends on wj.

® Stability. Satisfying the guidance and control requirements
clearly depends on achieving some minimum value of wj (tenta-
tively set at 5/Tp. This, of course, presumes some minimum
level of closed loop path mode damping, {g. (gg minimum
tentatively set at 0.15.)

2. Pllot Centered Requirements

® Minimum pilot compensation. Since closure of the path loop
generally occurs at or below 1 rad/sec, pilct lead equaliza-
tion is generally not possible without degreded ratings. It
follows that the effective controlled element must be equalized
to a K/s via appropriate selection of feedbacks (usually path
error and path error rate). Low values of 1/Thg (1/The << wg)
and low values of {, tend to restrict or meke it impossible
for the pilots to equalize to a K/s. A large engine lag, T,
and/or attitude SAS mode lag, Tg, meke it impossible to extend
the region of K/s to allow the pilot to augment «ff to its
minimum acceptable value.

® TFrequency separation of controls. The ability to augment an
attitude flare with low frequency throttle control is limited
by low velues of 1/Ty.. Attitude is not a good secondery
control because it “~es not improve the primary loop closure
unless closed at path mode frequencies.

® Response quality. Configurations with 1/Ty 4 << ay tend to
have very poor response quality for flight path control with

throttles,

The pilot's ability to improve the path mode response is central to the
issue of defining minimally acceptable path control.. It therefore seems
logical that pilot opinion should be sensitive to the path mode root locus,

* e.g., the root locus plot corresponding to 1 + Ych = 0., The generic charac-
teristics of this locus for attitude and throttle as primary controls are
shown in Fig. 30, 1t has been assumed to be zero to allow a definition of
the asymptote of the path mode locus. If the ability to modify wg is indeed
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Figure 30, Generic Root Locus Characteristics (1 = 0) of 1 + Yp¥o = O

& true figure of merit, og and op would certainly be a logical correlating
parameters. They are intuitively desirable because they contain most of
the key variables identified in the analysis and summarized at the beginning
of this section. The one key variable not accounted for by gy or op is the
gust sensitivity Z,;. Clearly, the few generic coniigurations tested in this
experiment do not form a large enough data base to test such hypotheses as
these, However, it is not unreascnable to plot up the landing data (Task
2.1) on a grid of gy vs, Z;. (Z, is picked as a measure of gust sensitivity
on the basis of the ﬁ/ug asymptote in Fig. 29 and this is done in Fig. 31.

As was stated in the introduction, the purpose of this study was to
identify the key parameters and critical flight regimes and not to define
boundaries. It 1s recommended that based on the results of this study all
existing data should be gathered and analyzed to see if appropriate bounda-
ries cen be drawn. It is expected that data where 1/Tyq << wg will be
found to be lacking and will require future simulator experiments with
some flight test baclup as discussed in Section IV,
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Note : Number in circles refers to configuration

UNACCEPTABLE

(4-6) Vertical Separation
Pilot Ratings BSL2RLO ..ol of Ratings Due to
For Task 2.1 ¥ Gust Sernsitivity
Sk 2
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() NI (_ffff/ Inability to Achieve Necessary
e Sl Closed Loop Regulation of Sink Rate
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3 4 5 .6 N{

Closed Loop Regulation Parameter, og

Figure 31. One Possible Wey of Using Key Parameters to Correlate
Minimum Acceptable Path Control with Aircraft Configuration

Referring to Fig. 31, certain trends in the experimental results (pilot
ratings) may be explained by the analysis.

® The low og for Configurations AP1 and AP10 indicates that
the pilot had problems obtaining the necessary closed
loop path mode bandwidth making flare with attitude un-
acceptable, 1 /'Ihe was very low for both of these configu-
rations (1/Tyg << wg) which is indicative of flight path
control problems with throttle. Therefore, neither throttle
nor attitude was an acceptable primary control, and use of
throttle as a secondary control was not a solution (low
/7). Hence, the unaccepteble pilot ratings.

® The value of og for Configurations BSL1, BSL2, AP2,
AP6, and AP6 RLD are all about the same (oggq = 0.5
t0 0.55). Fram Fig. 31, it is seen that this velue of
. dg i3 acceptable for configurations with low gust sensi-
tivity (2,/Tg). However, as the gust sensitivity is
increased to approximately the CTOL value (Zy = —2g/Up),
. the pilot ratings begin to degrade into the unacceptable

region. (Compare pilot ratings for BSL1 and AP7 in
Fig. 16 with and without turbulence.)

