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LONGITUDINAL HANDLING QUALITIES
DURING APPROACH AND LANDING
OF A POWERED LIFT STOL AIRCRAFT

James A. Franklin and Robert C. Innis

SUMMARY

Longitudinal handling qualities evaluations were conducted on the Ames
Research Center Flight Simulator for Advanced Aircraft (FSAA) for the
approach and landing tasks of é powered 1lift STOL research aircraft.
The test vehicle was a DeHavilland of Canada C-8A aircraft modified
with a new wing incorporating internal blowing over an augmentor
flap. The investigation included (1) use of various flight path

and airspeed control techniques for the basic vehicle, (2) assessment
of stability and command augmentation schemes for pitech attitude |
and airspeed control, (3) determination of the influence of
longitudinal and vertical force coupling for the power control,

(4) determination of the influence of pitch axis coupling with the
thrust vector control, and (5) evaluations of the contribution of
stability and command augmentation to recovery from a single engine
failure. Three pilots, all having flight experience in powered

1lift aircraft participated in the simulator program. Results

are presented in the form of pilot ratings and commentary sub-

steantiated by 1anding approach time histories.



NOTATION

Iift coefficient

Mean serodynamic chord, ft

Longitudinal éolumn control force, lbs.

Elevator hinge moment, ft= lbs

Dimensional elevator hinge moment derivative due

to elevator deflection, L O rad/secz/rad

Ie bée
Dimensional elevator hinge moment derivative due
to elevator deflection rate, - ol » 1/sec
Ie a& e
Course and fine altitude, ft.
2

‘Elevator moment of inertia, slug-ft
Aireraft moment of inertia, slug-ft2
Pitch attitude feedback gain to elevator or to
nozzle, deg/deg

Pitch rate feedback gain to elevator, deg/deg/sec
Column feed forward gain, deg/deg

Column rate feed forward gain, deg/sec/deg
Airspeed feedback gain to nozzle, deg/ft/sec
Longitudinal aéceler&tion galn to nozzle,
deg/ft/sec2

Pitching moment, ft~1lbs

Pitching moment derivative due to throttle,
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Pitching moment derivative due to nozzle,

%‘;g—%—; , rad/seca/d%

Aircraft mass, slugs

Normal acceleration, g's
Aircraft pitch rate, deg/sec
Dynemic pressure, lbs/fte

Wing area, £t

Taplace operator
Hot thrust, lbs

Roots of the longitudinal characferistic equation
nominally associated with the short period mode

(which in this instance are real instead of complex),
rad/sec

Roots of the short period mode with pitch rate and
attitude stabilization, rad/sec

Roots of the short period mode with pitch rate, pitch
attitude and airspeed stabilization, rad/sec

Low frequency roots of the longitudinal characteristic

equation with pitch rate, pitch attitude, and airspeed

stabilization (nominally associated with the phugoid

mode), rad/sec
Numerator roots of the elevator to pitch attitude

transfer function, rad/sec.
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Iow frequency numerator root of the elevator to
altitude transfer function, rad/sec

Iow frequency numerator root of the elevator to
altitude transfer function in the presence of
airspeed stabilization, rad/sec

Airspeed, ft/sec, knots
Aircraft gross weight, lbs
Longitudinal force, lbs

Iongitudinal force derivative due to thrust,

19X 2
— E—S—T, ft/sec/1b

Iongitudinal force derivative due to nozzle deflection,

13X
m bév

Fuselage station lbcation of the Pegasus nozzles, in.

’ ft/secz/deg

Vertical force, lbs
Vertical force derivative due to thrust

1 97 s ey ) 2
m O—EII- It/sec /lb

. Vertical force derivative due to nozzle deflection,

2 .
5 88y’ ft/sec”/deg
Water line location of the Pegasus nozzles, in
Angle of attack, deg
Flight path angle, deg
Incremental value

Iongitudinal column deflection, in

Elevator deflection, deg

Commend to elevator surface actuator
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Commanded elevator deflection, deg
Stability augmentation actuator input to the elevator

Stability augmentation actuator command

Stabilizer position, deg

Flap deflection, deg

Hot thrust, lbs

Throttlie position, deg

Pegasus nozzle deflecbion, deg

Pegasus nozzle cbmmand, deg

Stability augmantaﬁion input to the nozzle

Pilot's nozzle control'déflection, deg

iilide slope and localizer errors, deg

Damping ratio and nabural freguency ofrthe elevator
surface actuator

Dawping ratio and natural frequency of the phugoid mode

Panping ratio ahd nétural freguency of the phugoid mode
as modified by pitch rate and abtitude stabilization
Démping ratio and natural frcquenby‘of'the elevator

SAS acfuator

Damping‘f@tio and natural fréqueﬁcy;of the numerator
roots of the elevator to pitch a&tiﬁude transfer
function in the presence of airs@eéd stabilizatibn

Air deﬁsity,’slurs/ft3 |

Standard deviation of atmospheric rust velocities, ft/séc

Natural frequency of ﬁherelevatO?;SPring tub system, rad/sec



. INTRODUCTION

The pilot's control of an aircraft capable of landing at the slow flight
speeds associated with STOL operation is complicated by problems which
are generslly more severe than those of conventional aircraft landing at
higher speeds. Longitudinal control of pitch attitude, flight path, and
airspeed are all adversely affected by the low speed, high wing loading,
and high inertias typical of the STOL transport class of vehicle. 1In
addition, the availabiiity of powered lift for the pilot's control and
the associated influence on lift, drag, and pitching moment of engine
power setting makes these aircraft respond to the application of power
in a fashion considerably different (and not necessarily favorably so)
from aircraft having conventional 1ift concepts. These problems are

generally recognized {not necessarily in order of importance) as:

® poor iongitudinal stétic stability so that aﬁtitude and. speed
tend to wander dgring untended operation

e unstable flight path-attitude relationship associated with

| operation on the 'back side" of the thrust required'curve

® changes in speed and angle of attack with power setting where’
speed and angle of attack are not uniquely related aé they are

for alrcraft using conventional 1ift concepts.

