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Approximate Conversions to Metric Measures

Symbol When You Know Muitiply by To Find Symbol
.
LENGTH
in inches °2.5 centimeters cm
ft feet 30 centimeters cm
yd yards 0.9 meters m
mi miles 1.6 kilometers km
-AREA
in? square inches 6.5 square centimeters em?
#? square feet 0.09 square meters me
yd2 square yards 0.8 square meters m'
mi square miles 2.6 square kilometers km?
acres 0.4 heciares ha
MASS (weight)
0z ounces 28 grams g
b pounds 0.45 kilograms kg
short tons 0.9 tonnes t
{2000 Ib)
VOLUME
tsp teaspoons 5 milliliters ml
Tbsp tablespoons 15 milliliters ml
i oz fiuid ounces 30 millifiters mi
c cups 0.24 liters |
pt pints 0.47 liters |
qt quarts 0.95 liters 1
gal gatlons 3.8 liters [
73 cubic feet 0.03 cubic meters m?
de cubic yards 0.76 cubic meters m3
TEMPERATURE (exact)
°F Fahrenheit 5/9 (after Celsius °c
temperature subtracting temperature
32)
*i ety For othar eaact onvarsaeny asd more dutanied tabls, ses NBS Mise, Pabl, 80,
Units of Weigl and Measures, Poce S L 8D Catiog o, C13.1:2806.
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Approximate Conversions from Metric Measures

Symbhol When You Know Multiply by To Find Symbol
LENGTH
mm mitlimeters 0,04 inches in
cm centimeters 0.4 inches in
m meters 33 feet ft
m meters 1.1 yards yd
km kilometers 0.6 miles mi
AREA
em? square centimeters 0.16 square inches in?
m? square meters 1.2 square yards yd?
kmz square Kilometers 0.4 square miles miZ
ha hectares {10,000 m?) 2.5 acres
MASS (weight)
q grams 0.035 _ ounces oz
kg kilograms 2.2 . pounds b
1 tonnes {1000 kg) 11 short tons
VOLUME
mi millifiters 0.03 fluid ounces {l oz
| liters 2.4 pints pt
] titers 1.06 quarts qt
! liters 0.26 gailons gal
m cubic meters 35 cubic feet 1t
m cubic meters 1.3 cubic yards yd3
TEMPERATURE (exact)
°c Celsius 9/5 (then Fahrenheit °F
temperature add 32} temperature
°oF
°F 32 98.6 212
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NOMENCLATURE

8z, Vertical acceleration; ft/sec?

Cp Drag coefficient — includes thrust effects

CDmin ‘ Minimum drag coefficient -=— includes thrust effects

CD1 Drag curve slope — includes thrust effects

Cy, Lift coefficient — includes thrust effects

CL@ Iift curve slope — includes thrust effects

CLO Lift coefficient at zero angle of attack — includes thrust
effects

-Cm6e . Slope of pitching moment coefficient with elevator

Cy Blowing coefficient, T/sSq

d Deviation from glide slope; ft

d. ’ Glide slope error

g Acceleration due to gravity; ft/sec®

h Perturbation altitude (change in altitude from trim); ft

Hp Flare height; ft

Xp Flight director display scale or lift/drag relationship in
Fig. 1d N '

Kg Pilot model parameter in Eq. 6

Kg Pitch-attitude-to-elevator feedback gain

Ké Pitch-rate-to-elevatof.feedback gain; sec

m Mass of airplane |

Mg Equals (pSUOc/EIy)cm6e

Nge Numerator of transfer'functioniwhich describes pitch-attitude-
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
response when attitude is constrained
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ag

Body axis pitch rate; rad/sec

Dynamic pressure; 1b/ft2

Range from the aircraft to the. glide slope transmitter
Wing area; f£t2 |

Time; sec

Thrust, percent or 1b

Pitch attitude SAS feedback time constant, Kj/Kg; sec
Time constant for exponential flare; sec

Zero of coupling numerator, NgegT; secC

Zero of sink-rate-to-elevator nwmerator, 1/Thy = —g(d7/0V)sy

Compensation provided by pilot based on experimental measure-

ments; sec
Zero of coupling numerator, NgegT; sec

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

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

Horizontal wind gust; f£t/sec

Trim speed; ft/sec

Airspeed; ft/sec.

Trim airspeed (same as Uy); ft/sec

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

Equivalent airspeed; ft/sec
Vertical wind gust; ft/sec
Distance from runway threshold; ft
Equals —(pSUo/m)(Cp + Cpy); 1/sec

Equals (pSUy/m)(Cr, — Cpy); 1/sec
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SECTION I
INTRODUCTION

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 major

benefit of this program has been therefore the ability to concentrate on
the more 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 results set down in the above references were subgstantiated

in this program; whereas in other cases more extensive testing revealed a

requirement to modify or change these earlier notiomns.

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 fubture alrworthiness 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~-IIT 1









A short flight test program was conducted to check certain simulator
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.

TR-1035-3R-IIT 4
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SECTION II

DESCRIPTION OF GENERIC STOL CONFIGURATIONS
AND SIMULATION PROGRAM

Eleven generic configurations were derived to characterize the extremes
of potential variations in the performance parameters (Cr, Cp, and C“). The
simulated airplanes are grouped and labeled in terms of their l1lift, drag,
and thrust characteristics in Table 1. More specific descriptions of the
variations of the performance parameters with thrust (CH) are given in Fig. 1.
The configurations were arbitrarily labeled BSL1 and 2 and AP1 through 10.

The letters RLD following the configuration label stand for "rounded 1lift and
'drag" and are indicative of nonlinear 1lift 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 CLO V3. C, Cch, V3. Gy op STOL CONCEPT

COMMENTS

I BSL1, 2, 2RLD | Lineer and | Linear and 61 deg | Low efficiency | BSL1 has 20% lower CLy
moderate moderate EBJF or VT than BSL2 and 2RLD.
BSL2RLD has modified
stall (Fig. 19).

II | AP2, 6, 6RID Very non- | Nonlinear and | 90 deg | High efficiency | AP6 has improved Ay
linear moderate IBJF capability (-4 deg).
APERLD has modified
stall (Fig. 19).

III | AP35, 7 Linear and | Nonlinear and | 75 deg | Low efficiency | AP7 has improved &y
: moderately | modérate VT/MF or poorly | capability.
high designed EBJF
v APY, 5 Linear and | Very low 81 deg | Low efficiency | AP5 has improved 2y
moderately . VT /MF capability.
high
\' AP10 Very non- | Very low 90 deg | High efficiency
linear EBJF

TR-1035-3R-11T >
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Figure 1. Lift =and Drag Characteristics of the Simulated Configurations
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Figure 2. Stall Characteristics Tested












B. DYNAMIC CHARACTERISTICS

1. Pitch Attitude SAS

Each of the configurations tested utilized the pitch attitude SAS shown
in Fig. 4. The design philosophy of the pitch augmentation was to obtain
a minimum acceptable SAS (pilot rating of 3-1/2) that would keep the atti-
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 minimum needs of the pilot for atti-
tude stabilization based on the criterion of Ref.? 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.

