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SUMMARY

Since the late 1950s the National Aeronautics and

Space Administration's Dryden Flight Research Facil-

ity has found in-flight simulation to be an invaluable
tool. In-flight simulation has been used to address a

wide variety of flying qualities questions, including

low-lift-to-drag ratio approach characteristics for ve-
hicles like the X-15, the lifting bodies, and the Space

Shuttle; the effects of time delays on controllability of

aircraft with digital flight-control systems, the causes

and cures of pilot-induced oscillation in a variety of

aircraft, and flight-control systems for such diverse air-
craft as the X-15 and the X-29. In-flight simulation

has also been used to anticipate problems and to avoid

them and to solve problems once they appear.

This paper presents an account of the in-flight sim-
ulation at the Dryden Flight Research Facility and some

discussion. An extensive bibliography is included.
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Lunar Landing Research Vehicle

National Aeronautics and Space
Administration

National AeroSpace Plane
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remotely augmented vehicle
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Supersonic Transport
Total In-Flight Simulator
United States Air Force

variable-stability aircraft

high-frequency pitch attitude zero

sideslip rate, deg/sec
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INTRODUCTION

Before flying an experimental aircraft it is always
desirable to consider the flying qualities of the vehicle.
If the new vehicle is similar to an existing aircraft, this

may provide an idea of the flying qualities of the new
vehicle. New aircraft of unusual configuration or flight

envelope, however, require special handling.
Ground-based simulation is a good tool to use

for an initial examination of the flying qualities, but

ground-based simulators are deficient when reproduc-

ing visual or motion cues. They are suitable for

many regions in the envelope, like cruise, but more
demanding tasks, such as precision landings, fre-

quently cannot be simulated well enough to provide

complete confidence.
In-flight simulation does not have the same lim-

itations as ground-based simulation. Visual cues are
identical with those in the subject aircraft and motion

cues, if the simulation is modeled correctly, also match

those of the subject aircraft. In-flight simulation is also

better at exposing deficiencies like proneness to pilot-

induced oscillation (PIO). In fixed-base simulations,
PIOs are not often seen, no matter how deficient the

aircraft and its flight-control system (FCS), unless un-

usual, unrepresentative tasks are used. During in-flight

simulation, these PIOs occur more readily.
There are two roles for in-flight simulation. The

more difficult role is the examination of the dynamic
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responseof anaircraft. Simulatingthedynamicre-
sponse(naturalfrequencyanddamping and the phas-
ing between them, for example) of the subject aircraft

requires modifying the dynamic response of the simu-

lation aircraft. The variable stability aircraft used for

dynamic simulation are the aircraft most often thought
of when considering in-flight simulation.

The other role of in-flight simulation is perfor-
mance simulation. This is the use of a similar aircraft

to explore various performance characteristics which

are not highly dynamic. An example of performance

simulation is the use of an F-104 Starfighter in a low-
lift-to-drag ratio (L/D) configuration to simulate the

X-15 aircraft in approach and landing. No modifica-
tion to the F-104 aircraft was required for this simula-

tion, because the F-104 can easily be configured with
low L/D.

In-flight simulation is more difficult, more time-

consuming, and frequently more expensive than

ground-based simulation and is reserved for those por-

tions of the flight regime that cannot be adequately
evaluated on the ground. It is not a cure all, as the

simulation is only as good as the understanding of the
characteristics of the simulated aircraft. The limita-

tions of the simulator aircraft also limit the fidelity of
the simulation.

The mission of the National Aeronautics and

Space Administration's Dryden Flight Research Facil-
ity (NASA DFRF) is the study and flight test of a vari-

ety of unconventional and experimental fixed-wing air-

craft. Dryden has used in-flight simulation to support
this mission since the late 1950s. The first simulation

was a generic study into the approach and landing of
low-L/D aircraft using an F-104. The most recent was

a 1990 inquiry into the visibility requirements in the

approach and landing of a hypersonic vehicle using an
F- 104 aircraft.

Between these two simulations there have been a

wide variety of simulation programs, using both dy-
namic and performance simulators to simulate such di-

verse subject aircraft as the X-15, the lifting bodies,

the X-20 DynaSoar, and the X-29. Extensive inquiries
into a variety of flying qualities topics have also been

made. In keeping with the limitations of in-flight sim-

ulation, only pertinent portions of the flight regimes of
the various aircraft have been studied.

This paper, a history of in-flight simulation at

DFRF, describes the dynamic flight simulators and

many of the performance simulators and presents a

brief chronology of in-flight simulation here. The sum-

mary discusses a number of common threads in the

history. An extensive bibliography is provided for
further information.

DESC_PTION OF SIMULATOR AIRCRAFT

There are two types of in-flight simulation, dy-

namic and performance, and, hence, two types of sim-

ulators. The dynamic simulator aircraft are extensively
modified because control of the dynamic response is

difficult. Computers control the actual response, com-

pletely overpowering the natural response of the air-
craft. This complexity also means that these simula-

tors provide the most information about flying qualities
because they can be made to fly like different aircraft.

In addition, the more recent of these variable-stability

aircraft can be used to assess a variety of FCSs be-

cause the aircraft already have powerful and flexible
flight-control computers.

The aircraft used for the in-flight simulation of
the performance of the subject aircraft are much sim-

pler. Typically, modifications are small changes to

existing structures--a bigger speed brake, for exam-

ple, to match the L/D of the subject aircraft better.

These performance simulators are frequently used to
provide information about the feasibility of a flight

task, to provide qualitative information about a generic

class of aircraft, or to establish piloting techniques. At

the DFRF, the performance simulators were frequently
support aircraft, pressed into duty when the need arose.
This is particularly conspicuous in some of the visibil-

ity studies, where card or plastic was used to block the

windows of standard support aircraft.

Performance simulation is less versatile than dy-
namic simulation because it is limited by the perfor-

mance of the simulator aircraft. For example, the un-

modified F-104 aircraft was not suitable for simulating

the X-15 in any other flight regime, but it was an ex-
cellent simulator in the pattern.

Dynamic Simulators

Variable-Stability F-100C Super Sabre-- The

NASA F-100C Super Sabre (fig. 1), a single-engine

swept-wing supersonic fighter, was modified by the

Ames Research Center as a variable-stability research
vehicle that provided variation of parameters around

all three axes (refs. 1 and 2). An analog fly-by-wire
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Figure1. TheNASAF-100SuperSabreaircraft.
Figure3. TheNASAGeneralPurposeAirbomeSim-
ulatoraircraft.

systemwasusedin all threeaxes,althoughthepitch
axishadsafetytrips installedbecauseof therun-away
potentialof theall-movinghorizontaltail.

NT-33A Variable Stability Aircraft- The

United States Air Force NT-33A variable stability air-

craft (VSA) (fig. 2) is an extensively modified T-33A
Shooting Star jet trainer (ref. 3). The most conspicu-

ous modification is the enlarged nose section that pro-
vides more room for electronics. The front seat, where

the evaluation pilot sits, has a standard center stick or

side stick and rudder pedal arrangement. The stan-
dard front seat control system has been replaced by a

full-authority fly-by-wire FCS and a variable-response

artificial feel system. The safety pilot sits in the rear

seat to program the configuration characteristics.
The NT-33A aircraft has independent control of

three-degrees-of-freedom for in-flight simulation. The

simulation technique uses a response feedback method-

ology with three moment controllers of the vehicle (el-
evator, aileron, and rudder) as the simulation effectors.