® attltude changes required to hold speed whlle changlng fllght

, path with power which are oppos1te those of & conventional alrcraft

—
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@ sluggish flight path response to attitude changes

o large wvariations in angle of attack with power

® inability to use any single control to flare the airplane
adequately for landing

Since these objectionable qualities tend to be inherent in the STOL

- category of vehicle, a simulator program was initiated to investigate

what vehicle and control system. characteristics or modifications are
required to provide satisfactory longitudinal handling qualities for the
approach and landing ‘task. To enaktle eérly reporting the res:ilts are
presented here largely in the form of time histories with limited
discuésion, in the form of brief observations of salient features of

the responseés, and pilot commentary.
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DESCRIPTION OF THE SIMULATION

As part of the program to develop a flight research vehicle for demonstration
of the augmentor wing powered 1lift concept and for research on STOL per-
formance, handling qualities, gnd operating problems, a real time digital
simulation of the proposed vehicle was developed for the FSAA. The basic
augmentor’wing aircraft shown in PFig. 1 consists of a DeHavilland C-8A
Buffalo airframe modified with & new wing incorporating intefnal blowing
over an augmentor flap (l). The aircraft is powered by Rolls Royce

Spey BO1SF engines with offtakes from the compressor section for wing

blowing and with direct hot thrust which can be deflected through Pegasus

nozzles for thrust vector control. Pitch conbrol is accomplished through

- the Buffalo's existing manually actuated elevator -.spring tab sysﬁem.
Roll control. and stability augmentation utilize the modified aircraft's
blown ailerons, spoilers, and augmentor flap choke which are integrated
to give an essentially linear rolling moment relation to cockpit control

deflection. Directional control and stabllity augmentation function

B T e L

through the Buffalo's existing power actuated two ségmeﬁt rudder., ILateral-
directional étability aqgmentation‘provide‘roll damping, épiral mode

4 S étabilization,vDutch roll damping and turn cooidination to compensate for
the objegtionable handling qualibies of the basic aircraft for thé STOL

flight conditions of interest.

SN




The vehicle simulation was built on the non-linear aerodynamic
characteristics as derived from static tests of a powered model of
the vehicle in the Ames 40x80 ft. low-speed wind.tunnel.(e’B) A
downwash model, based on finite span jet flapped wing theory and
correlated with data from Ames 40x80 ft. wind tunnel tests was.

used to determine the contribution of the horizontal tail. Rotary

derivatives were estimated, using jet flap theory where appropriate.

Supporting data for the ddwnwash,model and rotary derivatives are

unpublished. The models themselves appear in Refs. 2 and 3.
TEST PROGRAM

This vehicle simulation, with modifications to the longitudinal
cohtrol sysﬁem for stébilityvand command augmentation, was used to
evaluate the influence of certain vehidle characteristics and
control system configurations on handling qualities during approach
and landing. Specific consideration was given to longitudinal
handling qualities with emphasis on:
® studying the use of several techniques for the control of
flight path and alrspeed for the basic vehicle
1. flight path~¢ontrol with attitﬁde; speed control<‘
with th;ust vector
2. flighb path éontrcl with thrust vector; épee&
© control with attitude
3. flight,path control with thrust;'speéd‘contiol :

with attitude

—



e assessing stability and command asugmentation schemes for
piteh attitude and airspeed control
1. piteh attitude command and stabilizatién' .
2. 7pibch rate command - pitch attitude hold wi%h.varying
degrees of control sensitivity
3. airspeed stabilization
o determining the influence of longitudinal and vertical force coﬁpling
for the power control (variations implemented by using different

trim thrust vector inclinatio:)

e determining the influence of pitch axis coupling with the power
. o and thrust vector control‘(variations implemented by using

different thrust line offsets)

e evaluating thé contribution of the pitch rate command - attitude
hold and sirspeed stabilization modes to recovery from a

single engine failure

Iﬁ the apﬁroach and landing, the pilot assumed control of the alrcraft,

trimmed for descent and aligned with theglide slope and localizer of

a ISOO‘ft.-STOL runway. The approach was initiated at 1300 feet along

a T.5 degrée giide slope at an airspeed of 60 knots. ﬁlaps were set ét

65 degreés, Pegasus nozzles at 87.7 degrees and power cbrresponding to

7160 pounds Qf’hot;thrust.’ The ?iiots.generally'iﬁtroduced theifwown3

disturbances; offseté'add aﬁuses,to.the»task for evaluation. IFR,Condihibné;
SRRy ‘ rahdom gust disturbances, wind éhears; and chSSWinds were also include@ as
‘test variables. Time histdries weiefoﬁtéined;for the approach, aﬁd‘weré o
supplemented'by'piiot commenﬁafy.' filot ratings,vbaSed onytheycdoperyﬂaipér'

scale <u),were obtained for selected configurations.




