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RIDEQUALITIESCRITERIAVALIDATION/PILOT

PERFORMANCESTUDY- FLIGHTTESTRE_JLTS

Louis U. Nardi, Harry Y. Kawana,
and David C. Greek

Rockwell InternationalCorporation
Los Angeles, California

SUb_t_RY

This report presents the resultsof a researchcontractto study pilot per-
foinnanceduring terrain-following(TF)flight for ride qualitycriteriavalid-
ation with the followingspecificstudy objectives:

(I) Develop improvedride qualitiescriteriafor generaluse in the design
of large, flexibleaircraftwith initialemphasison low-altitudehigh-speed
flight.

(2) Determinefirst-orderinteractionsbetweenride, handling,and display
qualitiesand their effectson pilot/vehicleperformanceduring severe turbulence
penetrations.

(3) Comparesimulatortest resultswith flight-testresultsto determine
to what extent flightperformancecan be predictedfrom performancemeasured in
currentsimulators.

The resultsfrom the B-1 flight test programan.dan earlierresearchcontract
(ref. i) which used flight simulationdata provided the data base for these
investigations.

The ride qualitydesign criteriafor the B-I includesrequirementsfor both
aircraftresponseto gusts and flexiblemode responseto controlexcitationas
specifiedby the Air Force. The B-I ride qualityspecification,formulatedby
J. Rustenburg,was derivedfrom four documents (ref.2, 3, 4, and 5). These
documentsspecifythe mathematicaltechniquesfor determininghuman response
to vibrationand subsequentaircraftresponseto gust. The B-I with the
Structuralmode controlsystem (SMCS)on meets these requirementsand with
SMCS off does not meet the requirements. Data from manual and automaticTF
operationsconductedduring low level penetrationsfor short durations (approx-
imately25 minutes) at four conditionswith SMCS on and off and for long dura-
tion (approximately65 minutes)with SMCS on were analyzed.



The performancemeasures consideredincludedTF performanceparameters,

pilot/aircraftperformanceparameters,and subjectiveassessmentsby the pilot.
The motion and vibrationlevel,maneuver spectrum,displayand controlsystem
dynamics,and task loadingwere monitoredto define the environmentalconditions

and system parameters.

The resultsof the data analysisconfirmearlierqualitativeevaluations
that the B-I ride qualitieswith SMCS on are satisfactoryfor the long-duration
low-levelpenetrationin turbulence. The resultsindicatethat satisfactoryTF
was accomplishedfor all of the conditionstested and no significantdeteriora-
tion of TF performancewas measuredwith SMCS off as comparedto SMCS on for
short durations. The subjectivecommentswith SMCS off were less favorableas
comparedto SMCS on and were consistentwith previous subjectivecomments in the
B-I program, to the effect that the SMCS is requiredfor satisfactorycrew
effectivenessin the long-durationmission. The resultshighlightsome of the
first-orderinteractionsbetweenride, handling,and displayqualitiesand
illustratethe importanceof both gust responseand excitationof bendingmodes
by controlmotionsin acceptableride qualityspecification.

Accomplishmentof automaticterrain-following(ATF) and manual terrain-
following 0_I_F)during B-I low-levelpenetrationto date has providedpartial
validationof the B-I ride qualitycriteria. The flight evaluationsconducted
have not includedunsatisfactoryconditionsfor determinationof conditionsin
excess of the criteria. The turbulenceencounteredin flighthas not been high
enough to be representativeof limitingconditions,and the structuralexcitat-
ion due to controlmotions of the B-I aircraft,is not severe enough to permit
assessmentof the criteriaas limits (an aircraftoutsideof the limits is un-

satisfactory).

Additional test data in higher turbulencelevelsand TF evaluationsfor

long-durationpenetrationswith _4CS off are necessaryfor more complete
criteriavalidation.



INTRODUCTION

The low-altitude,high-speed (LAHS)flightenvironmentposes potentially
seriousride qualityproblems for accomplishmentof long-durationmissions.
The persistentthreat in flyingLAHS demands intenseconcentrationby the pilot.
Associated cockpitduties coml?oundthe task loading. The aircraftis subjected
•to motions causedby turbulenceand to maneuver loads imposedby TF. These
motionscan cause problemsof inadvertentstick inputs,pilot-inducedoscilla-

_ tions, difficultyin readinginstruments,pilot fatigue,and body discomfort.
These factorstend to reduce the pilot'sabilityto fly the missionwith
precision.

Aircrafthandlingand ride qualitiesin LAHS flight have been extensively
studiedand reported in the literature. However,very little data are avail-

able for predictionof acceptabilityor performancecapabilityduring expo-
sure to multiaxisvibrationconditionsin the LAHS environment. Ride quality
criteriahave been developedbased upon availabledata, and these criteria
are being used for currentaircraft,includingthe B-I. The developmentof
these criteriais presentedin ref. 4, but the criteriahave not been vali-
dated in any currentapplication.

The B-I programprovidesa contemporaryapplicationof ride qualitydesign
for potentialvalidationof the criteria. Both simulationand actual flight
tests are being accomplishedin the B-I program to demonstrateperformance
capabilityin the low-altitude,high-speedenvironment.

This study covers the second and third phases of the three-phaseB-I Ride
QualityCriteriaValidation/PilotPerformancestudy by Rockwell International
(Rock_¢ell)and NASA. The secondphase covers the analysesof pilot perfor-
mance and ride qualitiesdata obtainedfrom B-I flight tests, and the third
phase covers the correlationof flight test data with simulationdata. The
phase 1 study effortwas completedby Rockwelland NASA in March 1976 (ref. i)
and coveredthe analysesof the data obtainedfrom the B-I flight simulation
tests.
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SYMBOLS

Airframe

cg Center of gravity

Fs Pilot-appliedstick force

g Accelerationof gravity

Ah Clearancealtitude (aircraftminus terrain)

Ah Clearancealtitudeminus desiredset clearance
e

Mn Mach mmber

n , n Accelerationat aircraftcg along Y,Zbody axes
Ycg Zcg

n , n Accelerationat pilot stationalong Y,Z body axes
Yps Zps

(OAn [ Standarddeviationof accelerationat pilot station

\

Zpsl evaluatedat first fuselagemode specificfrequency
f = fl

w , v Vertical and lateralgust velocity components
g g

Y,Z Vehicle body axes

X@, Xi Pitch and roll stick displacements

y Flight path angle

A Wing leadingedge sweep angle

_sp Longitudinalshort-perioddampingratio

_d Dutch roll dampingratio



_n Undamped longitudinalshort-periodfrequency

_d UndampedDutch roll natural frequency

O_urb Turbulence level in m/sec ms -- cr + cr ,
Wg Vg

6H Horizontaltail controlsurfacedeflection

_. Upper rudder controlsurfacedeflection

6R. Lower rudder controlsurfacedeflection
L

_CV SymmetricSMCS vane command
@c

AsymmetricSMCS vane command

6CVd°c Display System

gc TF normal acceleration(g) command

gfeedback Display feedback(g)

Horiz Bar Pitch displayerror into VSD proportionalto (gc - gfeedback)

Vert Bar Roll displayerror into VSD proportionalto (_c - _)

_c Roll angle command

Miscellaneous

, A Vertical and lateralgust sensitivities
z y

H H Vertical and lateralcrew sensitivityindexes
Z' y

rms Root mean square

: S LaPlacevariable

t Time



TD Human frequencyresponsefunction

K System gain

A Incrementalvalue

£ Frequency

Power spectraldensity

E Summation

Standarddeviation

_D ' RMS discomfortindex due to controlsurfaceexcitation
6H

H Ridequality discomfortindex
wg z

z Time constant
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B-I FLIGHT TEST PROGRAM

B-I ride quality and terrain-followingperformanceevaluationdescribed

herei_was planned and conductedas part of the Air Force/RockwellB-I flight
test program to demonstrateB-I penetrativity,and to performtechnologyre-
search in the areas of Bzl handlingqualities,ride qualities,and TF perform-
•ance for the low-altitude,high speed mission environment.