Because of the very large engine lag used on the configurations (Te = 1.5 sec),
. there is little or no data for correlating throttle as a primary control.
Further correlations will require enalysis of presently available results from
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other experiments and a carefully defined experiment to f£ill in the gaps
in existing data. This will allow definition of quantitative relationships
between the key parameters defined in this study and pilot opinion (espe-
cially in the region of minimum acceptable flying qualities). The results

to date indicate that the pilot ratings tended to become minimally acceptable
when:

a. The primary control was in itself marginal, and

b, Use of the secondary contrci did not improve the
response to the primary control

c¢. The sensitivity to turbulence approached that of
an equivalent CTIOL (Z, & —2g/U,) and/or og was in a
marginal region
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SECTION VI

CONCLUSIONS

As was discussed in the introduction, this program was carried out in
phases ~ the pre-flight simulation phase, the flight test and post-flight
simulation phase, and an analysis of results phase. Each of these phases
and the conclusions drawn during each phase are discussed in the body of

this report., The conclusions are summerized below.

A. CONCLUSIONS FROM PRE-FLIGHT
SIMULATION PHASE

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

® Minimm acceptable pilot ratings correlated very well with
closed-loop characteristics, Cases where the pilots were
not able to equalize the effective controlled element to a
K/s shape were rated as unacceptable. These configurations
had a coupled attitude numerator and an essentially vertical
thrust inclination angle so that wg >> 1/Tyg.

S

® TFlight-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 associated with ability to
control flight path). Flight-path/airspeed coupling would,
of course, be a limiting factor if it led to other problems
such as regions of degraded path control or safety limits
(such as stall).

OO LTS BO CSER CRTERCE AR D O

® Increased turbulence levels (oy, = 4.5 ft/sec) significantly
degraded the pilot opinion for %he finel approach and landing
task,

e

® 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 significent pa.th/speed coupling. The most
significant effect c¢f the flight director was on the lateral
line up at breakout, and this resulted in drastically improved
performance, Some pilots noted that while their performance
wes 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 informationm,

TR-1735-3R-IIT 83

B e it L U N U




S

|, mor o e

B. CONCLUSIONS FROM THE FLIGHT TEST AND
POST-FLIGHT SIMULATION RESULTIS

Agreement between flight and simulator was quite good as long
as the environmental, task, and procedural variables were
kept nearly identical. The pilot ratings were found to be

. very sensitive to these effects.

During the pre~flight simulation it was noted by .cany pilots
that the turbulence model seemed to result in excessive flight
path excursions which seemed unrealistically high and incon-
sistent with past (CTOL) experience. This was checked in
flight by flying the Variable Stabllity NAVION with the simu-
lator turbulence tape but retaining the basic NAVION dynamics.
The evaluation pilot (who flies this airplane every day)
described the landing task as typical of a day with 15-20 kt
gusting to 25 kt wind and rated the bacic NAVION a 4.5 in this
situation. Hence, there is evidence that: (1) the simulated
turbulence was not excessively large and (2) the simulator did
not magnify the effect of turbulence,

Consjderable difficulty was encountered in establishing the
environmental and procedural variables for the simulator
landing because of the credibility problem with the visual
display. In many cases the pilots underestimated the validity
of the display and rated optimistically with the idea that
they could do better with improved visual cues. Once into

the flight program, it was ‘found that the improved visual

cues were of little value in improving the landing workload
or performance and, in fact, served to illustrate how bad
things really were. This result points up a requirement to
subject the evaluation pilots to some limited flight experi-
ence (say, one configuration) to obtain the proper orientation
with respect to the environmental variables in each new simu-
lation program.

Relaxation of constraints on the touchdown sink rate appeared
to reduce the pilot workload and improved tcuchdown precison.
This conclusion is based on a comparison of the Phase I and II
post-flight similations where the landing was aborted whenever
sink rate exceeded a nominal value in the Phase I part of the
simulation. There was scme disagreement between the two pilots
on this phase of the program as to whether removing the abort
criterion resulted in a reduction in workload. Therefore,
more extensive testing is required (more pilots) to validate
this conclusion. As it stands now, however, it appears that
minimun acceptable boundaries are dependent on the touchdown
constraints (maximum allowable sink rate and runway length).
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C. CONCLUSIONS FROM ANALYSIS PHASE

Pilot opinion for flight path control on short final was
degraded when:

— The system lags (airframe plus engine) combined to
reduce the achievable bandwidth (closed-loop path
mode frequency, mg) to unacceptably low values.