At one time the NT-33A had drag modulation, using

drag petals at the wingtips, but this feature was re-
moved following a structural failure.

The General Purpose Airborne Simulator-

The NASA General Purpose Airborne Simulator

(GPAS) (fig. 3) was a modified Jetstar, an executive

transport airplane. The original modifications made
the GPAS a four-axis simulator (pitch, roll, yaw, and

thrust force along the longitudinal axis) with a model-

following variable stability system (refs. 4 and 5). Di-
rect lift control and direct side force were eventually

added. The evaluation pilot sat in the left seat, which

had a special set of transport-airplane-type controls and

displays. This simulator exhibited extraordinarily good
model following and had remarkable fidelity (ref. 6).
Werner von Braun was taken for a demonstration flight

early in the career of the GPAS. Impressed, he de-
scribed it as a "dial-a-plane," the first known use of

this phrase (ref. 6).

The Total In-Flight Simulator- The USAF Total

In-Flight Simulator (TIFS) is a highly modified C-131

aircraft configured as a six-degree-of-freedom simula-

tor (fig. 4). It has a separate evaluation cockpit forward
and below the normal C-131 cockpit. The six-degrees-

of-freedom are independently controlled by use of the

elevator, aileron, rudder, throttle, direct lift flap, and
side force surfaces. This side force surface is a large

vertical surface mounted at mid-span of the wing. Lon-

gitudinal and lateral-directional model-following sys-
tems provide the evaluation pilot with motion and vi-

sual cues representative of the simulated aircraft. The
evaluation cockpit can be modified with appropriate

controls and displays and can accommodate a co-pilot.
The TIFS can simulate turbulence and crosswinds or

cancel an actual crosswind.

Figure 2. The USAF NT-33A variable stability aircraft. Figure 4. The USAF Total In-Flight Simulator aircraft.
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The F-8 Digital Fly-By-Wire Aircraft- The

NASA F-8 digital fly-by-wire (DFBW) was an

F-8C Crusader, a single-engine, single-seat supersonic
fighter (fig. 5), with a full-authority digital fly-by-wire

FCS (ref. 7). The control system was designed so pa-

rameters such as time delays and control system gains
could be entered from the cockpit in flight.

The aircraft was also capable of accepting control-

surface commands from a ground-based computer
when in the remotely augmented vehicle (RAV) mode

(refs. 8-10). Using this feature, experimental control

laws could be programmed in the ground-based com-

puter, giving a special flexibility to simulation pro-

grams and keeping the evaluation pilot from knowing
what configuration was being flown.

Calspan Variable-Stability Learjets- The

Calspan variable-stability Learjets (figs. 6(a) and 6(b))
are executive transport aircraft, modified as three-axis

simulators with a response feedback flight-control sys-

tem (ref. 11). The evaluation pilot sits in the right
seat, which is equipped with a center and a side stick

which are, like the rudder pedals, driven by the variable
feel system.

The first of these aircraft, a Lear 24D, was origi-
nally converted as a training tool for the Air Force and

Navy test pilot schools, but has been used by DFRF
for flying qualities research. It was converted to a

variable-stability aircraft in 1981. The second, a Lear

25B, is used for flying qualities research. It was con-

vened to a variable-stability aircraft in 1991. The two

differ slightly; the second Learjet is larger and carries a

bigger fuel load. It also has a programmable side stick,
rather than the unmodifiable side stick in the first Lear-

jet. A reprogrammable digital flight-control computer
will be installed in the near future.

Figure 5. The NASA F-8 digital fly-by-wire aircraft.

(a) First Calspan variable-stability Learjet

(b) Second Calspan variable-stability Learjet.

Figure 6. Calspan variable-stability Learjets.

Performance Simulators

The aircraft used in performance simulators are

not extensively modified. Most of these aircraft were
used for support at DFRF.

The F-102A Delta Dagger- The NASA F-102A

Delta Dagger was a single-engine supersonic delta-

wing interceptor aircraft (fig. 7) that could be con-

figured as a low-L/D aircraft in the power approach

configuration (refs. 2 and 12). The F-102A Delta Dag-

ger was used for pilot proficiency, chase, and research

studies. It was modified with a larger speed brake for
certain Iow-L/D aircraft studies.

The F-104 Startighter- The NASA F-104

Starfighter is a single-engine, Mach 2 aircraft with a

small, straight wing and a T-tail (ref. 2). The wing
area is less than 200 ft 2 and the weight is approxi-

mately 24,000 lb, so it has a fairly high wingloading

(ref. 13). These F-104 Starfighters were used for pi-

lot proficiency, chase, and as testbeds for a variety of
experiments. The F-104B and TF-104G (fig. 8), both
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Figure9. TheNASAF5DSkylanceraircraft.

Figure7. TheNASAF-102ADeltaDaggeraircraft.

theproposedDynaSoarvehicleandsomeSupersonic
Transport(SST)configurations.Enlargedspeedbrakes
wereusedina liftingbodyapproachandlandingstudy.

The A-5A Vigilante-- The twin-enginesu-
personicstrategicbomberA-5A Vigilante(fig. 10),
operatedby NASA, hada high wing, a rolling tail,
anda slabfin (ref. 14). Thelow-aspect-ratioswept
backwinghadnoailerons;blownflapswereusedfor
lowspeedsandspoilersandrollingtail for highspeeds.
Theaircraftalsohadvariable-geometryintakes.This
aircraftwasborrowedfromtheU. S.Navyfor usein
theSSTapproachcontrolstudies.

The NB-52B Stratofortress- The NASA
NB-52B(fig. 11)is a modifiedB-52BStratofortress,
a strategicbomberwitha high,sweptwing andeight
engines(ref.2). Thisaircraftwasmodifiedto carryand

Figure8. The NASA TF-104GStarfighteraircraft,
lowerleft.

Figure10.TheNASAA-5AVigilanteaircraft.

two-seatStarfighteraircraft,wereusedin restrictedvis-
ibility studies.AnotherStarfighter,theYF-104A,was
modifiedwitha reactioncontrolsystem.

The F5D Skylancer- The NASA F5D Sky-

lancer aircraft (fig. 9) was designed as a carder-based

short range interceptor fighter (ref. 14). It was a tail-

less single-engine aircraft with a swept back wing of

extremely low aspect ratio; the planform resembling
Figure 11. The NASA NB-52B Stratofortress aircraft.
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launch the X-15. It has an inboard pylon on the right
wing and a large notch in the inboard flap. Dryden

acquired this airplane in 1959 and it is still in use.

The F-111A- The F-111A (fig. 12) is a supersonic

sweep-wing, twin-engine tactical bomber. The aircraft

belonged to the USAF and was flown by NASA and

air force pilots in support of the shuttle program.