Sec Actuator  Vehicle

Lag Dynamics
+ 8
Scol + Kgls+a)) [Vo 2 BeSAS_ l Ns
— Kgc B -Ababiad LAY i) - e
A s Vv + TeStl A
Te s+ p==
Kgo = —4.0 deg/in. Te = 0.1 sec
Kg = =1.0 Tp = 2.0 sec
a, = 0.2 sec | Vo = 75 kt

Figure 4, Pitch SAS Used in Generic STOL Simulation
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~ adversely coupled configurations are seen to exhibit a fairly rapid increase

in overshoot with decreasing speed. AP10 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 gpeed on this cdnfigu-

ration.
C. DESCRIPTION OF THE SIMULATION

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

typical of a conventional present day CTOL transport.
1. Simuletion Scenario

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

1.5
10
F
£ Vo = 85 kts
- 5
(¥
a Vo = 75kts
E
o
s ! ] | 1 1 1
2 0 4 12
° t{sec)
@
Vo = 65kts
-5

Figure 8, Effect of Speed on Path Response to a
Unit Step Power Input (AP10)
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TABLE 2

SIMULATION TASK DESIGNATION AND DESCRIPTION

TASK
DESIGNATION

TASK DESCRIPTION

1.0
1.01
1.1

1.2
1.7

2.0
2.1
2.7

Glide slope trackihg (Start at 1170 ft and termi-
minate at 300 ft of altitude — all IFR)

Calm air
Turbulence (¢ = 4.5 ft/sec) (IFR only)

High fagt initial condition (IFR only)) See
Fig. 9
Low slow initial condition (IFR only)

Speed change on glide slope (IFR only)

Landing (Initial condition at 300 ft — IFR)

Attitude flares and power flares in éalm air
Add turbulence (o = 4.5 ft/sec)

Add discrete shear

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

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

TR-1035-3R-ITT
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2. Date Gathering

1. The simulation 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

previous section,
ment of the composite ILS approach task; glide slope intercept, glide slope

In addition, pilot ratings were obtained for each seg-

tracking, flare and landing, and an overall rating.

TR-1035~-3R-I1II 20






" © Indicate Average Rating
Vertical Lines Indicate Max 10
and Min Ratings

o
I

t——0— BSL 2
HO—i AP 2

Cooper Harper Rating
TV R NS T SN B« IR Us)
T T T T 1
0O APB6RLD
Cooper Harper Rating
w [0)} -~ @ (o)
T T T T T
—O——— BSL 2 RLD
i AP 6
—O0— AP6RLD
e (1 AP |
o ——————1 APIO

o— AP 7
HKO—i AP}
+HO— APIO
w »H
T T
—{—1 BSL !

H H

—0O—1BSL |
—0O—i BSL 2
——O——+ BSL 2RLD
———— AP 2
—0O— AP6

2 | 1 | 1 2 1 { ! 1
I I I ¥ Y I o I m Y
Groups Groups
a) Pilot Rating for IFR Glideslope b) :5/'/0/ Ralings for Path Coniro!
Tracking Task (1.0/) Part of Composite Task (3.1}

( IFR and VFR Path Control)

Figure 10, Pilot Ratings for Tasks 1.01 and 3.1

Based on the above observations, 1t 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 adverse 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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Notes:
® |5 percent increase in power at trim pitch attitude (3°)
will result in a stall with basic AP6 RLD

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

8 ® The pilot rating is 9 for the basic AP6RLD and 5 with
a 10 percent increase in Cpyay
4 | Pitch Attitude & (deg)
Original Q="
AP6RLD
o
L OF APBRLD 7 Power
‘;\ With 10% BT
- Increase in (Percent)
= CLmax
S 100
: "4 Trimmed
5 On 80
a Glideslope
& gl 60
b
40

12 0

_jala 1 ! | !

- 50 60 - 70 80 90 100

Indicated Airspeed (kt)

Figure 12. Effect of 10 Percent Increase in CLmax on Stall Characteristics
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Figure 15. Pilot/Vehicle Loop Structure for Glide Slope Tracking


















o) 0
| : _ e
9 9r Y
- < <
8- 8 T
- 2 q 7l o g 5
« = T R . 8 & -
S 6 o o o 6 12 -
2o sax ook g I
(] -
582 5% 0] S- |8 %%
4 —% % % é $ 4-1 * 5 Q0 J
3}— 3
2 | I I 2 | L1 1 L
I I om N XY I I m X
Groups . Groups
a) ILS Tracking Task ( 1.0/) b) Final Approach and Landing

Tosk (2.1); Tyg = 4.5 f1/sec

Figure 15. Comparison of Pilot Ratings for ILS Tracking (IFR) and
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Figure 16. Effect of Turbulence on Pilot Ratings
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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 showm

in Fig. 17.

100

Percent of Lundings

6]
@

O

~ Percent Rated Soft
/

/

Percent
Rated Firm

. Percent
Rated Hard

I I

10 5

Actual hrp (ft/sec)

@)
(63}

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 corrcla-

tion between simulator and pilot opinion of touchdown sink rate is made by

plotting the actual (simulated) touchdown sink rate against-the.number corres-

ponding to the pilot verbal descriptors in Table 4, The results is shown in

Fig. 18.

TABLE L. LANDING "RATING" SCALE

TR-1035-3R-IIT

NUMERICAL | PERCENTAGE OF LANDINGS RATED VERBAL
SCALE AS SOFT, FIRM, OR HARD SCALE
SOFT FIRM HARD
1 100 0 Soft
2 ™ 25
5 o0 20 Soft-firm
L 25 65 10
5 15 70 15 Firm
6 10 65 25
7 o0 20 Firm-hard
8 25 i)
9 0 0 100 Hard
39



Verbal Scale

10—
Q@ Hard
8 ‘8
(2 Firm-Hard
o 6 ——
e | Firm
S abL
g Soft- Firm
Z 2
3 Soft
o) | l ! I L i i

0O 2 4 6 8 10 12 |4
Touchdown Sink Rate,Ryp(ft/sec)

Figure 18. Simulator 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" landing in the simulator. It follows that landing data
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 ft were considered as in the touchdown zone. Table 5 reveals that

® DNone of the configurations could be landed consistently
soft and in the touchdown zone.