~  The effective controlled element could not be equalized
to a K/s response due to 1/Tyg << wg and/or low path
mode damping, te.
There was experimentsl evidence that the pilot's effective
command structure in the flare yas a linear decrease in
sink rate with altitude, e.g., B = —<(1/Tp)H + K.

The pilots commonly used two controls during landings,
especislly in turbulence, This was not deemed undesir-
able as long as one control could be considered as primary
(usually attitude) and the other as a secondary (usually
throttle in this experiment). Thus, the analysis of 'he
landing task was based on the premise that to achieve an
acceptable landing airplane, the primary control must be
adequate in itself or the response to the primary control
must be improved by use of & secondary control.

A1l of the tested airplanes had a very large engine lag.
This made it desirable 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, and

- Use of the secondary control did not improve the
response to the primary control, and

-~ The sensitivity to turbulence approached that of a

CTOL (2 = —2g/Uo)
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PILOT RATINGS, COMMENTARY, AND BACKGROUND
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TABLE A-i
TASK CODE

1.01 ILS tracking (IFR) from 1500 ft to breakout at 300 ft ——
no landing — 4.5 ft/sec rms turbulence

1.1 High fast I.C., — 85 kt IAS and 350 ft above glide slope
turbulence off

1.2 Low slow I.C. — 65 kt IAS and 350 ft below- glide slope
turbulence off

1.7 Turbulence off — change speed on glide slope $10 kt
2.0 Landing without twrbulence; I.C. = 200 ft; all VFR

2.1 Task 2.0 with oy, = 4.5 £t/sec

2.4 Task 2.1 with 10 kt crosswind from left

2.7 Task 2.1 with discrete shear — zero wind at 200 ft to a 10 kt
headwind at 100 £t (10 kt/100 £t)

3.0 Composite — intercept LOC — intercept glide slope —
breakout at 300 £t — land — turbulence off

3.1 Task 3.0 with oy, = 4.5 ft/sec
3.2 Task 3.1 with a steady 10 kt headwind

3.3 Task 5.1 with a steady 10 kt tailwind
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TABLE A-2

COOPER HARPER RATINGS FOR FLARE AND LANDING

FLIGHT PROGRAM

TURBULENCE AND SAS

CONFIGURATION BSL1

CONFIGURATION AP1

PIOT 1 | PIIOT 3 PIOT 1 PIINT 3
oug = 0 ft/sec
High Gain SAS b-1/2 6-1/2 5-1/2
Low Gain SAS 5 7 6-1/2
Gug = 2.25 ft/sec
High Gain SAS 5 5 Did not 6-1/2
/ fly
Low Gain SAS 6-1/2 6 - 9
_ in turbu-
Oug = 4.5 ft/sec lence to
High Gain SAS 7 |6-1/2 to 10] Tate 10
Low Gain SAS 3 7 to 10 10
TABLE A-3
COOPER HARPER RATINGS FOR FINAL APFROACH
FLIGHT PROGRAM
TURBULENCE LEVEL CONFIGURATION BSL1 CONFIGURATION AP1
oug ft/sec PIOT 1 | PILOT 3 PIOT 1 | PHOT 3
0 b 4 5-1/2 5
2.25 5 5-1/2 —_ 6-1/2
4.5 7  (8-1/2 ¢t 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).
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TABLE A-k .

' ONOPER HARPER RATINGS FOR FLARE AND LANDING
POST FLIGHT SIMULATION-CONFIGURATION BSL1

B Y T N R L 0 U )

TURBULENCE LEVEL | . FLARE AND LANDING FINAL APPROACH
o, ft/sec bt
ug PILOT 1 | PIIOT 3 | PILOT 1 | PIIOT 3
; 0 I b-1/2 Y 3 L
2,25 5-1/2 | 4 to k-1/2] & 5
;, 4.5 7 5-1/2 to 10 5 7
ﬁﬁ 0 II 3 b 3 b
2.5 3-1/2 {4-1/2 t0 5 L 5
% k.5 5 6 to 10 5 T
¥
%
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E
y
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The pilot commentaries obtained from the preflight simulation have been
edited to put them in a usable form and are presented on the following pages.
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CONFIGURATION BSL1

This configuration was flown by Pllots 1, 2, §, T, 8, and 9.