B_I AircraftDevelopment

Of the first three B-I aircraft,only aircraft3 is equippedwith TF capa-
bility and assigned the major TF demonstrationobjectives. The B-I possessesa
number of significantstructuralmodes and unique dynamicresponse character-
istics. These characteristicsresult in responseto turbulenceand control
inputswhich can providean importantdata base in the study of ride quality
criteriavalidation. The ride qualitycriteriaor requirementswere specified
for the B-I to providesatisfactoryride during the long-durationTF penetra-
tion condition.

The ride quality criteria include both a limit on the crew station

response to turbulence, and a limit on the excitation of structural modes at

the crew station due to TF control motions. The specific formulation of the
requirement includes a human transfer function in addition to aircraft response.

The B-I variable geometry configuration provides reduced vehicle gust

response for the penetration condition. In addition, because of the flexible

response of the aircraft, S_S was provided in order to meet ride quality

requirements. Use of the SMCS results in reduced response at the crew station,
whether due to turbulence or control-induced motions primarily through the

increase in damping of the significant fuselage bending modes. The manual
and automatic flight control systems include a prefilter design feature which
reduces adverse excitation of bending modes due to control motions, without

serious reduction of TF maneuvering response capability.

TF has been a primary objective of the B-I flight test program. The ATF

system has been developed during the flight test program as part of low-level
penetration demonstrations. ATF and combined ATF auto/navigation have been
successfully demonstrated. The MTF system has been developed as a backup cap-

ability to ATF to enhance mission completion.



B-I Flight-TestPlans

At the time of recent redirectionof the B-I research,development,test

and evaluation (RDT&E)program, a seriesof selectedMTF runs was incorporated
into the B-I flight test program to furtherevaluateride quality and to
furtherdevelopMTF controlsystemrequirements. The impact of the LAHS en-
vironmentand missionduration on performanceduringTF flightwas to be deter-
mined. This phase of the flight test program includedATF/MTF flightsover a
standardroute (TR 368) with SMCS on and off at flight conditionsrepresentat-
ive of the B-I TF envelope,and ATF_FF flightsover a long-durationcomposite
route (TR 391/360/385)at a penetrationcondition. Air Force and Rockwell

pilots flew thesemissions. With this test programaccomplished,a data base
for criteria evaluationwas available. Validationof criteriaand determinat-

ion of pilot performancebased upon analysisof the data from this phase of
the test programwas the primary objectiveof phase 2 of this contracteffort.

These _FF and ATF runs for both short- and long-timeperiodsprovide data

for measurementof systemperformancein this environment.

The control tasks defined for the pilots in MTF flight were as follows:

perform the blind letdown to the set clearance altitude (122 meters above

ground), trim the aircraft, and perform maneuvers as directed by pitch channel
TF and roll channel navigation commands displayed on the vertical situation

display (VSD) steering cross while maintaining the desired mach number. In
addition, the pilot was required to monitor the system response and perform-
ance with information from the radar altimeter, the E-scope display, audio

climb/dive tones, and other flight instrumentations. High fidelity onboard

recording instruments along with crew co_ents provided the data base for
this study.

Turbulence

The atmosphericturbulenceencounteredin the TF runs conductedto date
was rated as being "light"to '_oderate"with maximum turbulenceintensity
estimatedat approximately1.4 meters per second rms. For a more in-depth
evaluationof ride qualitycriteria limits,a largernumber of TF runs would
have been desirableunder more intenseturbulenceconditions.

8



AircraftSystems

A descriptionof the B-I controlsystems Ce.g.,automaticflight control
system (AFCS),stabilitycontrolaugmentationsystem (SCAS),SMCS, and the '
terrain-followingradar _(TFR)system)are presentedin ref. 1 which covers the

resultsof the previousflight simulationtests. The MTF/pilotcontrol loop
block diagram,which shows the control/displayparametersused in the simulat-
ion and flight test program, is shown in figure I.

TerrainRoute Selection

The B-I test programwas definedto evaluateride qualitiesduring B-I
penetrationsover a wide range of_conditions. _¢o types of test runs from
tJhoseaccomplishedin the currentB-I flight test programwere selectedfor
data analyses: (I) short runs of approximately490 km length of continuous
TF flight,and (2) relativelylong-durationruns of approximatelyI,I00 km of
continuousTF flight. The short-runroute, known as TR-368, is representative
of mild to moderate terrain,which startsnorth of Lake Arrowheadand concludes
before the Salton Sea of SouthernCalifornia. The long route,known as

•TR-391/360/385,is composedof ocean, flat, mild, moderate,and rugged terrain
segments. The long route starts over the PacificOcean, flies over the eastern
edge of Sierra Nevada and ends approximately46 km east of EdwardsAFB.
Figure 2 sh_¢s the route map of TR-368 and TR-391/360/385. Figure 3 shows the
in-routeterrainfeaturesand altitudeprofile, alongwith route segment
designationsand significantterrainpeaks referred to in later data analysis
measurements. Each terrainsegmentdesignatedis 2 minutes in actual flying
time. The instrumentationrecordeddata over these segmentswere processed
into statisticalformat for data analysiscorrelations. These segmentswere
selectedto providevarious terraincompositionand pitch/rollmaneuver com-
binations.

Flight Test Conditions

The test conditionsselectedfor this analysisare shown in table I. Run
. sets 1 and 2 are short-durationruns over TR-368,and run sets 3 and 4 are

long-durationover TR-391/360/385. Run set 1 providesMTF flight evaluation
variationsin the trackingtaskwith three differentVSD gain sensitivities
(seefigure I) with SMCS on. Run set 2 providesdata for MTF evaluationat
variousaircraftweight/flightconditionswith the SMCS both on and off. Run
set 3 providesadditionaldata to evaluate the pilot's abilityto conductMTF
operationsfor longerduration (_approximately60 minutes of time) at the pene-
trationconditionwith SMCS on. RUn set 4 is an ATF baseline data, with the

/
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SMCS on and off over TR-368 and with the SMCS on over TR-391/360/385,to pro-
vide a comparisonwith _ runs. The instrumentedparametersused in data
analysis are listed in table II.

Test Subjects

All of the test pilots who participatedin this flight test evaluation
were currentB-I flight test pilots. Five test pilots (listedas A, B, C, D,
E in table I) flew the short-durationruns, and two additionalpilots (F and
G) flew the B-I for the long-durationruns. The pilots'B-I experienceranged
from 1 to 14 previous terrainfollowingflights.

I0



DATA ANALYSIS

The performancemeasuresused in the data analysisincludedTF performance
parameters,pilot/aircraftperformanceparameters,and qualitativeassessments
by the flightcrew. The environmentalparametersincludedthe aircraftg motions,
system characteristics,and task loadingassociatedwith MFF mission. Data

reductionto providequantitativemeasures of the pilot performance,system
performance,and aircraft"g" motionswere obtainedfrom a frequencyanalysis
program (ref. 6) which provides: (i) mean, (2) standarddeviation,(3) power

- spectral density,and (4) frequencyresponse (gain and phase estimatesof a pair
of time-relatedparameters)from digitizeddata tapes.

Identificationof PerformanceParameters

TF Performance. The primarymeasuresof the TF performanceare the stan-
dard deviation,mean, and power spectraldensityof the clearancealtitudeof the
aircraft above terrain,Ah. In addition,the aircraftaltitudedeviationfrom

the set clearancealtitude,Ahe, and flightpath angle over the prominentpeaks
(see figure 3) were measured from recordedstrip chart data to furtherevaluate
TF performance.

Pilot-TrackingPerformanceand Workload. - The mean, standarddeviation
and PSD of the followingpilot trackingperformanceand workloadmeasureswere
also determined:

(i) Horizontalbare (gc- gfeedback)

(2) Verticalbar_ (_c -_)

(3) Mach number (Mn)

(4) Pitch and roll control stick displacements (X@ and X)

(5) Throttle positions (PLA)

_The horizontaland verticalbars refer to the horizontaland

verticalelementsof the VSD steering cross displacement.

II



qualitativeEvaluationof HandlingQuality and Ride quality. - Pilot
comments includedassessmentin the form of Cooper-Harperhandlingquality
ratings, turbulenceeffectsratings,ride quality comfortratings,and work-
load ratings (appendixA).

System and EnvironmentalConditions

The followingsystem responsecharacteristicparameterswere computedfrom
previouslyavailableanalyticalmodels and comparedwith flight test data 4
where possible.