-6 -
DISCUSSION OF RESULTS

Iongitudinal Handling Qualities Of
The Basic Augmentor Wing Aircraft

To provide & better description of the handling qualities problems
associated with flight path and airspeed control of a powered 1lift

STOL aircraft, the response of the basic augmentor wing aircraft to
elevator, thrust, and thrust vectoring is presented in the first few
figures. Fig. 2 illustrates the response to a step column input

by the pilot. Somewhat sluggish pitch response associated with the

low short period frequency may be noted. Strong phugoid excitation

in the form of airspeed and attitude excursions is observed which will
require attention by the pilot for precise attitude control.
Furthermore, with the low level of static stability and the non-

Llinear pitching moment characteriétics associated with this trim
condition, nose up and ndse down pitch distﬁrbances~produce considerably
different responses. Unstable flight path response to attitude
associated with operation on the back side of the thrust required curve
is also bypical of this flight condition. Performance data okoig. 3;
provide & more graﬁhic description of the relationships between flight
pdth and airspeed; The trimmed approach condition (¥= =7.5deg, V = 60 kts)
is well on the backside of the Y- V curve (a¥/dV = 0.2 deg/kt),hence
attempts to’make flight path correcﬁions at constant power througﬁ
kchanges’in aﬁtitude,(andfsPeéd) will produce’a result 6pposite to that

which was sought. Use of thrust to change flight path, without any



corresponding control in the pitech axis will produce an unaccustomed
change in speed; that is, increasing thrust reduces descent rate and
decreases alrspeed, whereas speed would typically remain constant or
increase with increased thrust for a conventional aircraft‘(at least in
thé absence of a large nose down trim change with thrust). Furthernore,

speed and angle of attack do not bear the same relationship as for

. . : L s _ W/5
conventionally configured aircraft, i.e., Vtrim = IOCL )

since a significant portion of the 1ift required for steady flight is
contributed by powef, not angle of attack. C‘m‘xscaz;l_litarltl;y,p changes in
engine power setting can either result in steady state flight path and
speed changes at coﬁstant angle of attack or flighf path and angle of
attack’changes at constant speed. It may also bé observed in Fig. 3
that the changes in pitch attitude requiréd‘%o hold speed while
simultaneously changing flight path are opposite to those attitude
chaﬁgés normally associated with flight path éorrectionsrfor cénventional

aircraft.

Responses to step increases or @ecreases,in.thrust level with no
compensating longitudinal conbrol a?e shown in PFig.. 4. The dhanges
in speed anticipated from the performence data are evident. Some 
“variation in angle of attack caused by the thrust trim change is also

present., Landing'approaches where thrust was used to control flight
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path are presented in Figs. 5 and 6 for high and low glideslope offsets
as set up by the pilot. Attitude was maintained essentially constant
up to the point of flare. Speed and angle of attack excursions with

thrust appear as expected.

Performance characteristics associated with flight path control with
thrust “ectoripg are illustrated in Fig. 7. ‘Because the thrust vector
is oriented nearly perpendicular to the flight path for the trim con-
dition, changes in vector angle about this condition have effects
similar to those of thrust control for a conventional aircraft in that
speéﬁ and angle of attack are directly related and & change in vector
angle si@ply cguses a change in flight path;i,If’there is no trim
angle of attack change with thrust vectoringérspeed remains constant.
Responses to fore and aft thrust vectbring afé éhéwn in Fig. 8. No
longitudinal control was used to compensate fof frim changes; The
vector aft and forward résponses are éonsidéfably;differenﬁ due to
the non-linear static angle of attack stability associated wiﬁh‘the
trim,con@ition. For forward thrust inclination a stable nose dowh
pitch responééiandvan iﬁcrease in airspeed may be observed'due td‘£hé-

trim.change associated with Pegasus nozzle locatidn below the c.g.

Conversely, aft thrust inclination produces a nose up pitch response

which drives the aircraft into the regionﬁofilohgitudinal‘static

instability.  In either case, the.need;fdf?tﬁé pilot to control

;

—
|
b
;
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attitude is apparent if flight path corrections at a specified speed are

to be accomplished. A time history of a landing approach for which

vector

angle Was used to control flight path at constant thrust is

shown in Fig, 9. In this case, attitude control was used to maintain

a reasonably constant appreach speed.