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

© The Group II configurations exhibit the lowest touch-
down sink rates and also the lowest dispersions from
the mean (o) in Xpp.
It should be pointed out that the dispersions of Xpp about the mean were
not symmetrical, that 1s, 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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can be quite 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., thfottle 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
ig 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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SECTION IV

FLIGHT TEST RESULTS

A. DESCRIPTION OF FLIGHT PROGRAM

The flight test program which spanned a period of about three months
was basically a flight version of the final approach and landing task
(Task 2.1 on the simulator). The Princeton University Variable Stability
NAVION was programmed and checked out to simulate 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 a lighting system which provided visual indication of whether the pilot
was above or below the 6 deg approach path. The evaluation pilot flew the
airplane to touchdown or to the point at which the safety pilot felt an
abort was necessary. 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 basic 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 h-1/2,
and the pilot commented that the situation appeared to be consistent 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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TARLE 6

COOPER HARPER RATINGS FOR FLARE AND LANDING
(FLIGHT PROGRAM)

' T ON AP
TURBULENCE AND SAs | CONFIGURATION BSL1 CONFIGURATI 1
' | PILOT 1 PITOT 3 PITOT 1 PILOT 3
Oug = O ft/sec
High Gain SAS h-1/2 L 6-1/2 5-1/2
Low Gain SAS 5 5 7 6-1/2
Oug = 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 Tt/sec bulence to rate
High Gain SAS 7 6-1/2 to 10 10
Low Gain SAS 8 7 to 10 10
TABLE 7

COOPER HARPER RATINGS FOR FINAI, APPROACH
(FLIGHT PROGRAM)

TURBULENCE LEVEL CONFIGURATION BSL1 CONFIGURATION AP1
ou, ft/sec PTLOT 1 PILOT 3 PTLOT 1 PTLOT 3
0 L 4 5-1/2 5
2.25 5 5-1/2 — 6-1/2
4.5 -7 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 120 percent about trim on Navion).
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The fundamental 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) summarized below:

® Guidance and control requirements

1.
2.

Command following and disturbance regulation
Stability

® Pilot-centered requirements

1.

Minimum equalization to achieve K/s effective
controlled element

Wide separation in crossover frequency of the
primary and secondary controls

Tolerant of variations in pilot response {desire
a broad region of X/s)

Regponse quality., The closed-loop system should

be rapid and well damped, akin to a second-order

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.

Assuming that the pilot flies constant attitude (attitude constrained

assumption), the generic»form of the effective 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.
. Airplaqe
4 yy s K ZarlstKal(se1/Tag) , Pilot 5 PYNOMISS. Glideslope
de pe s(Tes+I)(sz+2§9wes+w29) H Yo AN Ye Dewaho»n_
Engine Path Mode N rm——
Lag Effective Controlled Element
Feedback
DEFINITION OF EFFECTIVE

CONTROLLED ELEMENT (9)

The numerator time constant, 1/Tde, and the path mode frequency and damping

are primarily dependent on the STOL aerodynamic characteristics and thrust

inclination angle (see Volume II of this report. The engine lag time
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Figure 20, Phase Trajectories for Five Consecutive Flares —
No Turbulence — Configuration 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 ig
important. As is well known by experienced pilots,
flare strategies that emphasize smooth touchdowns (grease
.jobs) tend to use up a 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 probability of an overflare and
resulting float.

The above points may be quantified in terms of an assumed command 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:

H, = - é% H + Ty, | (10)
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Sink Rate *
Command

e ‘mmude H

\/ HTDC Torget Sink Rate
He Flare Height

HF Sink Rate of Fiare
initiation

1 Slope of Internally Generated

F Command Structure

Figure 21. Asgumed Command Structure for Closed Loop Flare

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

_1__ ~ ﬁTDC—fIF (11)
iy Hp

Representative values of flare height (between %0 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 Tp 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 14) 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 (Eg. 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

l:imc
+! . . .
I + He + Sink Rate Error,H¢
_ —
- Te —
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,

® Stability. 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. Pllot-Centered Requirements for Flare

® TInsensitivity to pilot response variations (desire broad
region of K/s).

® Minimum pilot compensation. Ability to achieve a K/s
effective controlled element with minimum equalization.

® Frequency separation 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 gquality. 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.

TR~1035-3R-IIT 29






Secondary Control { A- Low frequency secondary closure

Technique B - Step throttle at flare initiation
Engine Lag
S
Tes +1
Airplane
Fie ] Yg 5 Dynamics
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Figure 22.
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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. Flare with Attitude Only

The approximate solution for the sink rate response of the closed loop
pilot plus airplane system for an attitude-only 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
given as follows:

h . 1
B D e (12)
‘ S(TFS + 1) ;gé- + 2 ZD-'T s + 1

Nt s’ —~

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/Th1. The double E;ime superscript on wg and
t o indicates that two loops (an inner h loop and the outer "command loop")
have been closed around the attitude-constrained airplane as shown in Fig. 22a.
The first-order response term (Tps + 1) results from the outer (command) loop
closure (should actually be Tp but we are assuming Ty = Tp). It indicates
that the assumed linear sink rate vs. altitude command 1s an exponential
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 (Cg and of). Thus, the quality of the
flare (ability to follow the Hvs., H command) will depend directly on the

pilot's ability to modify the closed-loop path mode frequency and damping
to desirable levels.

The generic response characteristics of Eq. 12 (for an initial sink
rate of 13 ft/sec) are shown in Fig. 23. The effect of the path mode is
seen to cause an initial delay followed by oscillations 1f the closed-
loop damping, Qg, is low. From Fig. 2%a the time history for mg = 5/TF
sets an approximate lower boundary on path mode frequency in that it

returns to the command 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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-spoilers, etc.). . The next subsection covers the effect of throttle as a
secondary control; however, these results mey also be applied to other
types of secondary controls with a reinterpretation of the engine lag,
Te.

4. 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. 23%a). The effect of this secondary
closure on the closed-loop characteristic roots is obtained by factoring

the characteristic equation as a function of K?E

(s + ) 4
e t Tp S|
A" = A" xp, - oo (18)
(5 + )
e

The migration of the characteristic roots as a function of the pilot's

secondary control (throttle) gain is shown in the system survey in Fig. 25

Amplitude {dB)

Phose{deq)

below.
ol . Jo  wlrad/sec) 409 1.2
I PHot Throttle
: Gain to Stabilize
; Bockside . ’/_ o
+ wg ws
- .8
- 4
o
-100 L.
| T
. Ty T
- s e P D A G S G A S e b gy T G ooy D S S G e - - A S -4 J_ ]
~e0a The '

Figure 25, Use of Secondary Control to Stabilize Backside Mode
Generic Configuration BSL1
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7. Flare with Throttle Primery 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.