The CV-990-- The NASA CV-990 (fig. 13) was a

four-engine transport aircraft that was used in several

transport flying qualities investigations in the 1960s.
This aircraft was then converted to an airborne obser-

vatory by NASAl

The PA-30 Twin Comanche-- The NASA PA-30

(fig. 14) is an extensively modified PA-30 Twin Co-

manche, a twin-engine, low-wing, four-seat general

aviation airplane. The modifications include a com-

plete flight-test instrumentation system and an uplink-

downlink system for telemetering pilot commands and

aircraft response, for the emulation of remotely piloted

research vehicles (ref. 10). This airplane was acquired
by DFRF in 1967 and is still in use.

The YF-12 Blackbird- The NASA YF-12

Blackbird (fig. 15) was a twin-engine, Mach-3 in-
terceptor aircraft. Two models, the YF-12A and

the YF-12C (visibly differing mainly by the length

of the chine), were used for supersonic research

in propulsion, structures, and aerodynamic heating
(ref. 15). These airplanes were operated at DFRF from
1969 to 1979.

The F-15 Eagle- The NASA F-15 Eagle (fig. 16)

is a twin-engine, Mach-2 air superiority fighter. This

aircraft, used in propulsion research, has an advanced
digital engine control system.

CHRONOLOGY OF IN-FLIGHT SIMULA-

TION AT DRYDEN FLIGHT RESEARCH

FACILITY

Figure 12. An F- 111A aircraft.
Low Lift-to-Drag Ratio Approach and Landing

In the late 1950s, the F-104A Starfighter aircraft

was used in a generic study to investigate low-L/D ap-

proach and landing techniques (refs. 12, 13, and 15).

Figure 13. The NASA CV-990 aircraft.

Figure 15. A YF-12 aircraft.

Figure 14. The NASA PA-30 Twin Comanche aircraft.

Figure 16. The NASA F-15 Eagle aircraft.
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By suitablyschedulingthrust-anddrag-producingde-
vices,a maximumL/D as low as 2.8 and a wing

loading of about 75 lb/ft 2 was obtained.
A similar generic study was undertaken with the

F-102A Delta Dagger, with maximum L/Ds of 3.8 at

a wing loading of 35 lb/ft 2. Circular landing patterns

were used by the pilots and a 270°-approach was pre-

ferred by the pilots in both studies, as this enabled them
to establish a desired initial orientation before landing.

An L/D of 3.5 presented no problem in the F-104A ap-

proach and landing. Lower L/Ds, down to 2.8, caused

no problem arriving at the touchdown point. However
in this latter case, it was difficult to judge the factors

controlling the flare to achieve acceptable vertical ve-

locity at touchdown. No such difficulty was noticed
with the F-102A Delta Dagger because of its lower

wing loading and the resulting increased float time.

X-15 Approach and Landing

Before the X-15 aircraft was flown, the F-104A

Starfighter and F-102A Delta Dagger were used to sim-

ulate it in the landing and approach phase (refs. 15-18).
The X-15 was a low-L/D vehicle (fig. 17) that could

only be landed dead stick at fairly high speeds, so it
was important to establish the landing pattern and to

train the pilots in the proper procedure. This study
was done to determine an optimal landing technique
for the X-15 and to obtain information applicable to

other reentry vehicles. Several F-104A Starfighters
were used to evaluate circular and straight-in approach

procedures under simulated X-15 mission conditions.
The experienced test pilots who participated in this

study preferred the flexibility of the circular pattern.
One reason for this preference is that turn rate can be

used as an energy management device, making precise

landings easier (ref. 19). However, there was little dif-
ference between the two landing techniques in regard

to final control of the touchdown conditions. Expe-

rience with the F-104 aircraft indicated that an L/D

of approximately 2.5 in the flare represented a prac-
tical lower lir_t for piloted flared landings and that
an aircraft with a lower maximum LID could not be

landed reliably. The F-104 simulation also indicated

the desirability of extra airspeed during approach and

landing, providing better control capability throughout

and giving the pilot an extra y margin during the flare.
The F-102A Delta Dagger, modified with large

speed brakes, was also used at this time in a perfor-
mance simulation of the X-15 in approach and landing.

The F-104s were also used later for pilot training for

the X-15 and the lifting bodies (refs. 18 and 20).

Investigation of X-15 Roll-Damper-Off Con-

trollability and Motion Feedback

Early in the X-15 program, even before the first

flight, it was determined that the aircraft was unstable
with roll damper off (refs. 16, 17, and 21). An un-

conventional piloting technique known as the sideslip

rate (/3) technique was developed and the instability in-

vestigated in the variable-stability F-100C and NT-33A
aircraft. The _ technique used small, discrete pulses

to control the aircraft.
Another element in the problem was identified as

motion feedback. The variable-stability F-100C and

the NT-33A aircraft were also used to assess the X-15

motion feedback phenomenon in the late 1950s and

early 1960s (refs. 16, 17, and 22). The aircraft motion
was fed back into the stick through the pilot's arm.

The pilot attempted to hold the stick fixed but the air-

plane motions caused the pilot to inadvertently apply
small control inputs and increase the amplitude of the

oscillation. When the pilot let go of the stick the oscil-

lations damped out. When the pilot attempted to apply
conventional corrective control the amplitude again in-

creased. Although use of the X-15 side stick alleviated

this problem somewhat, it was necessary to develop the
unconventional fl technique to enable the pilot to con-

trol and damp this motion effectively. A fixed-base
simulation was initially used to examine the problem.

However, the lack of motion and outside visual cues

gave an overly optimistic indication of controllability

compared to flight (ref. 18).

NT-33A Simulation of the X-15 Reentry

Figure 17. The X-15 experimental rocket vehicle.

The NT-33A aircraft was used to simulate the

reentry characteristics of the X-15 in 1960 (refs. 5,
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23,and24).TheNT-33Awasconfiguredto matchthe
dynamicsof the X-15 and special instrument displays
simulating those of the X-15 were also used, as was

a side stick controller. The evaluation pilot took over

control of the NT-33A aircraft in a zero g environ-

ment, accomplished the initial rotation of the airplane

to the proper angle of attack, and subsequently made
an instrument reentry, with the gradual build up of nor-

mal acceleration occurring just as it would in the X-15.

This build up of normal acceleration was accomplished

by rolling the plane. The technique worked because

the evaluation pilot was flying "under the hood" us-

ing instruments only. Roll-damper on and roll-damper

off configurations were evaluated, since ground simu-

lation had indicated that the X-15 with roll-damper off

was somewhat unstable. That instability and the pilot's
ability to compensate for it were verified in this study.

F-104 Reaction Control System Program

An instrumented YF-104A aircraft had a reaction

control system installed and tested in 1960 (refs. 16

and 25). This reaction control system program was

done to obtain flight experience with jet reaction con-

trois at low dynamic pressures prior to testing the X-15

aircraft in that region and to determine the handling
qualities of the airplane at low dynamic pressures.

This YF-104A is on display in the National Air and

Space Museum in Washington, DC, near the X-15 that
it simulated.

F5D Skylancer Assessment of Off-the-Pad Es-

cape and Landing Maneuvers for a Hypersonic
Glider

The F5D Skylancer was used in an early 1960s

performance simulation to assess off-the-pad escape

and landing maneuvers for the X-20 DynaSoar, a hy-
personic glider (refs. 16 and 26). The F5D was used

because of its low LID and the resemblance of its

planform to that of the X-20 DynaSoar. The proposed

hypersonic glider would have been launched vertically

from a large booster rocket and landed unpowered.