Pilot commentary relating to attitude, flight path,_and airspeed

control are summarized as follows for the basic aircraft;

Pitch attitude control

poor static stability:; attitude wanders during unattended operation
sluggish response; difficulty in making rapid and precise changes

in attitude

path control

unstable flight path-attitude relationship (backside operation)
sluggish short-term flight path response to atbitude changes
inability to flare preeisely to lowisink rate through a change
in attitude |

flight pathiand‘sPeed response towattitude chenges eccur’with‘
nearly the same time constant |

changes in angleeof attack ‘with thrust whichlrequire the pilot's,

“attention to insure adequate angle of attack margin from stall 7

a3
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e rlight path control with thrust vector angle changes similar to
effect of thrust change on conventional aircraft

e pitch coupling with thruét vectoring requires pitch control
during flight path corrections

e thrust vectoring not sufficient torflare; thrust difficult to
modulate precisely during flare N

e reductions in power to steepen flight path undesirable during
final stage of approach - high sink rate, low power, longer-

time lag if increased thrust is subsequently required

Airspeed control

& changes in. speed and trim with power setting not related as
for conventional aircraft
e attitude changes required to hold speed while changing flight

path are large and opposite those of conventional aircraft

Preferred control technigues

o e fliéht:path COrreqtioné’wiﬁﬁ thrust Vecﬁor,'spéed”conﬁroljwith
atbitudé - |

L;'fl ' . consﬁéﬁf:vectéflangié tthugh flare, withfthrﬁét in&rease to.

augmenﬁ'flérefwith attitude change




- 11 -

Pilot ratings given the basic airplane for the task of a straight-in,

constant speed approach under VFR conditions are tabulated below.

Pilot Rating
A B C

Control Tasgk

Pitch attifude control - 3.5 L-lb,51 3.5-4

Flight path control
- with thrust 5 3.5

- with thrust 3 3 3
vectoring :

Approach in turbulence ' 3.5
(overall rating) ‘

Oz = 3 £t /s

The ratings reflect the pilots objection to the work load associated
| with attitude control and theif preferecce for thrusthector control
of flight path Whlle only one pllot ratlng was obtalned for an
%  ' ! | approach in turbulence, this ratlng reflects the general consensus -
'among pllots that' the level of turbulence used durlng the 51mulat10n
' dld not suff1c1ently dlsturb the alrcraft longltudlnally to |

'vadd-materially to the pilot's work load.
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Pitch Attitude Stabilization and Command Augmentation

To improve control of pitch attitude and to provide attitude stabilization

é; for unattended operation, an attitude stabilization and command augmentation

i system was incorporated in the longitudinal control system. To mechanize
; : the attitude stabilization and command features, a power actuator was
é used to drive the elevator through-the'existing mechanical controls,
E including the spring tab. A block diagram of the system i1s shcwn in
| Fig. 10. Elevabtor-spring tab dynamics are describéd by the elevator
" hinge moment equation
oy ) . . . ° 2
ée__q' +Hée*6e “Wengo * Ae'»ée
B c
where
= Hg = - .33 @ g = 1/2/:&[2
W, = 2.043 + A
o o 13.35 4 17.M43
€ 1+.083
§   The elevator and SAS actuators are represented by'sebond order transfer

functions where

: 'é'ﬁc' | : “AL S | .

2 FRPAY 3 -

&

A |
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The system can be tailored to provide pitcl: rate command proportional
to either column position or force with pitch attitude hold when the
column is neutralized or the force relaxed. Besides permitting
improvement in precision of attitude control, this system_red@ces
the pilot's workload somewhat by trimming the airplane at the desired

attitude. If the gain'K& of the control input integrator is set to

zero, the system.reverts to an attitude command control in proportion
to column input. By suitably adjusting the control input gains, control

sensitivity can be tailored to the pilot's preference.

A cOmparison of the pitch control characteristics of the basic aircraft

. with a typical pitch rate command system is given in the following table.

TABLE 1. Comparison of Pitch Control Characteristics

‘ Basic Aircraft - k : Typical Pitch Rateyoommand
l/TSpl = ;62 ?ad/séc k' ' ;/T'Spi = f93 rad/sec
l/Tsp2 - 12 ?ad/sec o | l/T'spé - 2.99 rad/’sec

0$ = .22 rad/sec _ B cu% = .27 rad/sec
- g | o A ‘

Lms o g
/T = .18 rad/sec ‘

e |
1/T = .37 rad/sec ‘ :

€ » . . - -
Oﬁse'f-.ohés'rau/sccf/in ’,“ Gy@k‘§,.06h rad/s§c2/in :
s seE Rfe T30

Kg == teg/deg
kg - © degldegfsec
K= .5 deg/deg

K¢ = 1.5 deg/sec/deg
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Response to a step column input is presented in Figs. 11 and 12 for the
piteh rate command-attitude hold system the pilots found to be most
acceptable. This particular configuration has the chafacteristics
showo in Table 1. It provides the pilot with a’steedyfpitch rate
responee for a column input- and good attitude stabilization when the
column is centered or when no force is applied. No attitude overshoot
of any consequence exists and control sensitivity is favorably increased.
Attitude stabilization against trim changes induced by thrust vectoring
is apparent in Fig. 13, thereby reducing the pilot's workload when
»‘using this control for flight path corrections. In Figs. 1h and 15,
the system was usea 1n conjunction w1th flight path control with
thrust. In Fig. lh flight path corrections were made holding attitude
constant, while in Fig.lS, path correctione‘were made while attitude
was changed to hold'constantispeed. In eitoer case, the precise
control of attitude required for the'particulaf control technique is

advantageous.