1
S + = .
e 1 T h
A" = (Tps 4 + — K 21
(Tgs + 1A Kpg . Nge (21)
N’ e e =

Attitude Secondary
SAS Control
Charac- Term
teristic
Equation
with Throttle
Loops Closed

Putting this in root locus form for factoring and using the approximate

factors in Appendix B

1+

: = 0 (22)
1 1 1
(s +m)(s +TE)(5/J/%—,FT>(S2 + 2L gwgs + wgg)

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 cloged loop path mode, a%, 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 flare maneuver. This may be determined from

the following expression

. 1:111 0
6 h ., 6 Nfgp Ny
— = (=)(+) = ——'F'—}'l'g (23)
Hp Hp h A" NE

Substituting Eq. 12 for h/HF and approximate factors in Appendix B for the

0 and h numerators

1 @ 2 2

_— 8 + 2 jwps +
o - TF zl >B-8 8 (gu)
e B 1. 1 o) IRt "o
HF (S + TE (S + -T-—) S + EQG(DGS + (De
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Figure 28. Migration of ﬁ/ﬁF Numerator Zeros with
Secondary Control (Throttle) Gain, Kp,

As would be expected, the magnitude of the pitch attitude required to

flare depends on Zy. The form of the closed loop transfer function for

flare is
Kp‘] _l_ Za' + KPEZBT s + 1!" s + 1:")
ﬁ Tp - Th1 Th@,
C(k i | ! T )\/2 : (25)
! (HF)step (Tes + 1)(3 + -‘I'-;)(S + E‘F)(S + Eggwgs + we')
) i 1

Where the triple primed numerator zeros indicate that three loops have been
closed (h, fl———Be, and ﬁF - 57), and the double primed denominator indi-

cates that ﬁF - d7p does not affect the denominator.

Assuming near cancellation of the 1/Th1 roots, Table 10 sghows some
resulting asymptotic Bode sketches. These are to be interpreted not as
the equivalent of frequency reséonse measurements but as indicative of
the system response to an initial (secondary) throttle step. The primary
improvement is seen to be an overall increase in gain (gain is increased

by K@225T). It 1/Tﬁé << ag, 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

Fl

Basic response at 1/Tp
With"”nuisance mode'
at Wy

Tendency to over flare
depends on Ce

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

/T = 1/Tp

I I

—_—mw —

HF Th 8 Te
Step Throttle as Secondary Control
1/Tpg << g
(Represented by Configurations AP1, 2, 6,
6 RLD, 10)

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.
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Note : Number in circles refers fo configuration
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Closed Loop Regulation Parameter, oy

Figure 31. One Pogsible Way of Using Key Parameters to Correlate
Minimum Acceptable Path Control with Alrcraft 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/The was very low for both of these configu-
rations (1/Thg << 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
1/Ty ). Hence, the unacceptable pilot ratings.

® The value of og for Configurations BSLT, BSLE, AP2,
AP6, and AP6 RLD are all about the same (o = 0.5
to 0.55). From Fig. 31, it is seen that thls value of
og is acceptable for configurations with low gust sensi-
tivity (2Z,/Tg). However, as the gust sensitivity is
increased to approximately the CTOL value (Zy = —2g/Us),
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 (Tg = 1.5 sec),
there is little or no data for correlating throttle as a primary control.

Further correlations will require analysis of presently available results from
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' other experiments and a carefully defined experiment to fill 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 control did not improve the
response to the primary control

¢. The sensitivity to turbulence approached that of

an equivalent CTOL (Z, = —2g/U,) and/or og was in a
marginal region
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APPENDIX A

PILOT RATINGS, COMMENTARY, AND BACKGROUND
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TABLE A-2

COOPER HARPER RATINGS FOR FLARE AND LANDING

FLIGHT PROGRAM

TURBULENCE AND SAS

CONFIGURATION BSL1

CONFIGURATION AP1

PILOT 1 PILOT 3 PIIOT 1 PIINT 3
oug = 0 Tt/sec

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

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

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

. fly
Low Gain SAS 6-1/2 6 enough 9
- 5 in turbu-

Ou, = 4.5 ft/sec Lence o

High Gain SAS 7 6-1/2 to 10f rate 10

Low Gain SAS 8 7 to 10 10

TABLE A-3

COOPER HARPER RATINGS FOR FINAL APPROACH

FLIGHT PROGRAM

TURBULENCE LEVEL CONFIGURATION BSL1 CONFIGURATION AP1
oug ft/sec PTILOT 1 PILOT 3 PILOT 1 PILOT 3
0 Lo b 5-1/2 5
2.25 5 5-1/2 — 6-1/2
4.5 7 I8-1/2 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% about trim on Navion).
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TABLE A-k4 .

.COOPE[R HARPER RATINGS FOR FLARE AND LANDING
POST FLIGHT SIMULATION-CONFIGURATION BSL1

TURBULENCE LEVEL | ..o | FLARE AND LANDING FINAL APPROACH
“uy £t/sec PILOT 1 | PILOT 3 | PILOT 1 | PIIOT 3
0 I h-1/2 4 3 N
2.25 5-1/2 | & to k-1/2 Y 5
k.5 7 5-1/2 to 10 5 7
0 II 3 b 3 b
2.25 3-1/2  |L-1/2 %0 5 L 5
L.5 > 6 to 10 > 7
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CONFIGURATION BSLA1

This configuration was flown by Pilots 1, 2, 6, 7, 8, and 9.

PIIOT 1

 Task 1.01
Glide slope tracking with this configuration is very straightforward using essentially constant
attitude. Didn't notlce any coupling effects that would cause any reasl problem. Speed control is
straightforward.
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
cloge 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 then an asirplane-oriented problem. The high fast and low slow initial conditions are quite
large considering the nearness to touchdowm.
Task 2.0
Seems like it would be impossible to get a touchdowm with zero sink rate in this airplane using
piteh- attitude only. The sink rate response to an attitude change is quite low. Am using & combination
of power and attitude to make landings. On the landings where power is primary, the timing is quite
critical. If you get the power in too soon, you tend to float; whereas bringing the power in too late
results in a fairly hard touchdown.
Task 2,1

The major pilot compensation appears to be involved in knowing when to use the throttle and how much
throttle to add.

Task 3.0
This airplane does not require much compensation for the no turbulence case.
Task 3.1

No difference between thils composite task and turbulence and the individual subtasks.