(I) Crew sensitivityindex (Hz and H)Y

(2) Gust sensitivitiesat the crew station _ andT)" Z Y

(3) Discomfortindex due to controlexcitation (_D_H)

Statisticalvalues (mean,standarddeviation,and PSD) of the following
environmentalparametersand ride-qualityindicatorswere obtainedfrom
measured data.

(I) Pilot seat accelerations (n and n )
Zps Yps

(2) Vertical and lateralgusts (Wg and Vg)

The gust values were estimatedfrom the controlvane measurementsusing
the sensitivityof vane motion due to turbulencefrom the analyticalmodel.

Crew SensitivityIndex (H_.- The ride quality specificationsfor the B-I

are defined in terms of the crew sensitivityindex for crew toleranceto

vertical and lateralmotions,Hz and Hy. Table III presents the B-I design
requirementvalues and the analyticalvalues of N for the aircraft configura-
tion testedwith SMCS on and off. The B-I meets the verticalrequirementof
0.0919and the lateralrequirementof 0.023 with SMCS on but not with SMCS
off. The H-requirementfor the B-I is a single'pointdesign requirement
addressingthe crew toleranceto long-durationpenetrationin turbulence.
The developmentof the H requirementfor the B-I is based upon providinga

ride discomfortindex,_wg Hz, less than 0.11with the gust intensityexpected
during TF at a probabilityof 0.20. The ride discomfortindex scales (_wgHz)
are presentedin appendixB with a brief descriptionof some _hysiolo_ical
effectsas derivedfrom both simulatorand flight test data. A more detailed
discussionof the developmentof the H criteriacan be found in ref. I, 2, 3,
and 4.

12



Since the initiationof the B-I program, a similarride smoothing
requirementhas been publishedin the flight controlsystem specification
MIL-F-949OD,ref. 8 coveringboth short- and long-durationmissions.

RMS discomfortdue to ControlExcitation(_D_H).- In additionto the crew

sensitivityindex for gust response,anotherparameterused in the B-I ride

quality criteriais the discomfortindex, _D6H. This discomfortindex is a

measure of pilot discomfortcausedby the horizontaltail control surface

inducedexcitationof the flexibleaircraftstructure. The _D_H expression

is definedin table III. The parametercontainsstructuralmode motions only

(a more detailedexplanationcanbe found in ref. 5). The _D_H values for
SMCS on and off are shown in table III. These values were determinedfrom the

analyticalstructuralresponsemodel using the transferfunctionof structural
mode motion due to controlsurfacedeflection,and test data of the PSD of
controlsurfacemotion requiredfor terrainfollowingfrom simulatortest. The

values of _D_H meet the Bzl requirementof 0.021 with SMCS on and off. The

SMCSon and off values are well below the B-I requirementvalue.

Motion Levels and TurbulenceEncounteredDuring Flight.- The standard
deviationsof the measured accelerationsat the pilot seat and the estimated
turbulencelevels are shown in figures4 and 5 for SMCS on and off. Analytic-
ally computed crew stationaccelerationsversus turbulences(solidlines)
obtained fromATF simulationruns are also plotted in the figuresto show the

expected trends. The value of an for no turbulenceis the maneuver load
Z S

required to followthe terrainprofile for that level of terraindifficulty.
The _n versus _w over the ocean would have a linear relationship(equal
- Us g

to Az) since no maneuverload is requiredover water. The non-linearcurves
over various types of terrainresult from the approximationof

I(_nZps) I a_nz g)2 Ii/2

= 2 + ps A_w
_n __w
ZPs due to maneuver _ g

Typicalpower spectraldensitiesof the pilot seat accelerationsare shown in
figures6 through 9. Figures6 and 7 are the 0n and 0n which were

Zps Yps
obtainedover the ocean with SMCS on and off; and figures8 and 9 were obtained
from data over terrainsegmentB i, route TR-368,with SMCS on and off.

At very low frequency,below 0.5 Hz, the primarycontentof the pilot
station accelerationPSD is due to the aircraftmaneuveringrequired to conduct

terrainfollowing. In the aircraftresponserange of 0.5 to 1.0 Hz, the

13



short-periodmode, and at frequenciesabove 1.0 Hz due to structuralmotions
primarilydue to turbulenceand to a smallerdegree due to controlsurface
motions.

Figure i0 shows the dynamicrelationshipof the _nzn_ and _nZcg of the

B-I aircraftunder various terrainand turbulenceconditionsduring TF flight.
The higher accelerationat the cg locationversus the pilot seat is attributed
to the aircraftcenter of rotationdue to both gusts and controlmotionsbeing
forwardof the cg at low frequencies. The flighttest data show more addi-

tionalmotions in the short-periodfrequencyrange due to small amplitude
residualoscillationtendenciesthan does the analyticalmodel.

The turbulencelevelsestimatedduring these flightsare plotted against

the terrain classificationtypes in figure Ii to show the probabilityof
encounteringa given turbulencelevel over severaltypes of terrain. The data
shows that low turbulencelevels exist for milder terrain,and higher
turbulencelevelsexist over rougherterrain. These resultsare in general
concurrencewith the gust intensitydistributionsreport in ref. 9.

Classificationof Terrain Roughness.- Two terrainroutes frequently
used in the currentB-I flighttest programwere selectedfor the TF perform-
ance analyses. Although these terrainrouteswere not previouslysimulated,
an evaluationof terrainroughnessis possible. The two terrainrouteshave

segments of terrainfeaturessuch as ocean, flat, mild, moderate,and rugged
terrains. The maneuver load factorrequiredfor automaticterrainfollowing
over these segmentswas used to define a terrainroughnessfactor. This ter-
rain classificationwas used in the previoussimulationstudy (ref.I) and is
convenientfor comparisonof resultsobtainedover differentterrainroutes.

Maneuver load factor (_nzc _ g) measured
Terrain type duringATF fligh_

Ocean 0 to 0.i

Flat 0.I to 0.2

Mild 0.2to 0.3

Moderate 0.3 to 0.4

Rugged > 0.4

Table IV identifiesthe terrainclassificationfor each terrainsegmenttested.

14



Differencesin Afrcraft Responseand EnvironmentalParametersExisting
BetweenFlight Test and EarlierSimulatorTests

The analyticalvalues of A, H, and _D_H which representthe flight/
simulatedaircraftare shown in table III. The H values with SMCS on meet

the allowablerequirementlevel. With SMCS on, the Hz values of the flight
test aircraftand simulatedaircraftare similar. The correspondingHy values
are also similar. However,with SMCS off, the Hz and Hy values differ signi-
ficantlyprimarilydue to the differencein the first fuselagemode frequencies
of the present flight test aircraftand that previouslysimulated. With the
flight test aircraft,the human frequencyresponsefunctionof Hz is larger
at 2.7 Hz than at 2.0 Hz while the functionof Hy is lower at 4.8 Hz than at
2.6 Hz as shown in table III. This differenceis not noticedwith SMCS on

because of the increaseddamping (reducedresponseof the first fuselagemode)

in bofh flight test and simulatedaircraft. The OD_H values meet the
required levelswith S_S on and off. The flight test aircraftvalues are
lower than those of simulatedaircraft. The lower flight testvalues are also
a result of the differencein the structuralmode frequency. However in this
case, the power spectraldensity,_6H(_) at 2.7 Hz is much lower than at 2.0 Hz

resultingin a lower _D6H, as shown in table III. The accelerationenviron-
ment measured at the pilot'sseat during flight test (figures4 and 5) and
during earliersimulatedtests (figuresI0 and II of ref. I) are substantially
differentprimarilydue to the low-frequencyregionwhere the terrain-following
maneuver loads cannot be simulatedin a limitedamplitudesimulatormotion
system.

In the simulatorprogram, a wider range of turbulencelevelswere

evaluated. The maximum_w_ encounteredin flighttest was approximately
1.4 m/sec versus 2.13m/se_ evaluatedin the simulatorstudy.

"IReVSD presentationassociatedwith the MFF tracking taskswas essentially
identicalbetween flight test and simulator. The flight test tasks included
TF monitoringon the E-scope,which was not includedin the simulation. The
E-scopeprovidesboth a perfo_nanceconfidencefactorand terrainanticipation
to the pilot; however,this displaywas not availablein the simulatorprogram.