POOT 1
Task 1.01

Glide slope tracking with this configuration is very stralghtforward using esaentially constant
attitude, Didn't notice any coupling effects that would cause any resl problem. Speed control is
straightforvard.

Task 1.1

Considerable amount of juggling between pitch attitude to control airspeed and‘ throttle to control

© altitude and to try to get nailed down on 75 kt on the glide slope. At this point you are down real

close to the runway so the glide slope is highly sensitive.
Task 1,2

Used full power for recovery. The workload is fairly high but it appears to be more of a task
problem than an airplane-oriented problem, The high fast and low slow initial conditions are quite

.J.uge considering the nearness to touchdown.

Task 2.0

Seems like it would be impossible to get a touchdown with zero sink rate in this airplane using
pitch attitude only, The sink rate response to an attitude change i3 quite low. Am using a combination
of power and attitule to make landings. On the landings where powsr iz primary, the timing {s quite
critical. If you get the power in too soon, you tend to float; whereas bringing the power in too late
results in & fairly hard touchdown,
Task 2.1

The major pilot compensation sppears to be involved in knowing when to\ use the throttle and how wuch
throttle to add.

Tazk ¥.0

This airplane does not require much compensation for the no turbulence case.

<]

ask 3,1
No difference betveen this composite task and turbulence and the individual subtaska.

PIOT 2
Task 1.01

l

Vertical speed response to normal throttle motions is very low with a lot*of lag. Basic technique was
backside with pitch inputs to get ocn initial response out of it, Tried frontside with zero regults.

Task 1.1

Using either froutside or ackside technique, the sircraft has a very limited dezcent capability.
Adrcraft performance in this task is not s function of pilot compensation. Overall rating is a 7.

Task 1.2

Response to power vas considersbly better than I anticipated.
Tagk 2.0 and 2.1

Ta2 poor vertical speed response to thrust aggravatos the problem and makes it easy to overcontrol.
Put on too much to correct for & low condition and then don't get it off in time, and then you're high

and in close, There doesn't seem t0 be sy sdequate wiy to compensate in the flare unless you generate
some type of throttle pitch maneuver, Controlling sink rate with power is difficult in turbulence.
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CONPIGURATION-BSL1 (Continmed)

E

k 3.0 ,

Generally the same coumentary as the 'mbtulu.
k 3.1

£

Generally the ssme comment as for the subtasks,

Fo problem tracking glide slope. Turbulence increased the workicad a littl=,
Tagk 2.0 and 2.1 .

Flare and landing are quite difficult vhen using pitch attitude only to flare. 'Reaulted in hard sink
rates and considerable touchdown dispersions. Also, high piteh attitude resulted in loss of vision of
runway. When using technique of increasing attitude slightly and increasing thrust to arrest sink rate,
landing and {lare performance was greatly improved. The effect of turbulence was to increase the workload
only slightly. Wind ghear near touchdown can cause dispersions in sink rate and touchdowm distance. I

have a tendency to pull off the power when going long which results in the airplane dropping and landing
hard,

Task 3.0 and 3.1
Same corments as for individual subtasks.

Foor 7
Task 2.0

Sink rate to pover response is very sluggish but has adequate suthority. Require very large attitude
:; o::?re. The reting is & 4-1/2 because I have to use pover. I should be able to flare with attitude
Task 2.1

Requires power to land in turbulencs.
Task 1,01 with engine time constant = 0.5

No noticeable difference in sink rete to throttle response. However, glide slope tracking seems
esagicr for soms reagon. Back~to-back comparigon with engine lag of 0.3 sec and 1.5 sec shows no
difference in this task.
Task 2.1 with Tg » 0.5

¥o noticeable effect due to engine lag,
Task 2,7 with Tg = 0.5

Feel more comfartable with faster engine. Pllot rsting msy improve from 5 to k-1/2. I an using
throttle and attitude in the flare. Decressing the engine time constant to 0.2 still shows no difference.
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CONFIGURATION BSL1 (Concluded)

PmoT8
Task 1.1.