PIOT 2
Task 1,01

Vertical speed response to normal throttle motions is very low with a lot*of lag. Basic fechnique was
backside with pitch inputs to get an initiel response out of it. TIried frontside with zero results.

Task 1.1

Using either frontside or backside technique, the aircraft has a very limited descent capability.
Aircraft performance in this task is not a function of pilot compensation. Overall rating is a T.

Tgsk 1.2
Response to power was considerably better than I anticipated.

Task 2.0 and 2.1

The poor vertical speed response to thrust aggravates the problem and makes it easy to overcontrol.
Put on too much to correct for a low condition and then don't get it off in time, and then you're high
and in close. There doesn't seem to be any adequate way 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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CONFIGURATION APt

This configuration was flown by Pilots 1, 5, 7, 8, and 9.

PIIOT 1
Task 1.01

The turbulence level seems very low and glide slope tracking is not a problem, This configuration
has very low CL,, but this is not a problem because altitude response to power is adequate.

Task 1.1

The coordination required between power and pitch attitude to capture and maintain the glide slope
is very difficult.

Task 1.2

The low slow recovery is not as bad as the high fast; however, the pitch attitude end throttle
required to recover seem excessively large.

Task 1.7

A very large pitch attitude is required to go from 75 to 85 kt. The speed response ig extremely
slow in going from 85 to T5 kt, requiring me to overdrive attitude to get the required speed. This
results in my going off glide path. The main problem here is maintaining glide slope while using large
pitch attitudes to change speed. The IVSI response to throttle seems very sluggish., This is the primary
problem in this task.

Task 2,0

This configuration seems to be very unforgiving to initial errors in flare height. This is at least
moderately objectionable and perhaps worse.

Task 2.1

The primary deficiency is a very sluggish sink rate to throttle response. The major problem with
this configuration is the inability to recover from off-nominal vertical position in time to set up for
landing on the short runways. If I get high or low at the initiation of flare, the sink rate at touch-
down is usually hard or the landing is long. The sink rate response to pitch attitude for this configu-
ration seems very low. The throttle is not of much help because of the very sluggish sink rate to power
response. Unless everything is perfect at the point of flare initiation, the chances of a good touchdown
are very. low with this configuration.

Task 3.0 and 3.1

Commentary generally the same as for the subtasks.
PIIOT 5
Task 2.1

The pilot rating is a 5 up to the threshold and an 8 for the flare and landing.

Task 3.0

Tracking was easy once we were on airspeed and glide slope and localizer. .

Task 3.1

Pilot rating is a2 3 down to breakout and then a T on short final. The control harmony seems good
between elevator and ailerons but poor for throttle.
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CONFIGURATION AP1 (Concluded)

Task 2.0
The landings in this airplane are bad, bad, bad.
Task 2.1

I did not try power flares until I combined with turbulence, and it seems to me that power flare
worked out a little bit better in turbulence than the conventional flare. But, any of them are real
dicey to get a good sink rate and a good aim point on the runway. When you consider control of sink
rate as part of the controllability, controllebility is in question with this. So it's about a 7-1/2
pilot rating.

PILOT 9
Task 1.01

The compensation required for glide slope tracking may be described as moderate to minimal.
Task 1.1 .

The high fast recovery is very bad. With power off, the aircraft does not sink and I can't get back
on glide slope. The attitude goes to extremes.

Task 1.2

Better control. Reasonable performance, but considerable compensgation.
Task 1.7

The attitude required to change speed is too large.
Task 2.0

Mw rating was 5, mainly because of inconsistencies in performance and touchdown sink rate and distance.
Task 2.1

Primary difficulty was the considerable lag in the throttle, and, if you're effecting a change on
glide path, the resulting change in sink rate late in the approach will give you real provlems. The
aircraft's response to pitch seems much reduced here in the flare, so that you've got to be pretty much
right on sink rate with the power setting. That is what has caused me the difficulty in the pilot rating.
There is a considerable lag between change in throttle and airplane response to that change. I've recon-
sidered the rating of 7 that I gave on these last runs, and I want to slip those to 8 because considerable
pilot compensation is required for control in the sense that sink rate at touchdown is fairly difficult to
control.

Task 3.1

Speed control was not too difficult providing you were willing to accept the 3 or 4 kit that turbulence
brought into it. You could get to a trim attitude that would fairly well hold a speed. Again, aircraft
response to throttle inputs was still the major deficiency. There is a2 considerable lag between the time
you decide to make a flight path change and the time the change actually begins. This tends to make you

overshoot the condition you were looking for, and so you're constantly hunting with the throttle all the
way through the approach. .
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CONFIGURATION AP2 (Continued)

Task 2.0

Flare using column only from about 100 £t AGL with nominal power set. I tended to come into the
flare on-speed to slightly fast.

Task 2.1

Recovery from turbulence effects coming into the flare was difficult. It is easy to overcontrol
with the throttles. I am using sink rate to attitude primarily for the actual flare. Hard landings
result when I use throttles to flare.

Task 3.1

The airspeed/flight-path coupling is very bothersome., Working on glide slope control, keeping tabs on
indicated airspeed. Since my ability to track the glide slope does not appear to be affected by the poor
airspeed control, I can live with it, Technique for glide slope tracking is primasrily backside, that is,
sink rate to throttle and airspeed to attitude with some attitude to sink rate., Airspeed control is by
far the biggest problem. Extreme variations in airspeed combine with high coupling and Cr, response to
make it a pretty tricky configuration if departure from nominal conditions is too great.

PILOT 6
Task 1,01

Flight path response to throttle is fine. Cannot get desired airspeed performance.
Task 1.1

Pitch attitude went up to 10 deg and the aircraft never slowed down. My rating of € is based on speed
problems,

Task 1.2

My pilot rating of 7 is based on a decrease of speed with power addition. The speed went below &0 kt
at one point. .

Task 2,0
Flaring with pitch attitude only works out Jjust fine.
Task 2.1

T get the best results flaring with attitude alone. Flaring with attitude and power results in a
tendency to float and mekes the aircraft seem very sensitive to changes in pitch attitude.

Task 2.7

These wind shears require the use of throttles to arrest the sink rate. This results in overcontrolling
and floating. Definitely cannot use power in an effective way to help flare this configuration.

- Task 3.0

Adverse coupling results in my always having to change pitch attitude.

(Note: This pilot is a Boeing test pilot and required considerable amount of time to adjust his
technique to backside control. During his later evaluations of configurations with large airspeed/flight-
path coupling, ne tended to ignore airspeed variations, hclding constant attitude.)
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CONFIGURATION AP6 RLD

This task was flown by Pilots 1, T, and 9.