Flight crew safety concerns in the event of a booster

malfunction on the pad or shortly after launch led to the

proposal of an auxiliary booster to pull the glider away

from the danger area so that the pilot could assume

control and land nearby. However, such hypersonic
gliders had low LID and were landed unpowered. In

addition, thermal-structural consideration led, then as

now, to minimally sized windows, limiting the pilot's
field of view.

The simulated escape maneuvers were entered

from a high-speed run approximately 1,000 ft above

ground level. The pilot pulled up vertically and cut

power, extending the speed brakes. This simulated

the auxiliary-booster-rocket burnout. The approach
and landing maneuvers examined were 360°-spiral and

straight-in approaches. A blue-amber system was used

to restrict the visibility, with two different window

configuration being examined. (The blue-amber sys-

tem uses a transparent blue visor with a transparent

amber plastic lining of the canopy. The pilot can

see the cockpit instruments through the blue visor but

cannot see out of the canopy because amber is the
complementary color.)

The simulated escape maneuvers were acceptable

to the pilots, with good control. The circular pattern
was again preferred and flare control was not affected

by the restricted visibility. The visibility restriction did

not interfere with navigation capability, although it did
adversely affect portions of the escape maneuvers and

landing approaches, particularly in the location of the

high-key point.

F-102A Delta Dagger Simulation of Hypersonic

Glider Landing-Approach

The F-102A Delta Dagger aircraft, like the F5D

Skylancer, was used in landing-approach simulations

of a hypersonic glider (X-20 DynaSoar) in the early

1960s (ref. 16). The same circular and straight-in ap-
proach and landing patterns were examined and the

same conclusion reached. Pilots thought that circular

patterns allowed more control in positioning the air-

craft relative to the runway and in the flare.

A-5A Vigilante Assessment of Supersonic Air-
craft in Traffic

An A-5A Vigilante was also used in 1963 to de-

termine if there were problems inherent to operating
an SST in a dense air traffic network (refs. 21 and 39).

This was first explored at Edwards, with light traffic,

and supersonic approaches were eventually flown into
the terminal approach and departure control zones at

Los Angeles International Airport. The only piloting
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problemsassociatedwith flying thesupersonictrans-
portprofileappearedto beminor,limitedprimarilyto
speedandaltitudefluctuationduringthehigh-speed-
high-altitudeportionof theprofileandovershootten-
denciesduringlevel-offsfrom steepportionsof the
climb. Integratingthetestaircraftusedto simulatea
supersonictransportresultedinonlyminorcompatibil-
ity problemswith theair trafficcontrolsystem.

To33A Shooting Star Study of Restricted Fields

of View For Approach and Landing

In the mid-1960s a T-33A Shooting Star aircraft

was used to determine the relationship between the pi-

lot's field of view and the performance of the land-

ing task (ref. 27). The field of view was reduced
from unrestricted to a minimum of 5.7 ° horizontal and

30 ° vertical, using a blue-amber system. The pilot's

task was to fly a 180°-power-on pattern and final ap-

proach and to land the aircraft on a predetermined

point on the runway. In addition, 360 ° -power-off over-
head and straight-in approaches were performed by

one pilot. Data taken included pilot comments and
touchdown error.

Performance of the precision landing task, as mea-

sured by the touchdown error, was not affected by the
reduced field of view. However, pilot comments indi-

cated that the task became increasingly difficult with

decreasing field of view (fig. 18).

F-104 Investigations of Approach and Landing

Visibility

The F-104 aircraft have been used for many inves-

tigations into visibility requirements for approach and
landing for low-L/D aircraft (ref. 28). The first, in the

early 1960s, used an F-104B aircraft with an indirect
viewing system that had two wide-angle overlapping

periscopes with stereoscopic vision, for conventional

and low-L/D landings (ref. 29). The periscopes were
mounted on the canopy bow between the front and rear

cockpits (fig. 19) and the image was shown to the eval-

uation pilot in the rear seat. This system showed safe

and acceptable performance in all phases of daylight

flight. When the horizon was in the field of view, air-
craft attitude sensing with the optics was satisfactory

about all axes except pitch attitude in climbing flight.

This degraded pitch-attitude sensing was caused by the

poor resolution at the bottom of the field and the lack
of view to the sides. However, this system had such

large light loss and degraded resolution that it was not
usable for night operations. It was also found that

more view directly to the side was needed to perform

circling approaches.
The second study, with the same setup, exam-

ined the use of the stereoscopic periscope system in

lifting body approaches and landings (ref. 30). Three

approach techniques (circling approach, straight-in ap-

proach, and a three-turn multiple-aim-point approach)

had been proposed for lifting body approaches. The

previous F-104B study had determined that the cir-

cling approach required side vision which the periscope

system did not provide, so the two approach tech-

niques requiring only forward vision were added to
the assessment.

The previous F-104B program had left some doubt

about the sy.stem's suitability for low-LID approaches
and landings because of the effects of exaggerated

stereopsis at or near the ground. To solve this problem,
a radar altimeter was also installed and pressure alti-

tude, radar altitude, radar altitude rate, and indicated

airspeed were inserted into the field of view of one
of the periscopes. However, this early attempt at a

head-up display (HUD) was unsuccessful, as the pilots
found the information unreadable or unusable. Interest-

ingly enough, pilots, with their excellent uncorrected

Figure 18. The NASA T-33A aircraft.
Figure 19. The NASA F-104B Starfighter aircraft with

periscopes mounted on canopy bow.
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vision,foundthisperiscopesystemtiring anddifficult
to usewhilenon-pilotswhoworeglassesdid nothave
suchproblems.As in thestudyof conventionalap-
proachesandlandings,theopticalsystemprovidedad-
equatevisualinformationfor theflareandlandingtasks
andlandingperformancecharacteristicscomparableto
thoseobtainedwith normalvision. Theexaggerated
stereopsisplayedonlyaminimalroll in thehigh-speed
landings,comparedto theslowerlandingsin thefirst
studyof thissystem.

ThethirdF-104limitedvisibility study,flownin
the1960s,involvedmaskingtheforwardview,sothe
pilot hadto relyon thefield of viewfrom sidewin-
dowsto land(ref. 31). An appreciableamountof the
forwardfield of view couldbe obscuredbeforethe
landingperformancesufferedmarkedly.

In 1990,thefourthstudyusedstencilboardto
maskthefrontcockpitfield of viewof theTF-104G
(ref. 28). This techniquewasalsousedin the third
study.A numberof windows,selectedto matchthose
proposedfor theNationalAeroSpacePlane(NASP),
wereexaminedusingstraight-inapproaches.In agree-
mentwith theearlierresults,it wasfoundthatthepi-
lot couldlandtheplanewith a fairly limitedfield of
view.Unliketheearlierstudiesnocirclingapproaches
wereexamined,sinceit wasassumedthatsometype
of externalguidancewoulddelivertheairplaneto the
high-keyposition.