In flight test, the TF system has an inherent fly-high bias of approxi-

mately 6 meters throughout the TF flight test program. This will cause some
difference in the average TF clearance altitude con_arison data between flight
and simulator results.

15



FLIGHT TEST PERFORMANCERESULTS

Performancewith SMCS On and Off

The resultsfrom run set 2 are summarizedin tableV for four different
conditionswith SMCS on and off. The aircraftlongitudinaland lateral-
directionalshort-periodcharacteristicsfor these conditionsare as follows:

Flight
Parameters 3-71 3-72 3-73 3-77

_n' rad/sec 4.6 4.8 4.3 2.8

_sp 0.423 0.415 0.456 0.420

Fs/g, newton/g 49.8 49.4 52.1 86.0

oid 2.4 2.4 2.1 1.8

_d O.33 O.33 O.40 O.42

Terrain followingat these conditionson flights 3-71, 3-72, 3-73, 3-77
was flown by four differentsubjects,B, C, D, and E (see table I). Each TF
run was conductedfirst with the SMCS on, followedby the SMCS off, over
TF-368 using the same subjectfor both runs.

The altitudeperformance(OAhe)from table V shows a small but consistent
improvementon all three flightswith SMCS on as comparedto SMCS off. The TF
performancemeasurementsof Ahe and y over the TR-368 terrainpeaks (seefig-
ure 3) are shown in figure 12. In the figure,three MTF flightsplus one ATF
run are comparedwith SMCS on and off. These specificTF performancemeasure-
ments show a wide variationin performanceover the entire run with approxi-
mately the sameperformancelevel with SMCS on and off. The ATF runs show a
smallerdeviationover the terrainpeaks than the MTF runs.

The other pilot trackingperformanceparameters,Ohoriz bar and OX8, from
table V show a smallerdisplayg error and stick displacement,with SMCS on
during flight 3-72 and 3-73. However, flight 3-71 appearsto contradictthe
performanceimprovementmeasuredwith SMCS on comparedwith SMCS off.
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The effectsof SMCS and turbulenceon pilot ratingscan be seen by
comparingthe Cooper-Harper,turbulenceeffect,and ride qualitydiscomfort
ratingsagainst the accelerationat the crew station,and ride discomfortindex
values, as shown in table V and figures 13 through15.

The turbulenceeffect ratingsand the ride qualitycomfortratingsdo not
appear to be influencedby the magnitudeof the total pilot seat acceleration,
_n- , but do exhibita reasonablecorrelationwith the accelerationsdue toLS
st_ctural motions as representedby the estimatedride discomfortindex,

_Wg Hz, or the power spectraldensityof the accelerationdue to first fuselage

bendingmode motions (_nzps)f=fl-

The pilot ratingsobtained from these tests are shown as a functionof the
estimatedride discomfortindex,_w_ Hz, in figure13. The ride qualityrating
data with SMCS off shows a generall_poorer rating than the data with SMCS on

even though the maximum value of _Wg Hz is 0.118,which is well within the sat-
isfactoryrange as given in appendixB. Extrapolationof the data would indi-
cate that if evaluatedin higher turbulencelevels,the ride qualitywould not
be satisfactorywith SMCS off even for the short durationruns. The estimated
value of P_S discomfortdue to controlexcitationis small with SMCS on or off

and thereforenot significantin the pilot ratings.

The handlingqualitycomments indicateno rating changeswith_wgHg for
flights 3-72, 3-73, and 3-77, but on flight 3-71, a significantlypoorer
Cooper-Harperrating is shown in both the SMCS on and off runs with a larger
•deteriorationin rating shown in the SMCS off case. Review of the pilot
comments indicatethat PIO tendencieswere experiencedby thepilot during
flight 3-71, and this was the primary reason for poor Cooper-Harperrating.
The evidenceof this PIO caused by inadvertentinputs due to structuralexcita-
tion is seen on the time historytraces shown in figure 14. Thisdata includes

a portionof the crew stationacceleration(nzDs)and pitch stick (X_) traces
taken over terrainsegmentsB 1 (SMCS off) and-B 2 (SMCS on) of route TR 368
during flight 3-71. The data show a continuouscrew stationaccelerationof

3 Hz motionsaccompaniedby either an occasionalburst of 3 Hz orstep t_pe
of stick movements. These oscillationsappear to be due to both the turbu-
lence-inducedand controlstick-inducedeffects. Similartime history traces
for other tests on flights3-72, 3-73 and 3-77 were examinedbut indicatedno

apparent stick-inducedmotions. The PSD of the nzps over the terrainsegments
B 1 and B 2 flight 3-71 is also shown in figure 14. The figurealso shows
the rms measurementof the 3-Hz vertical accelerationat the pilot seat. This
parameterwas computedfor run set 2 data and also tabulatedin table V.

Figure 15 shows the Cooper-Harperand ride-qualitydiscomfortratingsplotted
against this potentialindicationof PIO or adversestructuralexciation. The
ride qualitydiscomfortrating deteriorationshowedan overalltrend with this
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measurement,but the handling qualityratingsdid not. Furtherseparationof
the gust-inducedand control-inducedmotions appearsto be needed to develop
a PIO or adversestructuralexcitationpredictorfrom the data.

PerformanceDuring Long-Duration_ssi0n Runs

The data from run sets 3 and 4 were processedinto statisticalform (o

and mean) for each previouslydefinedsegment. The significantparametersare "
tabulatedin tablesVI, VII, and VIII. Other TF performancemeasures including

the averageof the deviationfrom set clearance, [Ahel,and flightpath angle,
y; over the selectedpeaks, taken for each i0 minutes of elapsedtime, were "
measured for comparisonpurpose. The relationshipsbetween terrainsegments,
selectedpeaks, and range (or time) are shown for run sets 3 and 4 in figure 3.

Figure 16 is the plot of o values of Ah, horizontalbar, and ×@ measures
obtained for each segmentnumber for two MTF (subjectsF and G) runs. The o
value of Ah is also provided for the ATF run for comparison. Figure 17 is the
TF performanceover the terrainpeaks plotted versusmission times (10-minute
time slice). Figure 18 shows the workload,turbulenceeffect,and ride quality
comfort ratingsagainstflightphase durationtime. These data were repre-
sentativeof SMCS on conditions. It shouldbe emphasizedthat since the data
representonly two MTF and one ATF runs, any conclusionsreachedwill be
tentative. The trends observedfrom these data are as follows:

(i) SatisfactoryMTF performancewas accomplishedduring these low-level
penetrationsin turbulence. The level of MTF altitudeclearancewas similar to
ATF performanceduring this evaluation.

(2) For the conditionstested,therewas no significantchange of
performance (OAhand Ohoriz bar) towardthe end of these runs as comparedwith
the beginningof the runs.

(3) The work load and ride qualityratingsshowed a trend (deterioration)
with mission time. The accompanyingcommentsincludedthe effect of pilot
fatigue. The turbulenceeffect rating showed no change for the one-hourmission.

(4) There was some evidenceof a gradualincreasein trackingerror

(Ohorizbar) and an associatedreductionin stick controlactivity (OX0)with
time.

(5) SubjectG had very little prior B-I MTF flying experience (one flight)
before accomplishingthe long-durationrun. Observationof his performancedata
indicatesthat the oNa and Ohoriz bar data during the middle of the run (see
figure 16) was improvedrelative to performanceat the beginningfor similar
terrain (segmenfs:i, 2, 6, and 8). SubjectG,consistentlyballoonedover the
peaks (figure17), but the amountof ballooningdecreasedthroughoutthe
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mission. Toward the end of the route, a slight degradationin TF performance
is evidencedwith altitudedeviationbelow the set clearanceat the peaks. Thi.,
was causedby degraded operationof the left TF channeland not deterioration
in subjectG performance.

(6) Subject F performedbest at TF trackingat the beginningof the run
versus the end of the run (i.e.,segmentsi, 2, 6 and 3, 5, i0). SubjectF
commentedthat the workloadvaried significantlywith terrainfeaturesand his
right wrist became very tired in approximatelyi0 minutesover rugged terrain.
Observationsof the flight test data indicatethat the mean stick position
for subjectF was offcenteredby 0.4 cm or 20 newtonsof steady force applied
onto the stick for the first half of the mission.