POOT 1
Task 1.701 (stall speed = 65 kt)

Adverse speed throttle coupling and low stall margin combines to make a very dangerous situation.
Got low on glide slope, added power and stalled., Had to punch out to avert a crash. Pilot rating is 9.
Large pitch attitudes are required to keep the indicated airspeed above stall with increased power.
Task 1.01 (stall speed = 65 kt, Cr, . increased 10%)

A 5 kt reduction in stall speed makes a large difference in this aircraft. It requires a large
attitude deviation to get the speed to decrease from 65 kt to 60 kt, and therefore tha stall protection
is adequate in this aircraft. i

Task 1.1

No control over airspeed with attitude and reduced power. Good sink rate to throtile authority but
a bit sluggish. Adequate performance not attainsble in speed (175, get 100). »

Task 1.2

Easier to hold indicated airspeed at 75 kt than it was Task 1.1. Seems like airspeed coupling to
throttle is more pronounced at low power than at high power. Major problem was extremely high workloed
and airspeed to attitude and sink rate to throttle due to the airspeed throttle coupling.

Tagk 1.7

Very slugglsh airspeed to attitude response aggravated by airspeed to throttle effects. Control
over indicated airspeed is barely adequate and with moderate compensation,

Task 2.1
Good sink rate response with attitude flares., Lends like a conventional airplane,
Task 2.7 ‘
Can get desired performance in the presence of shears, Moderate compensation of s:.nk rate control

with power is required to set up the flare point. The sink rate response to attitude is sufficient to
account for problems in setting up for the flare with power. )

PIIQT 7
Task 1.0

Used this task to try stalls in this configuration. Uneble to produce a stall with power off due
to edverse airspeed power coupling. Impossible to get low speeds with low power settings. Power on
stall is a mush.
Task 1,01

Adverse coupling seems large. Pilot rating is a 4-1/2 because glide slope tracking is adeguate.
Task 1.1 .

T don't worry aebout indicated airspeed.
Task 1.2

Initial response to throttle too high and then washes out.

Task 1.7

Using airspeed to throttle and sink rate to attitude, This ailrcraft has a better Iy than Airplane 10,
and therefore this technique works better,
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A brief description of each of thé subject pilot's experience relative to the present program is

PILOT BACKGROUND

given below,

PILOT 1

©

POOOT 3

PIIOT 6

— ROGER FOH (STI)

Considerable experience as STOL eveluation pilot. . Most STOL time has been in simulators
with some experience in Variable Stability Navion.

Extensive light aircraft experienée.

Flew in all phases of present experiment.

~— WILLIAM CASEY (DOUGLAS)

Primarily involved in checking out customers in DC-9.

Served as Navy test pilot and was checked out in Harrier.

Flew in preflight simulation phase of experiment.
— DAVID ELLIS (PRINCETON UNIVERSITY)

Project pilot on Variable Stability Navion. Has considereble experience with evaluating
STOL configurations on Navion and with high angle approaches in spoiler equipped light
aircraft. '

Participated in flight phase and postflight similation phase of experiment.
— IRVING DECKER (BOEZING)

Primé.rily involved in production test flight with CTOL aircraft.

Has some simulator experience with the Boeing AMST

-Participated in preflight simulation phase.

— GORDON HARDY (NASA)

NASA research pilot with considerable experience vin & wide variety of aircraft.
Extensive research simulator experience on STOL programs.

Limited flight time in NASA Augmentor Wing Jet Research Aircraft and in Varisble Stability
Navion.

Extensive light aircraft experience.

Participated in preflight simulation phase of experiment.
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Definitions

H Ajircraft altitude above the ground
H Aircraft sink rate with respect to the ground
hy Perturbation altitude = u sin y, —w cos 7, * Uy cos 6p6.

Has little physical significance for y # 0. (Note that
hp can be finite even if aircraft stays on original
glide slope but changes speed)

hp Perturbation sink rate, Difference in sink rate from
the initial sink rate at flare initiation

h Difference in altitude from flare height (initial con-
dition, Hp) and present altitude, H. Is not the same
as hyp

h Aircraft sink rate with respect to ground n o= H

The equations relating perturbation and inertial coordinates are:

H = HF +h (B‘7)

np = H- Iy (-8)
t .

h =f at (B-9)

n o= H (B-10)

These relationships are further illustrated in the following figure.

Initial
] He %3 T Condition
h

Aircraft

Trajectory HE
i H

FTITITITITIITI77 TITT7TT7777 Ground

1

Figure B-1. Relationships Between Inertial and Perturbation Coordinates
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The assumed flare law for the closed loop task (see text for justification)

is given as

H+ g H = Hyp, (B-11)

Hy = Hp - — H (B12)

The corresponding block diagram which represents the pilot-vehicle feedback

structure to satisfy the flare law is shown in Fig. B-2.

The error signal is defined as

H = H,—H

. . (B-13)
HTDC—‘IlF'(HF"'h) —

The block diagram may be rewritten with the output of the airplane equations

of motion in terms of perturbation variables as follows.

Initial Condition
on integrator

£('+FHF) 2 (Hyp,) Flare Law Constant

I(s) LT
] — —
TF S +
H I:np From
) n Perturbation
+ Equations of
Motion
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Figure B-2.

Bilock Tiagram of Closed Locp Pilot and Vehicle System for Flare
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Figure B-3. Block Diagram of Closed Loop Flare in Perturbaticn Cocrdinates and
with Step Input Equivalent to Initial Conditions (Hp and Hp)




®  The perturbation sink rate actually differs from the
- inertial sink rate by a bias equal to Hp. The time
response to Fig. B-3 and from an analog computer
solution to the complete eguations mechanized based
on Fig. B-2 for the same flare would take the following

form
A i N
-Hg .
by oo !
+
0 - ;
_ 1 Hg
Perturbation Solution to Computer Solution With
Step Input, Hr Initial Conditions

Thus, the perturbation solution should be_ interpreted
such that the final value is zero, e.g., H= HF + hp
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Figure D-1. Pilot Briefing Outline

General

1. Jet STOL transport aircraft

2. Weight = 150,000 1bs

5. Approximately 150 passengers

4. Representative of the worst case configurations of five STOL-type
vehicles; Internally Blown Flap (IBF), Externally Blown Flap (EBF),
Vectored Thrust, Augmentor Wing, and Upper Surface Blowing (USB)

Series of tasks representing a precision instrument approach on a

6 deg glide slope

1.

ILS tracking - consideration for evaluations

a. Glide path control

b. Airspeed control

c. Pilots indicate acceptable limits on glide slope and speed
excursions. Consider normal ATC speed requests for separator
and maximum allowable speed and glide path errors at decision
height to achieve acceptable touchdown conditions on a STOL
runway

Flare and Landing

1.