This TF-104Gis currentlybeingmeasuredand
instrumentedfor the installationof a folded-mirror
opticalviewingsystemwhichhasbeenproposedfor
theNASP. This monopticsystemfor iow-L/D ap-
proacheswill be testedin thesamemanneraswas
thestereopticsystem,with low-L/D approachesand
precisionlandings.

NT-33A Simulation of M2-F2 Pilot Induced

Oscillation

Figure 20. The NASA M2-F2 lifting body.

problem. When this PIO was encountered on final ap-
proach it was quite severe and led to a serious accident.

Lunar Lander Research Vehicle

The Lunar Lander Research Vehicles (LLRVs)

(fig. 21), a program of the mid-1960s, were initially
procured to examine the problems associated with lu-

nar landing (refs. 21, 34, and 35). Lift and attitude con-

trol rockets were used during the landing simulations
but the jet engine of the vehicle was used to lift and

translate the craft to the simulation starting point. This

led unavoidably to the examination of low dynamic

pressure vertical take-off and landing flight. This jet

engine was also used to counter 5/6 of the weight of
the vehicle, simulating the lunar gravitational accel-

eration. The variable-stability control system permit-
ted the examination of attitude command and of rate

command with on-off control acceleration and propor-
tional acceleration. Pilots discovered that attitude com-

mand was easier to fly than rate command and that

satisfactory control was more easily achieved in rate
command with on--off control acceleration than with

proportional control.

In 1965 the NT-33A aircraft was used to exam-

ine lateral--directional handling qualities of a variety of

flight characteristics for the reentry mission (ref. 32).

One set of configurations matched the M2-F2 lifting
body (fig. 20) being tested at DFRF at the time. This

simulation program found a coupled roll-spiral PIO (or
lateral phugoid) which later manifested itself in the

M2-F2 (refs. 21 and 33). The M2-F2 PIO was antic-

ipated because it had been seen in the NT-33A simu-

lation. This coupled roll-spiral PIO had been encoun-

tered in up-and-away flight twice and had posed no
Figure 21. The NASA Lunar Lander Research Vehicle.
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Thevisual,motion,andaudiocuesmadethesim-
ulationhighlyeffective.TheLLRVsweresosuccess-
ful at simulatinglunarlandingsthattheyweretrans-
ferredtothespaceprogram(ref.21)andqasedfor astro-
nauttraining,renamedLunarLanderTrainingVehicles,
typeA orLLTV-A.Threemorederivativevehicles,the
LLTV-Bs,werelateracquiredby thespaceprogram.

General Purpose Airborne Simulator Simula-

tion of Supersonic Cruise

The Valkyrie GPAS was programmed to simulate
the Mach-3 XB-70 aircraft (fig. 22) as part of the ini-

tial testing of the aircraft in the mid-1960s (refs. 36

and 37). After this testing, the simulation was used

as a pilot training tool in the XB-70 program and was

also proposed for evaluation of the cruise regime of

proposed SSTs (ref. 38). The FI00C aircraft was also

used to study SST flying qualities (ref. 21). The F5D

Skylancer was used to establish minimum speed crite-

ria for the proposed SST (ref. 15).

General Purpose Airborne Simulator Investiga-

tion of Motion and Visual Cues

An interesting part of the mid-1960s initial test-

ing of the GPAS system was a study of motion and
visual cues (ref. 37). The effects of mismatched cues

on observed handling qualities were studied by vary-

ing yaw rate and lateral acceleration at the pilot's lo-
cation, while keeping constant the lateral--directional

dynamics displayed on the pilot's instruments. This ex-

periment showed pilot sensitivity to directional motion
cues to be different for the simulation of two XB-70

flight conditions. Motion cue effects were determined

using consecutive evaluation of moving-and fixed-base

configurations in flight.

Figure 22. The XB-70 Valkyrie aircraft.

The second area investigated in this study was

the measurement and description of simulation fi-

delity. In-flight frequency response measurements of
the model-fol!i_Wilig system were taken to examine

model-following fidelity for directly matched variables

such as sideslip and roll rate as well as uncontrolled

parameters such as lateral acceleration.

General Purpose Airborne Simulator Inves-

tigation of Roll Handling in Cruise and on

Approach

The GPAS was used to evaluate roll handling for

transport aircraft in both cruise and approach in the
mid-1960s (refs. 40 and 41). In cruise, maximum roll-

control angular acceleration, maximum available roll
rate, roll time constant, and bank-angle change in a

given time were all found to be effective roll-criteria

parameters and the criteria developed in this program

agreed well with previously proposed roll criteria. In
approach, maximum roll rate, roll time constant, and
wheel characteristics were varied.

General Purpose Airborne Simulator Simula-

tion of the HL-10 Lifting Body

In 1967 the GPAS was used to investigate the

longitudinal flying qualities of the HL-10 lifting body
(ref. 42). Two flights were flown, but the simulation
was not entirely satisfactory because of limitations in

the closed-loop response of the GPAS (ref. 6).

General Purpose Airborne Simulator Investi-

gation of Ride Qualities- In the early 1970s the
GPAS was used to investigate ride qualities, par-

ticularly in turbulence. In the first study, subjects

(naive non-pilots recruited from the DFRF support

staff and junior engineers) evaluated the ride qual-

ity and any motion sickness symptoms that mani-
fested themselves. This information was compared to

the dynamic data collected during the various runs.
From this data a number of ride quality rating models

were proposed. The assessments were also compared
to assessments made by a number of passengers on

scheduled airliners.
In 1973-74 several ride smoothing flight-control

systems (basic, command augmentation, and rate feed-

back) were evaluated in turbulence. These flight-

control systems were designed to maintain good flying
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qualiteswhilesmoothingtheride,to theadvantageof
pilotsandpassengers(ref.42). In thelongitudinalaxis
command,augmentationsystemsreducedthenormal
accelerationresponseandtheflightpathangledistur-
bances,comparedto thebasicandratefeedbacksys-
tems,bygreatlyreducingthephugoidresponse.How-
ever,the calculatedride qualityratingsshowedonly
smallimprovements.

In the lateral-directionalaxes,significantreduc-
tionsin roll rate,yawrate,andlateralaccelerationre-
sponsesto turbulencewereseenwitha ratefeedback
system.Thecommandaugmentationsystemswereno
betterat reducingtheseresponses;however,theydid
provideasignificantreductioninbankangleandhead-
ing angledisturbances,whichareof interestfrom a
piloting standpoint.Someof the ride qualityrating
modelsindicatedthattheseimprovementsmodifiedthe
ridegreatlywhileothersshowednoeffects,depending
on how greatlythe lateral-directionalvariableswere
believedto affecttheride.

It wasduringa flight in supportof this mis-
sionthattheGPASsufferedanover-gconditionand
was retired. However,after new wings were in-
stalled,thisaircraftwasusedasa testbedfor a vari-
etyofexperiments,includingpropulsionandboundary-
layercontrol.