In the process of tailoring the rate command - attitade hold system -

: ,to the various pilot s preferences, various degrees of stiffness

for’attitude stabilization and variouS‘control.sensitivities were
evaluated. The system configurations encompassed ranges shown

’iniTable’Q.

e i
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TABLE 2 - Pitch Attitude Stabilization and Command
Augmentation Characteristics

Ko Ké Ki/Kg Kg K¢ K;/ L
deg/deg deg/deg/sec - sec. deg/deg deg/sec/deg 1/sec
1.0 to 3.0 1.0 to 3.0 .5 to 1.0 ..0 to 1.0 1.0 to 2.0 1.0

While pilot ratings were not given for every one of the combinations
shown in Table 2, commentary of tﬁe four pilots participétiﬁg'in

the program showed a definite preference for the system characteristics
deécribed in Table 1. The preference was based on control sensitivity
‘and initial response and attitude stabilizatioﬁ stiffness. Ratings given
for the VFR approach for the preferred attifude conbrol system were.

PR 2.0 to:3.01fqr 0perdtion either in smgoth air or in turbulencg-

(Jzust = 3 £t/s).
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Airspeed Command and Stabilization

In light of the stringent airspeed control requirements which typify
STOL operations, it was also of interest to explore the influence of
airspeed staebilization on speed and flight path control and its ability
to reduée pilot workload during the approach and flare. With these
objectives, the speed stabilization system shown in Fig. 16 waé |

incorporated in the simulation., _ -

The system functioned through’feedback of alrspeed, longitudinai
acceleration and pitch,attitude to the Pegasus nozzles. Bécause
of the nozzle location below the alrcraft's center of gravity
iattitude stabilizatién’was activated when the spéed stabilizétion
mode was operating in drdér to stabiiize the othéfwise divergent

pitch response of the speed stabilization system,
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- TABLE 3. Longitudinal Control Characteristics

Comparison - Effects of Speed Stabilization

Pitch Rate Command

Basic Aircraft o _ Speed Stabilization
/T = .62 rad sec. ‘ ‘ /@ = 1.10 rad/sec
o, fooo o, /
1/t = 1.2 rad/sec " oy 2.94 rad/sec
CU = ,22 rad/sec , 1/m = .39 rad/sec
D ) ~ Py :
z, = .15 l/T'p2 .= .81 rad/sec
) i/ = .06 rad/sec ‘ 1/T! = .76 rad/sec
h. ; : : h. ,
- 1 . '
l/TO = .18 rad/sec : AT = .68 rad/é.e:c
1 : .
o _
2o = 99
K, = 9 deg/ft/sec
Ko = 0
Ll .
, Ke =0
f/ej o o==.43 deg/deg {/o = .8 deg/deg
r/\/ = .18 deg/kt ' s ' 5‘/\/ = - 2.1 deg/kb
; Vg - = -.38 kt/deg

2,5 kt/deg - Ve
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The speed control system functions to stabilize flight path response
to changes in attitude as well as to reduce speed excursion
associated with path and attitude changes. ©Short term flight path
response to attitude changes is also more rapid when speed is
stabilized. These characteristics are apparent in Fig. 17 and 18.
Flight path corrections were made with the longitudinal control
in Fig. 17, while in Fig. 18, path corrections were made with thrust.
Note that the adverse speed changes with thrust associated with the
basic aircraft are no longer present. However, the changes in flight
path made at constant attitude still involve significant changes in
angle of atback,and hence the concerns regarding operating margin from
the stall associated with power management for the basic alrcraft

continue to exist.

A typical landing approach time history with the attitude and speed
stabilization systems operating is shown in Fig. 19. For this
approach, the longitudinal control was used exclusively for flight

path control and flare.

Pilot ratings giveh for the preferred attitude and speed contrQl
configurations on the VFR approach were PR 2.0 in smooth air and
2.5 to 3.5 in 3 ft/s rms turbulence. The applicablé control technique

for these ratings was path control with attitude.
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Longitudinal-Vertical Force- Pitching Moment Coupling

Effects of coupling on thrust control

A number of configurations were evaluated which possessed various degrees
of coupling between the longitudinal and vertical forces and pitching
moment associated with thrust control. Since the dominant influence of
thrust, so far as powered 1lift is coﬁcerned, is in vertical force,

the test configurations are defined in terms of the incremental amounts
of longitudinal force and pitching moment produced for an increment

in vertical force. These configurations are listed in Table U and are
displayed in Fig. 20 along with the characteristics associated with
various_rdnges‘of configuraﬁibns. VVariations in-the ratioc of
longifudiﬁal to vertical force producéd by a given change in thrust‘
were obtained by'incliniﬁg the thrust veéﬁor for the trim flight =
condition. The rafio of pitéhing moment to vertical force was altered

by changing the longitudinal thrust line offset.

Thrust vector inclinafion’ - - f3ome effecﬁive forward,inclination of
the thrust vector (Xﬁr/gf&rnegative) was found to be desirable’
’ for use of thrust to control flight path.r~This favdrable coupling
SerVed to’reduce the speed excursions to‘which the éilot objected for
~:the:basic’aircraft; Fig. 2% shows the reéponse to a~stép thrust

increase for thrust inclination XST/ZSr = -,0647(15g=-76.4Hdeg).