This stick displacementforce (due to A/C out-of-trimcondition)was
not reflectedin pilot trackingperformance(figure16). However, it could
explain the pilot's commentconcerninghis tired right wrist.

(7) SubjectF's commentsin the postflightquestionnairesheet in response
to the question "_nat aspectsof your assignedtask requiresthe most effort"
was "Most effort was concentrationon the tasks and resistingdesire to relax
a bit. Pilot must stay alert to steering cross commands,roachnumber,etc,
at all times." Boredomor relaxationas a possiblesource of performance
deviationas reportedin previoussimulationstudies (ref. I0, II, and 12) must
be ruled out in the actualTF mission.

(8) Performanceduring turns (segment4, 5, 8, and Ii) as comparedwith
those segmentswithout turns over the similarterraintypes showed very little
indicationof pitch-trackingdegradationassociatedwith combinedpitch-roll
tasks during turn maneuvers.

(9) The MTF (runset 3) and ATF (runset 4) TF performancecomparisons
are plotted in figures16 and 17. ATF data were measuredto providea base
level of performance. In general,the ATF providesmore consistentperfor-
mance. The MTF flightsresultedin ballooningover the terrainpeaks as
opposedto near level for ATF runs (referto y values in figure 17). Varia-
bility in y over selectedpeaks was also significantlygreaterduring the MTF
runs versus the ATF runs.

(i0) The mean value of the MTF trackingerror (horizontalbar) was con-
sistentlynegative (approximately-0.05 g in dive command)during the long
durationruns for both subjects.

(ii) Satisfactoryaircraftspeed control (within0.05 AMn) was maintained
by the pilot using manual thrust controlduring the long durationTF tracking
task. The speed was maintainedcloser to the referencespeed during ATF than
during MTF.
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COMPARISON OF FLI@[F TEST (PHASE II) WITH SIF4KATOR (PHASE I) RESULTS

Test ConditionDifferences

Severaldifferencesin the conditionwhich existed for these tests are
listedbelow:

(I) The analyticalmodel availableat the time of and simulatedin the
analysisof data in phase I, was substantiallydifferentthan the presentB-I
analyticalmodel. The vertical gust responsecomponentdue to first fuselage
bendingmotion was near 2.0 Hz (figure13 in ref. I) insteadof the present
2.7 Hz. (See figure 8.)

(2) The analyticalvalues of the ride quality index from flight are
compared againstthe index values used in the simulatorstudy in t_ableIII. The
crew sensitivityindexes,Hz and HV, and the analyticalvalue of A were in
close agreementfor the SMCS on case. The aircraft gust sensitivities,Az and

Ay, measured in flight test were higher than those measured from the simulator
motion system. The simulationreproducedthat part of the LAHS environment
contributedby structuralmode motions due to gusts and controlinputs. The
primarymotion factorsnot includedin the flight simulationare the lower
frequencyterrain-followingand aircraftdampingmotions.

(3) The characteristicsof the TF trackingtaskwere differentthan

previouslysimulated (figurei). The parametersof the MFF systemwere
modified during the early flight test developmentto provide good flight test
performance. Becauseof these differences,correlationof the detailedresults
in some cases was not possible.

(4) The flightsimulationdoesnot includethe many actual missionstress
factors (ref. 13) which are importantin !ow-levelflying,and the limiteddata
availablein this study showeddifferencesin pilotingtechniquewith a much
tighter controlin flighttest.
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Resultswhere GeneralConcurrencewas Obtained

Some of the resultswhich showed generalconcurrenceare as follows:

(i) The ride qualityratingswith SMCS on were satisfactoryfor both
short- and long-durationruns in both flight test and simulation. The ratings
with SMCS off were somewhatdegradedbut were satisfactoryfor the levelsof
.turbulenceencounteredin flight•

(2) The handlingqualitiesratingswith SMCS on and off from flighttest
were consistentwith the data obtained from the simulationstudy. At low
levelsof turbulence,the handlingqualitiesare satisfactory. At higher levels
of turbulence,a PIO tendencYcan result in degradedflyingqualitiesratings.

(3) Generalconcurrenceon the acceptabilityof the B-I ride for

accomplishmentof the missionwas achieved.

(4) Generalagreementwas achieved in the need for limitationon the
couplingof the bendingmodes and control inputs.

Resultswhere Differenceswere Noted

Severaldifferencesin the qualitativeand quantitativeresultswere as
follows:

(I) In flight test, the pilots suggestedthat the upper time limit for
uninterruptedLAHS MTF (SMCSon) by a pilot withoutrelief from the copilotis
from i0 (subjectF) to 30 minutes (subjectG) for rugged terrainand 30 min-
utes (subjectF) to 2 hours (subjectG) for flat terrain. In the flight simu-
lationprograms of phase I, long-durationruns (up to 4 hours)were accomplished
by singlepilots althoughthe pilots reportedonset of fatigueeffectsafter
about 2 hours.

(2) In flight test, the continuouscontrolmotionswith large pitch
controlforces resultedin extremeforearmfatigueduring long-durationMTF
runs. Typical time historiesof trackingerror signal (horizbar) and pilot's
stick deflectionobtained during flight and simulatortests are shown in
figure 19. These traces show the pilot's stick responseto the trackingerror
signal. In the simulatortest, the pilot's stick movementshows a very low-
frequencybehaviorwith relativelysmooth changesin responseto horizontalbar
movement. In flight test, the controlstick movementappearscontinuously

active. Also a steady offcenteredstick as seen in the flight test data (fig_
ure 19) partly explaineda reason for increasedfatigueas comparedto the
simulator.
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(3) The standarddeviationof Ah and horizontalbar from flight and
simulatortests are comparedin figures 20 and 21. Largervariationsof

OAh and Ohoriz bar are seen in the flight test data for a given value of Onzcg.
This may be attributedto severalfactorsincludingfly-highbias in TFR
computer,pilot fatigueand stress,and differentflyingtechniques. The ATF
data points from flight test correlatecloselywith the simulatorresults
when the fly-highbias is taken into account.

Comments on PreviouslyIdentifiedParameters

In the phase 1 flight simulatorstudy, two new parameterswere identified
which could be useful in predictionof aircraftride and handling qualities.
These parameterswere postulated from the resultsof parametervariationswhich
were evaluatedin the simulationprogram. The resultsof the simulationprogram
showed that deteriorationof pilot ratingcould be relatedto the magnitude
of the phase lag in the TF feedbacksystem for severalvariationsof feedback
(figure24 of ref. i), and that the pilot ratingswere sensitiveto a crew
discomfortrelatedparameter (figure25 of ref. I), which is similarto the

B-I OD6H requirement. These values during flight test were measured and com-
pared againstsimulatorresults. The phase shift of the MTF feedbacksystem
developedfor flight test was measured to be -63 degrees. The increasedphase
shift is due to the increasedlag in the stick feedbackfrom 0.5to isecond
and modificationof the stick to g feedbackgain ratio. (See figure i.) The

Cooper-Harperrating predictedfor this amount of TF feedbackphase shift
based on simulatorresultswas 4.5 (figure24 of ref.I) which agreeswith the

flight test generatedpilot rating. A "slight"PIO commentwould also be
predictedfor this level of phase shift. (See table V of ref. i.)

In flight test, Cooper-Harperratingsfor the system evaluatedvary from
2.0 for conditionswhere no PIO tendencyis present to 4.5 for a case where

the pilot had experiencedthe PIO. The secondparameterwhich is related to

the B-I °D6H requirementalso appearsto be validatedby the flight test
results in that improvementin ride and handlingqualityare providedwith

SMCS on versus SMCS off. Amplitudeof the nzps to X@ transferfunctionmea-
sured at 3 Hz from the flight results indicateapproximately0.36 g per cm
with SMCS on, and 0.68 g/cmwith SMCS off.

Commenton DisplaySteeringSensitivity

Although not reportedin the previous flightsimulationstudies, the

displaysteeringsensitivitywas found to be an importantparameterfor
satisfactoryhandlingqualitiesduringmanual terrainfollowing. Variationsof
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this parameterwere accomplishedin flight test to select the optimumfor
further terrain-followingevaluation. Flight test data are availableand are
reportedhere in figure 22 for testswith three levels (A, B, C) of VSD gain
sensitivitywith SMCS on (runset I). The followingsignificantresultswere
obtained:

.; (I) The TF performancedata obtainedfrom flight showed the "B" setting
was the optimum,based upon both pilot ratings and performance. The "A"
settingtends to cause ballooning,and the "C" settingtends to result in

clippingover the terrainpeak. (See_ values in figure 22.) These results
verified the resultsof the simulationstudieswhich also showed the "B"

settingto be optimum.