2.
3.

Idealized situation - problem initialized with aircraft at target
speed and on glide slope at 300 ft (decision height)

Fly aircraft to a VFR touchdown

Considerations for evaluations

a. Touchdown sink rate

b. Precision of Touchdown point -- ability to stop -- probability
of landing short

c. Acceptable values for sink rate and touchdown position to be
evaluated by pilot considering available runway to stop,

- passenger comfort, and landing gear strength

d. Tradeoffs between the above (a and b)

e. Would an increased runway length have a significant bearing on
your rating?

Composite task

1.
2.

3.

Intercept final approach course and fly ILS té touchdown with winds
and turbulence

Consider individual tasks (B and C) in light of the overall approach
task

Rate the overall task and emphasize key issues that affect your
rating (make comments)

Pilot ratings and commentary

1.
2.
3.

Verbal to experimenter in simulator during runs
Summary into tape recorder after each series of runs
Written summary of each configuration using attached sheet.
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Figure D-2a. Pilot Evaluation — Flight Path Margin

PILOT: DATE: RUN:
CONFIGURATION :
APPROACH

Pilot Ratings: Calm Air ; In Turbulence

1. Evaluate the Ay capabilities of this configuration. Would it

cause any operational problems?
2. How often did you hit the throttle stops?
3. Did the Ay limits affect the piloting technique for large

corrections? If yes, describe.

FLARE AND LANDING

Pilot Ratings: Calm Air ; In Turbulence

k.

What flare technique was used?

Did you add power?

Was there a problem in landing within the touchdown zone or
arresting sink rate? Was there a tendency to land short?
Long? Hard?

.

Was visibility over the noge a factor?

What were the major factors which influenced the above ratings?
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Figure D-2b. Pilot Evaluation — Landing

PILOT: DATE: RUN:

CONFIGURATION:

PILOT RATINGS: Calm Air

In Turbulence

Which of the following flare techniques did you try?
a. Pitch only, no thrust inputs.

b. Pitch primary, open loop thrust input.

¢. Thrust only, no pitch change.

d. Thrust primary, open loop pitch change.

e. Other (describe)

Which technique did you finally select? Why?
Describe the technique used in as much detail as possible (e.g.,

altitude at which flare was initiated, magnitude of pitch and thrust
changes, and primary cue for flare initiation).

Was there a problem in landing within the touchdown zone or arresting
sink rate? Was there a tendency to land short? Long?
Hard?

Was visibility over the nose a problem?

Did a tailwind significantly affect the task? If yes, describe
how and rate task with and without tailwind.

What were the major factors which influenced the above ratings?
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Figure E-3m.

Performance Curve for BSL30 or AP30, 30 deg d¢







TABLE E-1b

LONGITUDINAL STABILITY DERIVATIVES
Approéch Configuration
Aircraft: BSL2

v, (kt) o | 65 75 - 85
7, (deg) -7.k -6.0 -4.6
8, (deg) - 7.5 ol -l.2
sTo (%) | 48.1 b1 14.8
x; (1/sec) ~-.1329 -.1009 -.08081
z: (1/sec) -.hek1 -.hk212 -.37185
X, (1/sec) .okk21 04799 .04975
Z, (1/sec) -.5222 - .5554 -.6012
g/Uo (1/sec) .293 252 .22k
A ) |
tan™t X—BT (deg) 6k .6 60.8 57,3
Op
M (1/sec-£t) .000260 .0002662 .0003227
M, (1/sec-ft) .001795 .002270 .00283%0
M. (1/ft) -.0008847 -.ooo8§h7 -.0008847
Mq (1/sec) -.5279 -.6091 -.6903
z, (1/1) .02687 - .02687 .02687
Z, (ft/sec-rad) | 2.71 3.13 3.55
M, (1/sec®-rad) 5362 - 701k - .8802
e ,
zae (ft/seca-rad) -2.785 -3.707 -4.762
e, (£t/sec’-%) .06361 . .06788 .07077
zEJT (ft/secz-?) -.1341 -.1213 -.1101
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vy (kt)

7, (deg)

6, (deg)
op (%)

o
XG (1/sec)
ZG (1/sec)
X, (1/sec)
- Z, (1/sec)

g/Uo (1/sec)

1 T

tan” " | =—=| (deg)

M (1/sec-ft)
M, (1/sec-ft)
M. (1/£t)

Mq (1/sec)

Zg (1/1)

zq (f£t/sec-rad)

(1 2_rad
MBe /sec-rad)

Zg, (ft/secz-rad)
e

X5T (ft/sece-%)
z,  (ft/sec®-4)
T
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TABLE E-1d

65
T4
21.2

23.1

-.06641
-.4207
2366
-.2L06
.293

98.3

-.0002612
-.001517
-.00088L7

-.5279
.02687

2.71
--5336

-2.785
-.05593

-.3826

E-3k

LONGITUDINAL STABILITY DERIVATIVES
Approach Configuration
Aircraft: AP1

75
6.0
1.87
30.6

-.06898

-.3879
2146

-.2601

.252

81.0

- .0001h5h

-.0003457

-.0008847

-.6091
.02687

3.13

6998

-3.707
.03862

-.2437

85
-4.6
-11.9

46.8

-.07548
-.3553
1967

-.2029
224

67.3

.0002264
.0007516
-.00088k47
-.6903
.02687
3.55
-.81h47

-4.762
.05887

-.1410












TABLE E-1h

LONGITUDINAL STABILITY DERIVATIVES
Approach Configuration
Aircraft: AP6

T
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v, (kt) €5 75
7, (deg) -7.b -6.0
6, (deg) 8.7 2.82
,aTo (%) 36,1 b, 1
x; (1/sec) -.03%9%5 -.05080
A (1/sec) -.2549 -, 2002
X, (1/sec) .1580 L1556
Z, (1/sec) -+5030 -.5468
g/Uo (1/sec) .293 .252
_ZS'
tan™T i——z (deg) 96.1 9.5
Or
M (1/sec-ft) - .00100 -.0008629
M (1/sec-ft) .0004188 - .001236
M. (1/£t) -.0008847 -.0008847
Mq (1/sec) -.5279 -.6091
Z, (1/1) 02687 .02687
zq (ft/sec-rad) 2.71 3.13
MBe (l/secg-rad) -.5372 -.702%
zse (ft/sece-rad) ~-2.785 -3.707
x5T (ft/secz-%) -.05288 - .004081
z,  (£t/sec®3) - 5975 -.1388