.y



TABLE 4 - Thrust Control Coupling Configurations

M ¢

Config. 6,, &5 | 4 ¢ Z‘E_V %ﬂ -;—ifr ;_;.";'T Zs
deg. |1lbs. |deg rad /gt ft/seée/lb

;B\?ii;aft 87.7 | 7160 | 65. | -.02k | .23 |.016k |.0008 -.0018

L 90. 7520 0. o./ _‘ .0333 '.00096

2 .08 " L.00143

3 -.08 .00335

L -.16 .00572

5 ' ‘ -.2h .0081

& 76.4 | 64bo | 75 | -.16 - .06k .00558

T | l -.08 .00333

8 1| oo 00105

9 | I 08 |V 0012 | *
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When compared to the basic aircraft response to a similar input in
Fig. 4 the reduced speed excursion is apparent. A side effect of

the forward vector inclination which adversely influenced path control
was the reduced thrust levei required to stabilize the aircraft on
the -T7.5 deg. 60 kt flight path. Particularly for the configuration
with‘ﬂ = 60 deg. (X6T /ZS_‘_ = -.15) the increase in thrust response
time lags aséociated with the low thrust setting made precise flight
path co:reétioﬁs moré difficult. In additioh, not enough incremental
thrust was available to satisfactorily correct forngfsetgiab6vei
glide slope. vFurtharmore, at the lower power settings, ﬁﬁg %%}eron
blowing coefficients were reduced sufficiently'to seriously,deg;ade_/

lateral control,

In conclusion, consi&ering the favorable and adverse éharacteristics of
thrust iﬁclination, its net effect on flight pabth control with thrust
Was'negligible. It mayvbe noted, however; %hat if longitudinal-
verﬁical‘force’cbupling were accomplished-by‘interconnecting the thrust
and.thrust'vectbr cbnﬁrols, the undééirdb;e»ednsequences of thrust
inclination could be avoided énd a more favorable ﬁailorihg of‘the,thrust

~econtrol for’flighﬁ path could be achieved,
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Thrust’line offset - Coupling of thrust and pitching moment can be
expected to affect the speed response associated with flightrpath
corrections due to the changes in t:im»contributed by the path

control. A‘fange of pitch coupling configurations were explored fbr
two levels of thrust vector inclinétioﬁ.(Téble 4 and Fig. 20). 1In
general; forward offset of the thfust line from the c.g. tended

to exaggerate speed excursions accompanying changes in thrust. Some
aft ﬁhrust line effect was found to improve speed control. Too much
offset forced the pilot to control excessive attitude excursions

and thereby again increased the pilob's control workload. ¥Figs. 22

to 2k preéeﬁt responses'to thrust inpufs for a range of configurations
tested at 6v= 90 deg. (X&T/Z&r; .033). Fig. 22 corresponds |
closely to’the basic aircraft. Fig. 23 represents the extreme forward
offset condition, and Fig. 24 represents a large’aff offset condition.
No longitudinal control:was applied by the pilot in any of these cases.
Fig. 25 and 26 show landing approach time histories for the forward and
aft offset configurations respectively. TMrust wasrused to. control
flight péth in both instances While’attitude was'uéed-for speed control

as the situation required. Smallerfspeed excursions and less

longitudinal control activity are apparent in the aft offsetyconfiguration

of Fig. 26 as compared to the forward offset configuration of Fig, 25.
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Figure 27 shows an approach for a forward offset configuration in
combination with forward tilt of the thrust vector. In comparison of

Fig. 21, speed and attitude excursidns are agaln observed to be greater

for the forward thrust line offset condition.

Effects of coupling on thrust vector control

The dominant effect of thrust vectoring appears as & change in longitudinal

force, hence the test configurations in this sequence are defined in terms

T the incremental vertical force and pitching moment produced for an

increment in longitudinal force. These configurations are listed in
Table 5 and are displayed in Figa 28 along with comments descriptive of

the characteristics of the various ranges of configuration.

“Thrust vector inclination - ~ Inclination of the thrust vector over

a range. corresponding to ﬁrim,Pegasus hozzle deflections from%r

1/‘= 60 to 90 deg. had no apparent effect‘on‘cOntrol coupling so far as
the ‘pilots were COncefned. Fbr nozzle deflections of +20 deg. the
increment in vertical,acceleration Was low enough to have an inéignificant
influence on flight path or spéed (An% = .028 g‘s,for A‘\j= -'-2(7).deg; '

at the 'L} = 60 deg. condition}; Hoﬁever,,the reduced. levél of thfust
ét thg more forward veétor inclinations made the vector contréirless

effecﬁive‘and henée not as useful to the pilot as a path controller.



TABLE 5.

oL -

Thrust Vector Control

Coupling Configurations

Config.

ndéf

Msy

Xsy

deg

1bs

deg

deg/ft

ft/séca/deg

Basic .
Aircraft

1
12
13
1h
15

16

90

87.7

6.4

60.

T160.

7520,

6hk0.

5190.

65.

5

0.0

-.024

-.02k

-.02h

.23
0.0

2k
] .b8
0.0
.23
.23

Lokol

0.0

25T

.615

.0153
0.0
016 -
.032
0.0 |

| L0157

40167' :

-.059
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Thrust line offset - Again, due to the changes in speed accompanying
trim changes associated with pitch coupling, the vertical offset of the
Pegasus nozzles from the c.g. influenced the pilot's abiliby to uée
thrust vectoring as é path control. The series of configurations only
encompassed nozzle locations below the c.g.‘@ESV/Xsp,positive as
indicated in Fig; 28). The pilots found some positive pitch coupling
to be desirable in that the aircraft's attitude led in the direction
of the iﬁténded path correction.. Although’some longitudinal control
was required to counter the trim change iu’order to hold speed, the
control force levels wefe innocuous to the pilots for the level of
s, | ' pitéh.coupliﬁg associated with the basic aircraft.(FS /dv = .2 1b/deg).