Airspeed response to attitude seems sluggish., Hard to get stabilized on glide slope and airspeed.
Task 1.2 |

Same comment,

Task 2.0

Attitude flare is not a problem, Flaring with power 1s a problem becauge the power respotise seems
low,

Task 2.1

Tried both power and attitude flaregs., I like power flares better in turbulence,

Task 3.

o

An using conventional backside control, that is, airspeed to attitude and flight path angle to
throttle,

Task 3.1

Hardest job is glide slope tracking because of the lag in flight path angle to throttle. Airgpeed
to attitude is sluggish.

PIIOT 9
Task 1.01

I have the impression of a longer throttle responsge than on most aircraft, My technique ig to command
glide slope with IVSI Lecause of long engine lag. I know this will always bring me back to glide slope.

Task 1.1

Speed is not a problem but gross glide glope error is difficult to make with this throttle. Have a
tendency to overcorrect. Part of difficy "ty is tradeoff between speed and altitude initially,

Task 1.2

Zasier to handle than Task 1.1. I am not as reluctant to add power as I am to reduce power. I am
doing things in the right direction for safety.

Task 2.1
Am flying glide slcpe to get into window for flare.

Task 20!

Adequate performance not obtainable with maximm pilot compensation. This iz based on my inability
to kmow what to do with power.

TR-1035-3R-II1 A-9
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CONFIGURATION BSL2

BHOT 1
Task 1,01

Glide slope tracking is straightforward.
Tagk 1.1 and 1.2

The off-nominal condition seems very severe, Comsidering this very drastic off-nominal condition,
the airplane behaves very well. ’ »

Task 2.0

No problem getting into the touchdown zdne. The airplene geems to have touchded down naturslly at
shout 250-300 ft with this glide slope location. :

Task 2.1

This configuration seems very sensitive to flare height., If I flare just a little too soon, I tend
to land down in the 600 ft region; and if I flare at the correct height and flare too quickly, I also
get down to the 600 £t region. So it seems to be very sensitive to the correct flare height, and because
of the sensitivity of the airplane it degrades to a pilot rating of 4, Of course, the turbulence makes
it more difficult to flare in a precise way, Adding a crosswind to the turbulence on BSL2 doesn't really
change the task very much, The best technique seems to be to slightly undershoot the glide slope maybe
half a dot and let the airplane float down and settle into the touchdown zone. Doing this you can get
consistent touchdown sink rates and position on the runway. If you flare too goon or too rapidly and
the airplane starts floating, ard the touchdown is generally quite hard, Primary control for flaring
the airplane is pitch attitude, using throttle only to countersact large gusts.

PIOT 2
Tagk 1,01

The short-term effect of attitude changes is greater in influencing vertical speed than airspeed.
Basic technique was backside, but modified by extensive use of attitude for quick response, using column
as a DIC for short-term response. Throttles for long-ter:m vertical speed control. It seems to me to

be unreasonable that idle power and a pitch attitude of —-10 deg doesn't bring the plane any faster than
simlated, Also, airspeed acceleration appears excessive,

PHOT §
Task 2.0

Preferred flare technique is to start flare at 35 £t and leave power alome.
Task 2.1

Tend to touch down lomger in turbulence. Had to use full power to arrest sink rate om one rwm.

PILOT 7
Task 1.1 )

I think the main comment is that it is & very extremes o®fset and to maks a comfortable gize correc-
tion you really don't have time to get back on in, settle down. My basic tachnique iz to get the spsed
back under control and then worry about flight path. I like to do this because once I get the gpesd
under control then I know what the power-to-flight-path angle relaiionship is, giving me one iess thing
to do vhen I intercept the glide slope. My ratings for high fast and low slow are the same as for
straight glide slope tracking in turbulence. The situstion is extreme, but the airplane does not change.

Task 1.2

The low slow is no different from the straight glide slope tracking. I feel completely comfortable
all the time.

TR-1035-3R-I1I A-10
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CONFIGURATION BSL2 (Concluded)

Task 2.0. E

Initially I had some problems with attitude dynamics — a tendency to PI0 a little bit, waich went
sway after three or four touchdowns. Looks like with the geometry situation here it is fairly easy to
make soft touchdowns with attitude alone.

Task 2,1

The workload increases quite s bit with turbulence, I am having quite a bit of problems with the

turbulence levels, particularly during the final glide slope tracking and the flare. I have an additional

comment on this flare and landing with turbulence. I gave it a 6 here, but in real-life situations that
would come up & couple pilot ratings.

PIIOT 8
Task 2.0

Flares with attitude are touchy to get into the touchdown zone, Flares with power are