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ABSTRACT

The effective use of rotorcraft simulation as a design tool is exemplified
by the XV-15 Tilt-Rotor Research Aircraft program. From inception through
issuance of the request for proposal and throughout the program design and flight
test phases, simulation has complemented all aspects of XV-15 development. More
than ten simulation periods have provided design guidance and pilot training in
the areas of control concepts, cockpit configuration, handling qualities, pilot
workload, failure effects, recovery procedures, and flight boundary problems and
procedures. During 1983 at NASA Ames Research Center (ARC), approximately five
months were devoted to developing and validating a generic tilt-rotor simulation
(GTRS) using the XV-15 flight test data base as a validation benchmark. Numerous
civil and military tilt-rotor design concepts and issues were evaluated by
researchers from the government and private industry. This work has aided in
providing a technology base for the civil certification of tilt rotors and for
the Joint Services Advanced Vertical Lift Aircraft (JVX) program (subsequently
designated the Bell-Boeing MV-22). Results from this simulation effort, using
the ARC Vertical Motion Simulator (VMS), covered a broad range of topics,
including the importance of simulation fidelity and validation. Subsequent
work, through 1988, has also been conducted to further improve the GTRS
mathematical model and correlate the model with available flight test data. This
report summarizes much of the efforts described above with particular emphasis
on the lastest effort, the GTRS mathematical model and its correlation with
flight test data.
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SECTION I

INTRODUCTION

The XV-15 Tilt-Rotor Research Aircraft program is a joint NASA/Army/Navy
program that was initiated in 1973 as a tilt-rotor V/STOL aircraft
"proof-of-concept" and "technology demonstrator" program. Two aircraft were
built by Bell Helicopter Textron (BHT) for which basic proof-of-concept flight
testing was completed in September 1981. One of these aircraft is currently
stationed at NASA Ames Research Center (ARC) for continuation of government
flight testing to document aircraft flight characteristics. The second aircraft
is being used by BHT to further contractor development of the tilt-rotor concept
and for participation in military mission suitability demonstrations. Figure 1
presents a photograph of the XV-15 landing aboard ship in the helicopter mode
of flight during a Navy mission suitability trial. Figure 2 presents the XV-15

in the airplane mode of flight.

The tilt-rotor concept is aerodynamically, dynamically, and mechanically
complex. Therefore, when development of the XV-15 was initiated it was
considered to be a high-fisk V/STOL development program. As part of the risk
reduction effort for the project, a comprehensive piloted simulation was
developed for use in the XV-15 design, development, pilot training, and flight
testing phases. Reference 1 provides an excellent discussion of the historical
and technical aspects of the continuing tilt-rotor simulation development effort
as it evolved from 1973 to 1981. During this period, the XV-15 simulation
capability developed at NASA ARC became a highly efficient tool to help meet

numerous XV-15 program objectives.

The requirement for a generic simulation capability, so that wvarious
tilt-rotor configurations could be simulated using the NASA ARC Vertical Motion

Simulator (VMS), was identified in July 1982. The BHT-developed simulation
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Figure 1. XV-15 in Helicopter Mode of Flight

Figure 2. XV-15 in Airplane Mode of Flight
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mathematical model of the XV-15 (Ref. 2), which had been used to that point in
time with excellent results, was nevertheless configured specifically for the
Xv-15. Therefore, the mathematical model did not provide the flexibility
required for generic tilt-rotor research. As a result, Systems Technology,
Inc., (STI) was contracted by the NASA ARC XV-15 project office to develop a
generic version of the BHT-developed XV-15 mathematical model. Initially, the
tasks to be completed in the STI effort included: (1) restructuring the original
BHT report (Ref. 2) by (a) updating the list of symbols, (b) restructuring the
input/output format, (c) developing a cross reference between the VAX 11/780 and
the Xerox Sigma 8 computer variable names and the generic tilt-rotor
mathematical model report, and (d) modifying or improving the mathematical model
in several deficient and, in general, minor areas; (2) programming, checkout,
and validation of the generic tilt-rotor mathematical model; and (3) supporting
simulation wvalidation. This work culminated in the Generic Tilt-Rotor

Simulation (GTRS) mathematical model described in Ref. 3.