At the highest level of pitch coupling tested.(h&&u /Xév = 5032) the

longitudinal control necessary to trim became objectionable. In

Fig. 29, an example of response to.& stép change in thrust vector

for an uncoupled control cdnfiguratioﬁ is shown, Essentiaily no
' change'in speed with the change in flight path 1is apparent, By
'contrasﬁ, an approach for the‘configuration having thé greatest

pitch coupling is shown in Fig. 30. ‘in'thisicase, some longitudinal

control was required to‘maintain‘the &esired apbroach speed. Sustained

column forces did nob éxbééd 5 1bs during the approach prior to{flare.
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' Recovery from Engine Failure

Considerable evaluation of the behavior of the basic airveraft following

a single engine failure and development of suitable control techniques

for recovery has been accomplished during previous simulator investigations
at Ames. Results of these tests are anticipated to be published shortly.
It was of interest during the current phase of testing to determine the

effects, favorable and unfavorsble, of the selected attitvude and speed

stabilization systems on engine out recovery.

In summary, the basic aircraft's initial response to the loss of one
engine consists of:
e an immediate increase in sink rate

e an increase in alrspeed

e some roll and very little yaw prior to configuration change

Tf the landing is to be’continued,'the pilot increaSeslthrust on the
remaining énginé and vectors the nozzle aftvto re-establish the .
glide,slope.’ Spéed is maintaiﬁed at'orkslightiy abovekGO knots.
‘Lateral'@nd directional cOntrolsrare used td counter rolling éndk
‘Qawing mbments'due to nozzle‘deflection and due tokincreaéed‘thrust,
koh the reméining'engiﬁe.k Acceptable landings can be made’if
sufficient altitudekié avéilablé to arrest the increased siﬁk réte;

A typical single oﬁt landing is showﬁ in Fig, 31;‘ Eﬁgine.ou§ waveoffs

“are @eiforméd’by'increasing thrust, vecto?ing the‘hozzle‘fulilaft,

e e e st 8 e ey e
H bt
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and raising the flaps to 30 deg. Speed is allowed to increase to
75-80 kts for best climb performance. Typical altitude losses

, 0
during recovery are 100-150 ft. in exdess of those experienced
during a normal two engine waveoff. A time history of an engine-
out‘landing’with the attitude and speed stabilization systems
engaged is shown in Fig. 32. ’Whatever improvement exists over
the basic aircraft lies in ﬁart with the precise attitude,ccntrol
and the ability of the pilot to have the airplane in more precise
control on the approach prior to the engine failure. Speed
stabilization has the unfavorable characteristic upon failuie of
an engine of rotating the nozéles‘forward (vectoring the remaining
hoﬁ thrust aft) to counter the increase in airspeed Whidh follows
the loss of powered lift. Sink rate increases even more &as &
result éf the nozzle response until the pilét can counter with
incfeased'thrﬁst. If the landing is to be,cogtinued, the speedrhold
at 60 kts can ultimately aid the pilot as soon as sufficieﬁt thrust
is applied to regain the glide slope.' If a wave‘off is to be made,
the ?ilot must have either thé capability to override the nozzle
command from the speed control systém or ﬁhe abiiify 0o Quiékly’and

precisely select the desired Climb speed of 75-80 kts. - Given this

: caﬁability; thé‘speed‘hold syéteﬁucan:assisf the,pilot'in

eStaBlishing his climb_condition-and thereby relieve SGmé df his

Wbrk load;
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CONCLUSIONS

Considering the difficulty in obtaining satisfactory controi of pitch
attitude, flight path, and airspeed typical of powered lift STOL aircraft;
this simulator investigation has provided an indication of improvements
which can be made in the aircraft's attitude, thrust, and~thrust vector
controls to make the aircraft more acceptable to the pilot for the STOL
approaéh and landing.  The results relate to:
orstability and command aqgmentation for'attitude and airspeed control
e longitudinal and vertiéél force and pitching moment coupling
associated with the thrust and thrust vector controls
: o,impact of stability and command augmentation on recovery from a
single engine féilure |
Specific conclusions regﬁrding‘each of these categories are:
Attitude Stabilization and Command Augmentation
° improves precision and-speed of response for atﬁitude’chﬁnges
' improves control sensitivity
. stabilizes against trim éhangesvand externsl disturbances
° pitch rate command preferred over attitude command to relieve,pilot's
i Ctrimming workload
: ~ Airspeed Stabilization
| . o”stabiliies flight path-reéponse_to a@ti#@de chinges
i - ” : 5 §rovidés'more rapid‘flight path respon$é/£o‘attitude'changes ‘
_Q/reducesfSpeéd’eXCuféions aééociatéd ﬁifh‘péth and attitude chénges

° réauées speéd changes with thrust
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| Thrust Control Coupling
* e forward thrust vector inclination (negative )‘5‘. / Z&r) preferred