Shuttle Simulation Using Large, Low-L/D
Vehicles

In support of the Space Shuttle Program, simu-

lations of the shuttle using large, low-LID vehicles,

were undertaken in the late 1960s and 1970 using the

NB-52B (fig. 11), an F-IlIA (fig. 12), and a CV-990

(fig. 13) (refs. 43 and 44). These large aircraft were

configured for low L/D (the CV-990 had L/Ds of ap-

proximately 5 to 8, the NB-52B had L/Ds of about 3.3
to 8, and the F-IlIA had L/Ds from about 6.6 with

the wings at 26 ° to about 3.7 with the wings at 72.5 °

and the gear down) and the engines shut down or throt-

tled back sufficiently to produce power for necessary

systems only.

The NB-52B and CV-990 aircraft were initially

used to evaluate the feasibility of landing such vehicles.

Once it was determined that large, low-LID aircraft

could be landed visually, the programs were expanded

to examine instrument flight rules (IFR) approaches

and landings with the NB-52B, instrument landing sys-

tem (ILS) approaches and landings with the F-IlIA,

and ground-controlled approaches (GCA) and landings

with the F-104 aircraft. Again, a circling approach was

found to provide the best energy management and con-

trol of the touchdown point. A YF-12 aircraft (fig. 15)

was also used as part of this effort to develop baseline

flying qualities data for large, low-LID aircraft in the

approach and landing.

PA-30 Emulation of Remotely Piloted Research
Vehicles

The PA-30 aircraft (fig. 14) was used in the early
1970s in a remotely piloted mode (refs. 8 and 45) to

practice piloting techniques for a variety of unmanned

remotely piloted research vehicles (RPRV), including
the 3/8-scale F-15 RPRV, an unpowered model used

in spin testing; the Drone for AeroStructural Testing
(DAST) aircraft, a modified Firebee drone used to

examine aeroelasticity; and the Highly Maneuverable
Aircraft Technology (HiMAT) aircraft, an aerodynam-

ically advanced supersonic RPRV.

The PA-30, a low-wing, twin-engine general avi-

ation airplane, provided training and currency for the

exacting task of landing the RPRVs, and some cur-

rency in the ground cockpit. In addition, a variety of

cameras and displays Were tested to determine effec-

tive ways of presenting information to the pilot of a
remotely piloted aircraft.

The PA-30 aircraft was equipped with a television

camera and the picture was down-linked to the ground
and shown to the pilot. The PA-30 was later used to re-

search visual requirements for the remote piloting task,

with various focal lengths and fields of view being ex-

amined. Stereoptic presentations were also examined.

Total In-Flight Simulator Investigation of Shut-
tle Pilot-Induced Oscillation

On October 26, 1977 the Space Shuttle Enterprise
(fig. 23) exhibited a fully-developed PIO in both the

roll and pitch axes during a landing on the paved run-

way during the approach and landing test program. As

a result, in 1978 the Total In-Flight Simulator (TIFS)

aircraft was used in a simulation program to discover

and confirm the reasons for this PIO (ref. 46).

Analysis indicated that PIO was caused by sev-

eral factors, among them time delay in the FCS and

the position of the pilot relative to the center of ro-

tation (ref. 46). The pilot's position masked the nor-

mal motion cues, since the pilot was somewhat behind
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Figure23.TheSpaceShuttleEnterpriseabouttotouch
downon thepavedrunway.

thecenterof rotation.Surfaceratelimitingalsocon-
tributedto the apparenttimedelay. Thissimulation
confirmedtheeffectsof thesefactors.

F-8 Digital-Fly-By-Wire Evaluation of Effects

of Time Delay on Handling Qualities

Immediately following the TIFS investigation of
the shuttle PIO, the F-8 DFBW was used in a test pro-

gram to study the effects of time delays in a digital con-

trol system like that of the shuttle and to provide more

insight into the shuttle approach and landing experi-
ence (refs. 47 and 48). Transport delays were inserted

into the roll and pitch axes and evaluated with forma-

tion flying and precision landing approaches (straight
in and offset) at idle power, simulating the low-L/D

approach typical of the Space Shuttle. In the pitch
axis three different control modes were examined; sta-

bility augmentation, command augmentation, and no
augmentation. The addition of time delay markedly

affected the pilot's ability to control the airplane, to

the point that the pilot scraped the tail of the plane on

the runway during one go-around.
Formation flight was much less sensitive to the ef-

fects of time delay than was the approach task. Offset

landing (where the pilot could not set up the approach

but had to fly the plane more aggressively) was ap-

proximately twice as sensitive to time delay as was
the straight-in approach. Furthermore, the ratings in

pitch were most strongly affected by the task and were

only slightly affected by changes in control system

augmentation mode.

Total In-Flight Simulator Investigation of Shut-

tle Pilot-Induced Oscillation Suppressor Filters

Further investigation of the shuttle PIO led to the

design of two candidate PIO suppression filters to con-

trol the problem. Flown in 1979, this TIFS investi-

gation examined two PIO suppression filters that were
proposed as an addition to the shuttle FCS (ref. 49). In
addition, this program also examined some other mod-
ifications to the shuttle FCS, including feedforward of

the pitch command and normal acceleration feedback.
The effects of moving the pilot forward 100 ft were

also investigated, although this was not proposed as

a solution to the PIO problem. One of the two PIO

suppressors evaluated in the TIFS program was im-

plemented in the shuttle FCS prior to its first flight

(ref. 50).

Pilot-Induced Oscillation Suppression Filter

Assessment with the F-8 Digital Fly-By-Wire

The Space Shuttle PIO, caused in part by exces-
sive time delay and the success of the PIO suppression

filters devised to alleviate the problem, created an inter-
est in the usefulness of PIO suppression filters in more

conventional aircraft. In 1980 there was a program to

evaluate the same types of filters in more conventional

fighter-type aircraft using the F-8 DFBW (ref. 7). As
previously described, the F-8 DFBW aircraft had al-

ready been used to evaluate the effects of time delay

on digital FCSs so that the only addition required was

the PIO suppression filters. The same two types of ill-
ters were examined, with a variety of breakpoints and

filter slopes. The basic F-8 DFBW configuration was

a good airplane with little time delay. Either a pure

time delay or a first order lag was added to the FCS.
The latter was used to simulate the cascading of filters

in a poorly designed control system.
To provoke any possible PIO, two high-gain tasks

were used. The first task, close-trail formation, in-

volved flying just behind and below the F-104 chase

plane. Pilots found that this task was somewhat artifi-
cial and not well defined. As a result of this assessment

a more demanding task, probe-and-drogue refueling,

was used in the second phase of the program. How-

ever, the results for the two tasks did not vary much.

The PIO suppression filters suppressed the PIOs

in the configurations with added transport delay. They
did not, however, help with the configurations with the

first order lag.
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NT-33A Pilot-Induced Oscillation Suppression
Filters

In 1981 a simulation program was flown in the

NT-33A aircraft to investigate PIO suppression filters
in fighter-type aircraft (refs. 7, 51, and 52). A ba-

sically good configuration was selected as the base-

line. To this baseline were added either time delay or

lag pre-filtering in the longitudinal axis, similar to the

F-8 DFBW PIO suppression filter study, and the same

two PIO suppression filters were examined. In this

study, the task was a precision offset landing.