(2) The pilot workload (_X@)and g error (ohorizbar) showed an increas-
ing amount of Ohorizontalbar, and an increasingamount of stick movement for
sensitivityhigher or lower than optimum.

(3) The pilot's gain (Kpilot)shows pilot compensationfor the change in
VSD gain. The pilot loop controlgain (KVSD Kpilot)remained approximately
constant (= 4.4 cm/gc).
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SUMMARY OF SIGNIFICANT FINDINGS

Satisfactory manual and automatic terrain following were accomplished in
the B-I aircraft at low-altitude, high-speed flight conditions in turbulence

during B-I penetration mission evaluation. The terrain routes included a

range of terrain roughness representative of future penetrator requirements.
The data obtained indicated satisfactory levels of terrain clearance and

display tracking error for the B-I terrain-following conditions, including the
long-duration run.

The B-I analytical models show that the B-I with SMCS on meets the ride-

quality requirement of H--z<0.0919and Hy <0.023 and _D6H <0.021. These re-
quirements are not met with SMCS off. Qualitative evaluation of the B-I with
SMCS on indicates that the ride qualities are satisfactory for the long
duration mission. The B-I characteristics with the SMCS off or failed are

not considered satisfactory for B-I penetration.

The development of this ride quality criteria, as given in the literature,
is based upon early research on tolerance to sinusoidal vibration. The struc-
tural response characteristics of the B-I at the crew station, as seen in the

flight data, show a strong 2.7 Hz component in the vertical axis and a strong

5 Hz component in the lateral axis due to bending in the first fuselage modes
in the vertical and lateral axes. The SMCS is very effective in reducing

the response on these modes. Because of this single-mode response character-
istic, the flight evaluation concurrence with previous ride quality criteria
development work and tolerance to sinusoidal motion studies appears to be
reasonable.

The data analyzed from the flight evaluations of this study provide
"limited" validation of the gust-response criteria. For the levels of tur-

bulence which existed during these flight evaluations, no significant deteri-

oration in TF performance was measured with SMCS on or off. The ratings
indicated degraded condition with SMCS off and, when extrapolated to higher
turbulence levels and long duration, would indicate unsatisfactory character-
istics with SMCS off. Additional evaluations in higher levels of turbulence -

are necessary for more complete criteria validation.

Satisfactory TF performance and crew comments during automatic terrain

following and manual terrain following including the long-duration runs provide
limited validation of the bending mode excitation requirement. However, the

data showed a strong ride quality-handling quality interaction related to
excitation of the first fuselage bending mode near 2.7 Hz. Pilot comments on
PIO were received under certain conditions. Degraded flying quality ratings

and degraded ride comfort ratings accompanied t_hesecomments.
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The analyticalmodel of the B-I has been upgraded during the B-I program
as additionaltest data have become available. Recent flight test data have

been obtainedfor this specificpurpose in order to provide an analyticalmodel
for B-I ride qualityrequirementcompliance. Therefore,at this date, the
analyticalmodel show_ excellentcorrelationwith system dynamics (damping,
frequency)and response to control inputs. A directmeasurementof gust
intensityhas not been accomplishedin the B-I programand, therefore,the
gust responsehas not been officiallyvalidatedbased upon flight test data.
Although not validatedby test data, the comparisonof the shape of the power
spectraldensitydata, flight test versus analyticalmodel, is very good, and
a high confidenceexists in the gust response level correlation, l_is quasi
validatedmodel provides a techniquefor estimationof the turbulencelevel
and was used in this study.

Analysis of the flight test data shows the expected_FF and ATF perform-
ance variationwith terrainroughnesswith SMCS on or off. The estimateof
gust levels encounteredshowed gust intensityas a functionof the terrainas
expected (low levels for over the ocean and higher levelsfor rugged terrain).

Deteriorationof performancedue to boredomhas been reported during
simulatedflightsin ref. I0, II, and 12. Inflightboredomwas not a factor
in the B-I flight test results.

Flight test resultsconcur in generalwith the resultsobtainedfrom the
BII terrain-followingsimulationstudy. Generalconcurrenceon the accept-
abilityof the B-I ride for accomplishmentof the missionwas achieved.
Although there were some differencesin conditionsevaluated,the results of
the simulationdid not result in performanceconclusionsconflictingwith
those derivedfrom the flight test data.
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CONCLUSIONS

Analysisof data from selectedflightsduring the B-I flight test program
provided the basis for evaluationof q_antitativeand qualitativeperformance
under realisticlow-levelpenetrationconditions. This evaluationled to the
followingconclusions:

(i) The B-I ride qualitycriteriaprovideda satisfactorydesign for
long-duration,low-levelpenetration. Satisfactoryterrain-followingperfor-
mance in flight test and flight simulationprovide limitedvalidationof the
criteria.

(2) The resultsof this study,when extrapolatedto h_igherturbulence
levels and longerdurationswith SMCS off, indicatepossiblevalidationof the
criteriaas an upper limit value. Additionalevaluationin higher turbulence
is necessaryfor this more completevalidation.

(3) Fatigue is a very importantfactor in long-durationmanual terrain
following,in particularwith relativelyhigh pitch controlforces. Continuous
long durationMTF would require a copilotto time share the MTF trackingtask.
Considerationshould be given modificationof handlingqualitiesrequirements
for controlforces to reduce pilot fatigueduring MTF.

(4) A handling/ridequality couplingexists in the B-I low-level
penetrationpotentiallynot addressedvia existingcriteria. This coupling
with the first fuselagebendingmode in the B-1 appears to be related to both
pilot techniqueand aircraftresponse. Parameterswhich quantify this coupling
were identified.

(5) The dynamic characteristicsof the TF trackingcontroltasks are
significant in handling/ridequality evaluation. A parameterto quantify these
dynamicswas identifiedbut not validated.
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b. Turbulenceeffectsrating scale

I

Increase of pilot Deterioration of task

effort with performance with

turbulence turbulence Rating

No significant No significant A ,
increase deterioration

No significant B
deterioration

More effort Minor C

required

Moderate D

Moderate E

Best effort Major (but evaluation F

required tasks can still be

accomplished)

Large (some tasks G

cannot be performed)

Unable to perform tasks H

c. Ride quality comfort rating scale (ref. 7)

I I I I I i I
0 l 2 3 4 5 6.

• Zero discomfort Maximum

• Comfortable discomfort
• l_eutral
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APPENDIX B - RIDE DISCOMFORT INDEX SCALE - REF. 4

Aircraft Mission performance

aag_z Acceptability & crew effort Physiologicaleffects

0.07 Acceptable for Mission performance No effort on normal tasks.
unlimited exposure not affected

".14 Acceptable normal Mission performance No effect on normal tasks, writing becomes
operation adequate difficult, small dials become difficult to

read.

.21 Acceptable normal Adequate for mission Normal tasks still possible. Manual control
operation not success, reasonable demands considerableattention and psycho-

exceeding allow- performancerequires meter coordinationis reduced. Time to
able exposure time considerablecrew read instrumentsand displays and adjust

concentration controls increases. Small dials unreadable,

eventual setting-inof fatigue.

.28 Unsatisfactory Adequate for mission Limits of effective tracking - Manipulation
for normal success, but requires of controls and other psychometertasks

operations, max available pilot/ requires bracing of allns and legs and
unacceptable crel¢ concentration to movements become deliberate. Pilot looks
when exceeding achieve acceptable foncard with only brief glances at instru-
allowable performance ments which cannot be read accurately.
exposure times Cross checks are slowed down and tolerances

widened. Rapid increase in fatigue.