‘in order to redace speed changes when controlling flight path

with thrust

| e adverse effects of forward vector inclinéﬁion associated with

lower trim thrust can be avoided by interconnecting thrust and

thrust vectoring controls to achieve desired coupling

e thrust line aft of c.g. preferred in order to provide pitch
coupling (poSitive h@gr/ﬁﬁﬁg to reduce speed excursions when
controlling path with thrust

Thrust Vector Control.Coupling

e thrust vector inclination with'respect to the vertical of 30 degrees
B has only minor 1nfluence on flight path contrcl with thrust vectorlng

(reduced thrust reduces effectiveness of vectorlng for fllght

corrections) )
e some nozzle offset below the c.g. (positive M&V/)(&) preferred

=) Ja

. for vector control of pa
- Engine Out RecoveryVQ Stability and Command Augmentation On

i attiﬁuﬂefénd speed stabilization effective in‘permitting pregige
 control of attitude and speed prior to enginé failure and helpful in
recovery to a saﬁiéfactofy fiight'éondition folldwing the initial‘ ‘
‘transientsv. e L

‘e response of speed control to transmentv follow1ng englne failure
advorsely‘affect fllght path control by 1ncreas1ng rate of descent

Vo pllot must ‘be prov1ded wlth the capablllty o overrlde nozzle

commands from.ahe speed stablllzatlon systemAand the abillty to v

‘select-a:newrcommanded3axrspeed qumckly-and precmsely :
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Weights

Maximum Gross 45,000 Ibs.
Maximum Landing 43,000 1bs,

Operational Empty 32,600 1bs,

Inertias (Maximum Gross Weight)

Iy _ 380,000 slug ft?
ly : : 207,160 slug ft?
I, 552,610 slug ft?

Center of Gravity Limits (Horizontal tail incidence of 0°, 40,000 1bs.)

Forward 24.0% MAC

Rear 33.0% MAC
Areas
Wing area, total including ailerons flaps and 111 square feet 865 square feet
of fuselage ,

~Wing flap area, projected, including ailerons aft of wing line 187.10 square feet

Total aileron area aft of hinge line, including trim tab ‘ 46,30 square feet
Horizontal tail area, total - 233 square feet
Elevator aft of hinge line ‘ 81.5 square feet
Vertical tail area, total -~ 152 square feef
Rudder aft of hinge line: '

Fore 30 square feet

Trailing ‘ . 30 square feet

Dimensions:and General Data

- Sweep back at 40 percent chord

- Wings: , e
Span ‘ : ‘ " 78.75 feet
Root Chord ‘ : 12.58 feet
Tip Chord - , , - 7.74 feet
Mean aerodynamic chord : e 12.1 feet
Aerofoil section : ;o ‘ _ '
"Root - R : ' " NACA -~ 643A417.5 (MOD)
Tip e ‘ ' NACA 637A615 (MOD)

zero degrees

Dihedral, outer wing only 5.0 degrees

(Note: Leading edge sweep back and dihedral each
: ‘ start 17.6 ‘fee.t from plane of symmetry.) .
Aspectratio . SR 72

Fig. 1d. Aircraft Characteristics
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Ailerons:

Span 11.50 feet

Chord aft of hinge line 2.01 feet

Distance from plane of symmetry to centroid of aileron 33.70 feet
Aerodynamic balance ' 20.0 percent
Spoilers: , »

Span : 11.30 feet

Chord _ 1.18 feet

Position of hinge line percent wing chord (average) 62.4 percent
Flaps:

Span , 55.70 feet

Chord aft of hinge line , 3.2 feet
Horizontal tail:

Span 32.0 feet

Root chord 8.33 feet

Mean Aercdynamic Chord ~ 6.25 feet

Aerofoil Section: ‘

Root NACA 635214 (MOD)
: (inverted)
Tip ' NACA 63-212 (MOD)
(inverted)

Sweep of leading edge 4.8 degrees

Dihedral B ‘ zero degrees -

Aspect ratio R 4.4 '
Vertical tail:

Span ' : o 13.60 feet

Root chord ‘ © 7 14.00 feet

Tip chord 8.33 feet

Mean aerodynamic chord ‘ "~ 11.41 feet

- Airfoil section : P NACA ‘63(21 5)014 (MOD)

Sweep of leading edge " o ~22.6 degrees

Aspect ratio o ‘ 1.2
Overali height : e 28.7 feet
Overall length (with probe of 16 feet) 93.32 fect
Distance, wing MAC, 1/4C, to horizontal tail MAC, 1/4C 46.3 feet
Distance, wing MAC. 1/4C, to vertical tail MAC, 1/4C - 43.4 feet
Wing incidence angle ' +2.5 degrees
Horizontal tail incidence angle (adjustable) : e +1.0 degrees

Control Surface Deflections and Rates

- Flaps , 6 5° down to 75° down
TR ma e e - 4%/sec extension-and retraction
Pegasus nozzles ; 18.5° to 116.0° (down from aft of alrcraft)
EEDUIRER 90° /sec
- Ailerons = , - £17° about +30° max dloop angle
L , 30°/sec ,
Spoilers -~ ‘ - -50°
e T , ; 100° /sec
Augmentor Choke R 65% choke gap area closure at75° flap
: : ' " - deflection
o B 30°/sec
Rudder o *25° forward segment
L B R R . e tmllmg segmcnt
i =500 fsec
Elevator s o +25°

-15°

%
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