The results of this and the F-8 DFBW experi-

ments matched the shuttle program results, indicating
that PIO suppression filters worked well for fighter-

type aircraft as well. The PIO suppression filter greatly

reduced PIOs, even with excessive time delay that
led to serious PIOs in configurations without the fil-

ter. Already good flying qualities were not degraded
by the filters. However, in the NT-33A study, as in

the F-8 DFBW studies, the filters made configurations

with lag pre-filtering worse, indicating that poor sys-
tem design could not be compensated for with the PIO

suppression filters.

F-8 Digital Fly-By-Wire Investigation of Non-

linear Control Algorithms

In the early 1980s the F-8 DFBW was used to

investigate active, nonlinear flight-control techniques

and handling qualities in a cooperative program with
the Royal Aircraft Establishment (ref. 53). The evalu-

ation was accomplished using the RAV mode.

The purpose of the study was two-fold, with the

first goal being to establish whether a variable-gain

controller could offer improved control performance
over a linear baseline pitch-rate command system and

whether any adverse handling problems would be in-

troduced by the rapidly varying gain. The second goal

was to investigate the effects of a nonlinear command

pre-filter. The nonlinear pre-filter was designed to pro-

vide a small overshoot on the pitch rate and a relatively

slow buildup of normal acceleration for small com-

mands and to increase the pitch-rate overshoot and nor-

mal acceleration response for large commands. This
was accomplished by varying the lead time constant of

the pre-filter.

Distant tracking and close tracking were the two

typical fighter tasks evaluated. The nonlinear pitch-
rate command system worked well in the distant-

tracking task; however, it was discovered that differ-

ent responses are preferred for the two different tasks.

Low-overshoot pitch-rate responses are preferred in the

distant-tracking task and high-overshoot pitch-rate re-

sponses are preferred in the close-tracking task.

Nothing conclusive was learned about the variable

adaptive, lead pre-filter time constant because the range

of pre-filter time constants was not sufficiently related

to the augmented dynamics. The F-8 DFBW aircraft,
with its versatile FCS, was also used at this time in a

brief, undocumented study of roll mode time constant

and roll ratcheting.

Total In-Flight Simulator Investigation into

Pitch Rate Command Systems in the Flared

Landing Task

In 1983 an extensive TIFS investigation into pitch

rate commands in the flared landing task was under-

taken (refs. 56 and 57). This study evaluated pitch-rate
feedback with proportional and integral forward paths,

rate command design, lead-lag pre-filters, superaug-

mentation, superaugmentation with lead-lag pre-filters,

neutral static stability, and angle of attack and pitch-

rate feedback required for level 1 conventional aircraft

response. The aircraft configurations evaluated were

a matrix constructed from seven aerodynamic models

(three stable aircraft with different values of l/r02, two
neutrally stable aircraft with different values of 1/7-02,
a shuttle-like vehicle, and a shuttle-like vehicle with

canards) and eight pitch axis FCSs (two proportional

plus integrated pitch-rate feedback systems with dif-

ferent undamped short-period frequencies (Wnsp), su-
peraugmented, conventionally augmented, three shut-
tle FCS variants, and one shuttle FCS variant with a

time delay).

Results from this study included findings that

current integral-proportional pitch-rate FCSs provided

good attitude control, which is required for good per-

formance in the flared landing task. In addition,

the pilot needs cues to control flightpath precisely in

the landing flare. These cues may come from pi-
lot acceleration, stick deflections and forces, initial

aircraft response, and longer term aircraft response.
In addition, many techniques can be used to provide

level 1 performance.

90



Interestingly,this studydiscoveredthatclassical
predictivecriteriadid notprovideadequateprediction
fortheflaredlandingtask,althoughatime-domainpre-
dictivecriteriondevelopedfrom this experimentdid
workwell.

Total In-Flight Simulator Validation of the X-29

Control System

The TIFS was used in 1984 to examine the X-29

control system, with particular attention to power ap-

proach (ref. 58). The X-29, with its forward-swept

wing (fig. 24), is a statically unstable fly-by-wire air-

plane with a digital primary FCS, a digital backup FCS,

and an analog backup FCS. This vehicle has a canard

and a strake flap in addition to the full-span flaperon
and rudder. The canard, strake flap, and flaperon are

used for pitch control; the flaperon alone for roll con-
trol. Ground simulation had raised questions about the

flying qualities of the X-29 in power approach, with
some indication that the lateral--directional gains and

stick gearings might be unsatisfactory. A three-phase

program was undertaken to examine these issues.
In the first phase, the originally proposed gains

and stick gearing were examined in up-and-away and

in power approach in the primary and both backup
modes. Numerous PIOs led to reduction of the lateral-

directional gains and the stick gearing in the primary

mode and in the digital backup mode. The analog

backup mode initially received only a limited evalu-
ation because of a simulation anomaly, but the gains

were modified and a corrected analog backup mode
was evaluated. This corrected mode also demonstrated

a number of PIOs, but because of the limited data, no

changes were made in this mode. The primary and

digital backup modes were, however, modified with

reduced gains and stick gearing.

Phase two of this study was a quick-look pro-

gram that examined the design changes that resulted
from phase one. Phase three, flown shortly before the

first flight of the X-29, provided one last evaluation
of the control laws in power approach, familiarization

with the first-flight profile for the pilot and the control

room personnel, and evaluation of selected emergency

landing modes. The primary concern in this phase
was the lateral PIO in the analog backup mode, which

raised a safety-of-flight question. In this phase, the fly-

ing qualities in all modes were found to be adequate

for the first flight. The primary and digital backup
modes, with their gains determined in previous testing,
were found to exhibit level 1 and 2 handling qualities

and the analog backup mode exhibited levels 1 to 3

handling qualities.
The X-29 aircraft was later flown at altitude in the

analog backup mode to examine the lateral PIO seen in
the TIFS study. Precision tasks, including bank angle

captures and formation flight, were used to provoke

any PIO. However, no lateral PIO tendencies were
seen. This difference between the TIFS and the aircraft

was attributed to errors in the predicted mathematical

model of the X-29 and to the model-following tech-

niques used to quicken the TIFS response, allowing

this large airplane to fly like a fighter.

Total In-Flight Simulator Investigation of Pro-

posed Shuttle Flight,Control System Modification

After the successful PIO suppressor study, another

TIFS study was done in 1985 to examine further pos-

sible changes to the orbiter FCS (refs. 54 and 55). In

particular, a shaped pitch-rate feedback system, a com-

mand pre-filter and pure pitch-rate feedback equiva-

lent system, and a C* feedback system were compared
to the baseline shuttle system. Additionally, reducing

time delay in the FCS by moving the body bending
filters from the command path to the feedback path

was examined.

Although the addition of canards to the orbiter
was not seriously contemplated, the use of canards was
evaluated with the baseline and modified FCSs. Ca-

nards would have given sufficient control of the center

of rotation so that the problems caused by pilot location

would have been greatly reduced.

Figure 24. The forward-swept wing X-29 aircraft.
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Learjet Flying Qualities Research

In the mid-1980s the first variable-stability Lear-

jet was used for a limited in-flight simulation program
that examined the effects of feel system dynamics on

aircraft lateral handling qualities in the approach and

landing task (ref. 59). This study was sparked by the

results of a brief study in the NT-33A aircraft (ref. 59).