.35 Unacceptable Inadequate performance Beginning of unworkable level - Control of
except for for mission success, aircraft requires full pilot attention.
emergency aircraft controllable other than stick and throttle control almost
conditions with minimum cockpit impossible. Pilot will establish hierarchy

duties of tasks. Attention cannot be diverted from

tracking task without immediate deterioration

.42 Unacceptable Aircraft just Performance levels low and all tasks
dangerous controllablerequiring impossible except for gross adjustments.

max pilot skill, Displays difficult if not impossibleto
mission success read, concern for structural integrity.
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TABLE I. - SU_IARYOF FLIGHT TEST CONDITIONSANALYZED

Subjects Controlaxes
Run (pilot/ DisplayMTF Duration
set Flight copilot) Terrain Pitch Roll Speed system SMCS (minutes) Purpose

1 3-65 A TR-368 _FF Manual Manual VSD(I) On 20 Display
Nay sensitivity variations

variations

2(2) 3-71 B
3-72 C/D Manual IOff) Nominal B-I

3-73 D/E TR-368 MTF Manual B-I baseline IOnl 20 MTF evaluation3-77 B/C Nay

3 3-68 F TR-391/ Manual Nominal B-I
-360/ MTF Manual B-I baseline On 60 long-duration

3-74 G -385 Nay evaluation

{On}4 3- 64 C TR-368 Auto Off ATF/MTF

5-76 C TR-391/ ATF Manual B-1 baseline ,IOn }- 360/ Nav, 60 comparison

-385 [

Pitch axis Roll axes

(1)VSDgain sensitivities: I"A" 2.87 cm/g 3.05 cm/30 deg roll

"B" 1.78 cm/g 1.14 ca/30 deg roll"C' 0.97 cm/g 1.02 ca/30 deg roll

(2)Fourdifferentflight conditions: 3-71,A/C weight = 127 Kg, 3-72, A/C weight = 120 Kg _Mn=0.85
3-73,A/C weight = 149 Kg _-=65 °
3-77,A/C weight = 118 Kg, Mn=0.65,_=55°



TABLE II. - FLIGHTTEST PARAMETERSRECORDEDAND REDUCED
FOR DATA ANALYSIS

Form of data
reduction

Instrumen- Mean and
Parameter tation Instrumentation Time standard

identification no. parameters history deviation PSD

TF performance MI010 Radar altimeter,Ah _ _ /

MI005_ Altitude deviationfrom
4

MI010J set clearancealtitude
measuredat terrain

peak, Ahe

M1415 Flight path angle,Y

Pilot/aircraft M1218 Pitch trackingerror, / / /
performance horiz bar

A2009 Normal load factor at / / /

cg, n
Z
cg

X3002 Pitch stick position, / / /

x@

Environmental A2006 Normal and lateral / /
A2007 load factorsat

pilot's seat, nz , n
ps Yps

Control C0918 Horizontaland rolling _ / /

surfaces C9019 tail deflections,aH

and 6H'
MI031 Vertical and lateral / / /
MI032 control vane command

deflections, 6C-,g_c

and 6CV_c
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TABLE III. - RIDE QUALITY INDEX COV_ARISONS

FlightTest SimulatorTest

B-I Design (Estimated) (Ref. I)
Requirement SMCS SMCS SMCS SMCS

Off On Off On "

Hz (perm/sec) i 0.0919 0.1296 0.0853 0.1006 0.0869

Hy (perm/sec) ! 0.0230 0.0282 0.0210 0.0404 0.0207

!0.0210 0.0110 0.0037 0.0171 0.0056

_D_H

Analytical 0.1560 0.1024 0.1740 0.0984
_z (g/m/sec) Measured 0.0400 0.0276

Vertical frequencyfl (hertz) 2.7 2.0

_y (g/m/sec) Analytical .0509 .0420 0.0804 0.0505
Measured 0.0184 0.0118

Lateral frequencyfl (hertz) 4.8 2.6

Effects of mode frequency change resulting in a different ride quality
index between flight test and simulator - SMCS off:

1/2
2

rD( ) €gust
fl = 2.

Hz(flt)_-__ _ = 1.2
Hz(sim) 2

TD(_)
qbgust(_) fl = 2.(

qbgust(aO fl = 4.
_y(flt) _ = 0.4

_y(sim) TD(_) 2 6]_gust(_)fl = 2.
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TABLE III. - RIDE QUALITY INDEX COMPARISONS - Concluded

IT _6H 1 1/2

D(_) 2 (_o)

a fl = 2DsH(flt ) __ • = 0.85

_ aD_H(sim) ITD(W)2_6H(_) 01fl= 2.

Definitions:

1/2

Gust _ _ 1 ]TA/p(W) 2
sensitivity agust *gust(w) d_

1/2

[,Crew _ _ 1 ITD(W)12 [TA/p(_O)12*gust(W) dcosens i tivi ty agus t

p_s aD = ITD(m)12 ITA,_p(W)12_6H(m)
discomfort 6H

due to 6H

agus t = rms gust velocity

TD(m = human frequencyresponsefunction

ITA/p(_) = crew compartmentaccelerationfrequencyresponse
function

'_ l_1[TA_P(°°) = crew compartmentaccelerationfrequencyresponse
functiondue to controlsurfaceexcitation(accel-
erationdue to structuralmode motion only)

€gust (_) = turbulence spectrum of unit rms gust velocity

¢6H(_) = p_¢er spectraldensityof surfacedeflectionduring
ATF over rough terrain
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TABLE IV. - IDENTIFICATION OF SEGMENT NUMBER AND TERRAIN CLASSIFICATION

(b) Cb)
Maneuver Maneuver

Load Terrain Load Terrain
Training Segment _an Classifi- Training Segment _An Classifi-

route (a) Zcg cation route (a) Zcg cation

TR-391 0 0.072 Ocean TR-368 A 0,331 Moderate
1 .451 Rugged B1 .319 Moderate
2 .455 Rugged B2 .206 Mild
3 .382 Moderate C .312 Moderate

TR-360 4 .114 Flat

5 .365 Moderate

6 .431 Rugged

TR-385 7 .209 Mild

8 .418 Rugged
9 .224 Mild
i0 .324 Moderate
II .137 Flat

(a)Eachsegmentselectedhas 2-minuteintervalfor data analysis.

(b)_ is the standarddeviationobtainedfrom the ATF flightsn
Z
cg

The following segment numbers have 30 deg turning maneuvers:
4, 5, 8, and 11 on TR-360/385, and
B1 on TR-368.

.36



TABLE V. - SUMMARYOF RUN SET 2 DATA

TF/pilot Pilot seat
performance accel Turbulence Pilot ratings o

n
0 0 . Z

°horiz o n n o o Ride Turbu- p
°Ahe bar Xo Zps Yps w vg g °turb Cooper- Quality lence f = f]

Flight SMCS (m) (g) (cm) (g)* (g] (m/s) (m/sec) (m/sec) Harper Comfort Effect (g)**_Wg 11,**

3-71 ON 54.7 0.180 1.30 0.263 0.058 1.006 0.942 1.378 4 2 C 0.051 0.086
OFF 66.6 .163 1.19 .262 .080 .914 .823 1.230 5 4 C/D .103 .118

3-72 ON 61.7 .194 1.13 .250 .058 .753 .747 1.061 2.5 0.5 A/B .036 .064
OFF 75.8 .202 1.15 .268 .066 .649 .954 1.155 2.5 1.5 B .070 .084

3-73 ON 69.3 .207 1.12 .237 .036 .549 .600 0.813 2 1.0 B/C .017 .047
OFF 72.3 .271 1.29 .287 .066 .680 .850 1.088 2 1.5 C/D .077 .088

3-77 ON 79.8 .198 0.82 .180 .044 .483 .628 0.792 2 i.I B .022 .041
OFF 81.2 .218 0.80 .184 .051 .423 .896 .991 2.3 2.1 B .062 .055

* These accelerationsare primarilyvery low-frequencyterrain-followingmotions.