-.0007629
002441
- .0008847
-.6903
.02687
-3.55
-.8712

4762

.0280
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T

TR-1035-3R-II1

TABLE E-1i

LONGITUDINAL STABILITY DERIVATIVES

Approach Configuration

Aircraft: AP6 SR
70 5
-T.h -6.0
2.1k -2.h
33.8 43.9
-.05524 -.05731
-.2814 - .2350
.16238 .15406
-.4919 - .5460
272 252
92.9 89.2
-.0008319 - .0008200
.0007820 .0016082
-.0008847 -.0008847
~.5685 -.6091
.02687 .02687
2.93 3.13
_.613h - .6860
-3.230 -3.7707
-.02257 .005379
- 4500 -390k
E-39

85
-h.6
-8.17
61.6

- .07002
- .1788k
14790
-.6262

224

83.8

-.0006436
.002853
-.0008847

-.6903
.02687

5.55
-.8409

-h.762
.03410

-.3125
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TR-1035~3R-1IT

TABLE E-24d

LONGITUDINAL TRANSFER FLLICTIONS
(Approach Configuration)

Alrcraft: AP 1

TRIM CONDITION

65 1
as . -6.0
21.2 ©1.87
23.1 .6

r;m AIRFRAME FERTURBATION DYNAMICS I
LY

(.054)(.635)[ . 535 . 300)
- 818(1.545)(-1.30)

{.248; .257)[ .748; . 544]
-.677(1.133)(-4.61)
-2.662(51.5;)[.1::0;.%91 -3.810(24.50)( .146; . 312)
-.531[ Lk6; . 39k ] | -.697(.520;.223)
2.862(-.052)(-1.439)(2.748) 3.810(.005)(-1.728)(3.156)

-.056(1.879)[.621; .531) .039(.167)(.620)(-1.198)

- 393~ .398)[ .681; . 394) o251 120)( 9115 300]
.00183[ .875; . 336] .000L95[ .668; . 305]
«393(-.015)( .616; . 514] .251(.031)(.263)( . 55%)
.0297(1.546) -.0265(-1.141)
-.214(.005) -.176(.13%0)
.160[.303;1.964) -.1&7(-2.153)(&.1175

IATTITUDS LOOP CLCSED DY'NAHICS]

(-26)(.67)(.78)(1.k)(3.3)[ .38; .34]
-.037( .14 )(.86)(8.3)[ .98;1.6]

{.25)(.36)( .67)(1.81)(8.22)( .50; .33]

. +026(.210)(.4320)(~1.169)(1.816)(8.313)
.0012(0.0)(10.)[ .88;.34) +000330(0. )(10.0){ .668; . 205)

+26(.0066)(.14)(1.0)(1.2)(8.3) «167(.475)(1.753)(8.299){ . 989; . 163)

STATIC PARAVETERS

1469 -.0155
-.0206 i -.5T1
ot s
=.54b -.250

E-46

85
-4.6

-11.9
16.8

(-.073)(1.020)[ .433; . 302]
-.963(2.101)(-3.873)

-u-.agj(zs.zh)[ .160; .281]
-.810[.633;.311]
4.893(.043)(-2.007)(3.517)

+059(1.029)[-.566; . 336]
-.145(1.164)[.346; . 179]

©-.000238[ .861; .508]
L1k5(.146)(-.154)(1.059)
- .0L8(-.162)
-.116(.227)

-.288(-2.296)(3.773)

(.67)(2.0)(8.5)([.76; .21}[.55; .41]
039(-.12)(2.0)(8.5)[ .50;.32]

-.00016(0.0)(10.0)[ .86; .51}

.097(.17)(2.0)(8.5)[ .62;.22}

-2.%
-1.0%

-.053%
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-T.4
8.7
36.1

(-.169)(.883)( .652; . 360]
-.452(1.101)(~17.16)

-2.862(21.67)[.136; .269]
=+535(.149)(.412)
2.862(-.032)(-2.563)(3.828)
-.053(.367)( .469)(1.835)
-.511(-.349)[ .690; .105)
.00195( .5@; +319]
.511(-.085)[ .853; .418)
.0283(2.080)
-.279(.013)

.151[ L145;4.122]

TABLE E-2h

LONGITUDINAL TRANSFER FUNCTIONS
(Approach Configuration)

Alxeraft: Ap 6

TRIM CONDITION

[
-6.0
2.8
bl,1

I BARE ATRFRAME FERTURBATION DY‘NA.\L'ICSJ

(-.187)(1.118)[.606; . 335]
-+585(1.409)(-15.06)

-3.810(24.58)[ .168; .223]
-+699(.119)(.503)
3.810(.014)(-2.916)(4.318)
-.0041(.058)(.952)(17.26)
-.b451(-.282)[.716; .406)
.00164[ .269; .258]
451(-.102)(.250)(.613)
.00285(27.88)
-.322(.049)

,016[ .043;15.71]

IATTI‘I’UDE LOOP CICSED DYHAMICS l

(.67)(2.8)(8.3)[.73; .14][.81;.53)

-.035(.18)(.50)(8.3)[ .93;

.0013(0.0)(10.)[.54%;.22

234(.015)(.15)(.64)(1.6)(8.3)

(deg/kt) .07

)
[a., ]  (eee/t) -.0552
[%f ] . (kt/aeg) 2.
[ 3"';] (xt/%) -1.06

TR-1035-3R-IIT

] .00110(0.)(10.0)[ .269; .259]

STATIC PARAMETERS

-.0b13
-.236
~3.06

=.T19

(.67)(2.07)(8.30)[.73; -13][ . 72; .54)
2.0]  -.003(2.347)(8.070)(17.22)[.942; .276]

.301(.061)(.172)(.445)(1.810)(8.272)

85
<46

-3.05
61.7

(-.210)(1.40)[.560; .303]
<.723(1.801)(-13.41)

-4.893(26.9 )[.23 ;.174])
-.867(.101)(.624)

4.893(.059)(-3.341) (4.880)
«028(-.195)(1.281)(-1.576)

-.371(-.224)[ . 772; . 408]

.00121(-.082)(~.149)
+371(.157)(-.204)(.931)
-.02k3(-1.329)
-.327(.075)

-+137(-5.791)(7.31%)

(.67)(2.3)(8.3)[.76;.12][ .€1;.54]
.019(-1.5)(2.4)(8.3)[ .52; .25}

.00080(0.0)(-.082)(-.15)(10.0)

.25(.10)(2.1)(8.3)[.85;.24]

-.245

-4513





















NP = -12.15(.0260)(.366)[ .419;1.21]

8
w

Ng = -1.029(.341)(1.55){-.666;1.71]
W

»Ng . -12.04(.363)[ .431;1.22]
w
a

Nay = 9.83(.167)(.448)[-.092;3.38]
-

TR-1035-3R-III E-57
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