In this Learjet study, two feel systems, one fast and one

slow, were examined. The flight-control configurations

had two possible transport time delays, designed so

that the equivalent time delay for the feel system and
FCS combined were the same in each case. A baseline

configuration with minimum overall time delay was
also included. The tasks were bank angle captures and

lateral-offset spot landings.

This study showed that the location of the time

delay is important and that the feel system should be
regarded as a separate dynamic element. Large overall

time delay could be tolerated if a signifcant portion

of the delay resided in the feel system. However, the
same amount of overall time delay was unacceptable to

the pilot if much of the delay was transport time delay

downstream of the feel system. Additionally, this study

indicated that the allowable time delay in the roll axis

is a function of initial acceleration rate or "jerk."

The first variable-stability Learjet has been used

as a training tool at DFRF since 1983. Engineers are

exposed to a training syllabus based on that used by
the Air Force and Navy Test Pilot Schools (ref. 11).

All axes and modes are examined and stable, neutrally

stable, and unstable configurations are flown. Time

delays and feel system dynamics can also be varied.
This aircraft has also been used by test pilots to review

flying qualities areas.

NT-33A Investigation of Feel-System Charac-

teristics on Roll Dynamics

In the late 1980s an investigation of the influ-

ence of lateral feel-system characteristics on fighter air-

craft roll axis flying qualities was done with the NT-

33A (ref. 3), partly in response to the Learjet study

of feel-system dynamics. This extensive study exam-

ined power approach, visual landing, and up-and-away

tasks including formation, gun tracking, and computer-

generated compensatory attitude tracking tasks dis-

played on the HUD. Experimental variations included

the feel system frequency, force-deflection gradient,

control system command type (force or position input

command), aircraft roll mode time constant, control

system pre-filter frequency, and control system delay.

The investigation was undertaken to determine how

the feel system and the FCS interact and how the pilot
assesses each.

The feel system is not equivalent to analogous

control system elements in its influence on flying qual-

ities. This led to the conclusion that flying qualities

criteria should treat the feel system separately from

the control system, since the feel system dynamics
are apparent to the pilot and are not hidden in the

total dynamics.

Investigations of Flightpath Control Using

Throttles Only

In 1989 an airliner accident in which hydraulic

power failed completely and differential thrust was

used for flightpath con_ol led to an investigation of the

use of throttles for emergency flight control (ref. 60).
In addition to fixed- and moving-base ground simula-

tions, this investigation included a cursory flight sim-

ulation program using the first variable-stability Lear-
jet, the F-15, and the PA-30 aircraft. In twenty min-

utes of flight using throttles only, the Learjet demon-

strated some control capability, with heading and al-

titude maintained within 500 ft. It showed good roll

controllability with differential thrust and poor pitch

control, with the phugoid being difficult to damp with

throttle inputs.
The PA-30, a low-wing, twin-engine four-seat

general aviation airplane, was difficult to control in

all axes with thrust only. Gross control of the PA-30

was possible but landing on a runway would have
been difficult.

The F-15, a twin-engine air superiority fighter,

demonstrated good roll response and pitch response to
throttle control. The F-15 rolled and banked well with

throttle control only and a heading could also be held
well. Altitude could be held within 100 ft at airspeeds

below 200 kn, though phugoid damping was difficult.
These three experiments indicated that it is fea-

sible to develop a control system for a large transport

that would allow a safe return if hydraulic power were

completely lost.

A more extensive investigation into the feasibil-

ity of thrust-only flightpath control used the second

variable-stability Learjet in a six-flight program in the

fall of 1991. Two different basic configurations, an
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F-15-1ikefighterand a largetransport,wereexam-
ined.Apparentenginelocationwasvariedfor thetwo
configurations,althoughtheactualenginecharacteris-
tics(spool-uptime,for example)couldnot bevaried.
This limited studydeterminedthatthrust-onlyflight-
pathcontrolwasextremelyvunerabletoturbulenceand
confirmedthenecessityof specialpilotingtechniques.

CONCLUDING REMARKS

There are two areas of major interest at the Dryden

Flight Research Facility that simulation has addressed,

which are landing fast, low-lift-to-drag ratio aircraft
that cannot do go-rounds and pilot-induced oscillations

in digital flight-control systems.
The first in-flight simulation program at the Dry-

den Flight Research Facility was an investigation of
low-lift-to-drag ratio approach and landing character-

istics, using the F-104 and the F-102A Delta Dagger

aircraft. The most recent inflight simulation program

here is an F-104 investigation into field of view re-

quirements for the National AeroSpace Plane, a low-

lift-to-drag ratio vehicle with limited visibility.
The X-15, the lifting bodies, X-20 Dynasoar, the

shuttle, the National AeroSpace Plane-these low-lift-

to-drag ratio airplanes land at high speeds and go-

arounds are impossible. It has always been critical

to get the landing pattern right before the flights. In-

flight simulation has aided in the design of the pattern,

the designation of high keys, approach angles, flare

speeds, rotmdout altitudes, and touchdown speeds.
Structural and aerodynamic heating dictate small

windows or remote viewing systems in hypersonic air-

craft. The use of in-flight simulation answered ques-
tions on how small the windows could be, whether

the remote viewing system needs to be stereoptic

or monoptic, what resolution is required, what sup-

plementary instrumentation is necessary and how to
present this to the pilot, and a number of other

display questions.
The interest of Dryden Flight Research Facility in

aircraft with digital flight-control systems started

around 1970 when the F-8 digital fly-by-wire program

began. This aircraft, the first ever to be all-digital fly-

by-wire, was used first as a demonstrator of the tech-
nology but it soon turned into a research tool examining

digital flight-control system problems like roll ratchet-

ing. Interest in pilot-induced oscillations has always

been high in the fast, high-performance research air-
craft like the X-15 and the lifting bodies, as evidenced

in part by the studies previously mentioned.
These two threads came together dramatically

on October 26, 1977, when the Space Shuttle Enter-

prise, making a precision landing on the main run-

way at Edwards Air Force Base, experienced a fully-

developed multiple-axis pilot-induced oscillation. As
soon as the dust settled, Dryden Flight Research Facil-

ity began to use its experience in the investigation of

flight-test problems.
The data were analyzed and the first Total In-

Flight Simulator program confirmed that the causes
were known. The effects of time delays in digi-

tal flight-control systems were examined in the F-8

aircraft. The pilot-induced oscillation suppressor fil-
ters were developed and tested in a second Total In-

Flight Simulator program. While these filters were

proven to work well, Dryden Flight Research Facil-
ity continued to examine improvements to the flight-

control system for approach and landing and these

proposed changes were examined in another Total In-

Flight Simulator program.
Dryden Flight Research Facility then moved on

from the practical, fix the problem and get the air-

craft flying again approach, to research into more gen-
eral issues, examining pilot-induced oscillation filters

in fighter-type aircraft with the F-8 digital fly-by-wire
and the NT-33A.

The location of the time delay, either in the feel

system or in the flight-control system, was examined

quickly in the NT-33A aircraft, more thoroughly in the
Learjet, and exhaustively in a major NT-33A study.

Thus a seemingly isolated incident led first to a solution
to the incident and then to a body of research into the

root problems.
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