** These accelerationsare representativeof aircraftbendingmode motions.
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oo TABLE VI. SUMMARYOF RUN SET 3 DATA - FLIGHT 3-68, MTF/SMCSON SUBJECT F

Terrain segment number and terrain types

1 2 3 4 5 6 7 8_ 9 i0 II

Parameters Ocean Rugged Rugged Moderate Flat _bderate Rugged Mild Rugged Mild Moderate Flat

TF GAh - m 73.2 103.3 123.4 i0.i 55.8 91.1 25.0 192.9 101.8 91.7 9.1
performance e

Ah - m 212.1 280.7 258.2 133.5 192.0 244.8 146.6 390.4 173.1 229.2 130.1o
mean

Pilot Choriz bar 0.126 0.158 0.146 0.119 0.251 0.130 0.138 0.192 0.245 0.I40 0.175
performance

- g

°vert bar 1.936 2.242 2.489 6.657 5.297 2.690 2.429 6.562 2.833 2.001 6.074

- deg

o_ .010 .014 .01b .009 .015 .013 .013 .019 .014 .015 .010

o - cm 1.79 1.83 1.50 .55 1.53 1.58 .83 1.33 .75 1.36 .87
xo

o - cm .55 .54 .61 .79 .78 .44 .35 .79 .38 .48 .74
x¢

OAPLA - deg 4.0 19.2 17.6 .3 11.8 19.0 7.5 19.2 17.3 13.3 2.1

Efivironmental on - g 0.021 .353 .371 .322 .I13 .326 .347 .183 .311 .162 .305 .213
conditions z

P

o - g .020 .041 .051 .048 .039 .055 .057 .048 .046 .040 .044 .042
n

Yp

on - g .020 .402 .416 ._4 .134 .372 .394 .217 .363 .195 .353 .247
z
cg

o - m/s .128 .579 .671 .731 .549 .732 .671 .671 .549 .671 .823 .792
W
g

o - m/s .372 .808 .856 1.122 .777 .975 1.180 .877 .594 .585 .817 .665
V
g

Ride discomfort index _W _ 0.011 0.049 0.054
gz

Subjective Workload 1.5 2.5 2.5
ratings: Ride quality comfort 0._____5 0.8

Turbulence effect B B

*Fiy-ups had occurred during segments 5 and 8. Filled out after completion of TR-360 Filled out at the end o route



TABLE VII.- SUMMARYOF RUN SET 3 DATA _ FLIQgF 3-74, MTF/SMCS ON SUBJECTG

Terrain segment nt_nberand terrain types

1 2 3 4 5 6 7 8 9 I0 ii

Parameters Ocean Rugged Rugged bloderate Flat _bderate Rugged Mild Rugged blild bbderate Flat

TF akh - m 124.7 123.4 188.8 5.8 47.5 97.2 22.9 79.6 53.0 64.9 Ii.4
performance e

NIe - m 236.0 317.@ 232.4 127.7 167.7 237.1 140.1 181.0 168.8 211.1 128.9
mean

Pilot

performance ahoriz bar 0.289 0.216 0.159 0.134 0.210 0.202 0.156 0.278 0.231 0.171 0.128
- g

Overt bar 3.350 4.900 2.720 7.950 4.890 5.13 2.431 5.114 2.990 3.578 4.875

- deg

o_N .011 .019 .014 .005 .009 .0133 .011 .035 .017 .019 .010

a - on 1.275 1.547 1.175 .547 1.250 1.712 .906 1.084 .910 .661 .518
x0

a - cm .404 1.417 .508 .719 .683 1.803 .490 .622 .369 .548 .723
x_

aAPLA- deg 7.7 15.1 14.0 3.8 10.1 13.9 9.4 8.2 11.2 19.9 6.0

EnVironmental an - g 0.032 .262 .344 .275 .082 .369 .439 .312 .209 .182 .130 .i01
conditions z

P

an - g 0.004 .030 .040 .031 .034 .046 .030 .052 .035 .035 .046 .038

Yp

an - g .293 .392 .308 .108 .305 .406 .211 .240 .208 .164 .130
z
cg

ow - m/s 0.152 .732 .808 .488 .549 .671 .732 .914 .777 .975 1.006 .777
g

av - m/s 0.061 .485 .899 .591 .604 .829 .472 .951 .652 ,594 .695 .573
g

Ride discomfort

index _V _ 0.013 0.050 0.061
gz

Subjective Workload 1.0 3 3.5

Ratings: Ride-quality comfort 2 3.25-
Turbulence effect D D

"7-

Filled out after completion of TRT360 Filled out at the end of_route



4_

o TABLE VIII - SUMMARYOF RUN SET 4 DATA - FLIGHT 3-76, ATF/SMCSON

Terrain segment number and terrain types

i 2 3 4 5_ 6 7 8 9 I0 ii

Parameters Ocean Rugged Rugged Moderate Flat Moderate Rugged blild Rugged Mild Moderate Flat

TF OAhe - m 88.5 107.1 123.2 136.5 75.2 14.7 94.9 31.1 68.4 7.4

performance Ahe - m 205.6 266.6 253.8 278.6 221.1 146.2 250.2 151.7 192.8 71.5
mean

Pilot Overt bal 1.038 2.801 1.186 5.197 1.172 1.083 8.280 8.579 1.266 4.359

perfomance - deg

oA__ 0.010 0.[113 0.027 _ 0.019 (}.028 0.0[)9 0.026 0.012 0.021 0.008

OAPLA- deg 6.7 8.7 II.3 g 5.5 4.5 6.7 5.9 5.3 3.3 9.1

Environmental on - g 0.051 .378 .399 .325 _ .381 .375 .170 .360 .208 .271 .102
conditions zp

o - g .016 .034 .031 .030 _ .032 NA .037 .032 .039 .037 .037
n

yp

o - g .451 .455 .382 .399 .431 .209 .419 .225 .324 .137n
z
cg

o - m/s .076 .488 .040 .274 .335 .366 .305 .244 .305 .305 1213
w
g

ov - m/s .189 .705 .680 .616 .4.12 .O10 .777 .649 .768 .777 .741
g

FIy-up had occurred during this segment.

No subjective data available.
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Pitch

stick

horiz bar deflection

following radar VSD -

(TFR) system

feedback

+
normal
acceleration

fwd of pilot station

MTF feedback gains and lag:

Kst Kg T

(g/cm) (g/g) (second)

Flight test 0.142 0.4 l.O

Simulator test 0.197 0.5 0.5

(reference !)

VSD gain sensitivity settings:

KVSD

Position switch (cm/g)

A 2.87

B I.78

C O .97

Figure I.- MTF/pilotcontrol loop block diagram.
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Figure 4.- Measured accelerations at pilot seat versus estimated
turbulence - SMCS on from run sets 2 and 3.
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Figure 6.- PSD of verticaland lateralaccelerations

at pilot station- SMCS off, ocean.
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Figure 7.- PSD of verticaland lateralaccelerationsat
pilot station- SMCS on, ocean.
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at pilot station- SMCS off, terrainsegmentBI.
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TITLE FLIGHT 3-71,HTF'/9'JCS ON,TEI:_ SEG81 (41265 TO 41Z_5 SECS) *011391944

SPECTRALOEf_ITY FUNCTIONS 111778 0009

• !00 AUT_TION HETHO0
" I ii

i i i i i i ! i ,' II
._ ..... r !!

_n _ I \ = 1.01 m/sec i II
Zps I _ C/Wg I i

. (g2 T[] i ,1rad/sec x I ' lJ
._o i I I

li
' liI : i

: I!
L 1

' I I 'L i

I

I.XI0 -01 l.Xl0 +00 I.XlO +01 l.XlO .02

FREOUENCY (RAD/EC)

Figure 9.- PSD of verticaland lateralaccelerationsat
pilot station - SMCS on, terrainsegmentBI.
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Figure I0.- Pilot seat vertical accelerationversus
normal accelerationat CG.
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Figure 19.- Typicaltime historytraces of horizontal
bar and stick displacement.

59



Legend Unshaded-Flight 3-68, MTF/SMCS on

OFIat Half shaded-Flight 3-74, MTF/SMCS on

E]Mild Full shaded-Flight 3-76, ATF/SMCS on

OM°derate ........ ! : 't_-Z- I t: " ]
140 /_Rugged _ .|. • ..... i:l :..::_ ....

;........ _...............£L_J..__.[ _ "- - . ...... -- ...... _ ...... J 4

I ...... ; . ..:2 ..... _ ......

120 ..... l

i •

.................. i_ ....... :.....r ...... ;...........
._ i .A
: ...... IA ...... i

100

80
L

4-#

E

60

: " , :,'_! / :__l'_'f_t .Simul-ator test data

. _ //_'i _.; _r4--.! boundariesf :

.xIC/

0 0.1 0.3 0.4 0.5

0 On , g
ZCG
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Figure 21.- Pilot trackingperformanceversus maneuver load.
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