A follow-on development effort, which has continued since Ref. 3 was
published, has resulted in a significantly improved model. Many of the changes
incorporated into this version of the GTRS mathematical model (Ref. 4) are a

result of correlation with data from the continuing XV-15 flight test program.

The GTRS model has been developed into both a simulation version (for use
on either the Sigma 8 or the CDC 7600 computers at NASA ARC) and an off-line
version for use on computers running the Digital Equipment Corporation (DEC)
VAX/VMS operating system (Ref. 5). The simulation version of the GTRS
mathematical model was programmed originally by employees of Computer Sciences
Corporation (CSC, now SYRE), a company under contract to NASA ARC for simulation
support. STI developed the VAX version of the GTRS program through extensive
modification of what was originally the BHT IFHC80 tilt-rotor simulation

program. Development of this XV-15-specific software was started in 1971 under
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a study contract that supported BHT's successful 1973 proposal for the XV-15,
and it was revised to the final form described in Refs. 6 and 7 during .

performance of the XV-15 fabrication contract.
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SECTION II

‘ PROJECT OVERVIEW

The development and validation of the GTRS, under the guidance of the NASA
ARC XV-15 project office, was conducted in two phases. Phase I lasted from
approximately August 1982 to August 1984. The second phase began at the end of
Phase I and continued until the Fall of 1988. ‘

A. PHASE I

Four basic tasks were completed during the Phase I GTRS effort. The first
task required definition and formatting of the existing XV-15 mathematical model
into a structure providing the flexibility to simulate other tilt-rotor
configurations, making the term "generic" applicable to the mathematical model.
Following a paper definition of the mathematical model, the second task,
implementation, was carried out on both the Sigma 8 and IFHC80 versions of the

. XV-15 software. Since the Sigma 8 version of the program was used to drive the
simulation hardware, the majority of the conversion work was performed by CSC
personnel under the direction of NASA and STI. The off-line VAX/VMS version of
the BHT-developed program IFHC80 was modified by STI into the initial version
of what is now known as GTRS. Documentation, using BHT-developed reports as
examples for user’s and programmer’'s guides (Refs. 6 and 7), were also
developed. (Reference 5 is the latest version.) The mathematical model (Ref. 3)
and software were reformatted into a modular structure, where each module is

defined by:
1. A module or component name (i.e., rotor, fuselage)

2. A list of configuration-dependent inputs (i.e., dimensional data,
aerodynamic data, mass/inertia data)

3. A list of state-variable or control inputs (i.e., control positions,
velocities, angular rates)

. TR-1195-1 5




4. A description and explanation of all module eqﬁations
5. A list of module outputs (i.e., forces, moments)

No imbedded configuration-related data were left in the new program but were,

instead, used as inputs to the new program as constants or data tables.

The third task of Phase I involved correlation of the new generic
mathematical model (in the XV-15 configuration) with available XV-15 flight test
data. Much of the early effort associated with this task is discussed in Ref.
8. This work was continued in Phase II, and some of the results of the extended

correlation effort are presented in later sections of this report.

The fourth task in Phase I required STI to provide technical support to NASA
as requested. In executing this task, STI became involved in NASA'’s tilt-rotor
simulation efforts, installation of GTRS at other government and contractor
facilities, wuser training on the VAX/VMS wversion of the program, and

miscellaneous involvement in other types of tilt-rotor research.
B. PHASE II

Following completion of Phase I, a list of GTRS program limitations and
deficiencies was defined for NASA, and a request was made for additional flight
test data to correlate with the XV-15 mathematical model. This list became the

foundation of the Phase II effort, which included the following tasks:

1. Extensive (fﬁrther) development of the maneuver options in the
VAX/VMS version of GTRS (as originally developed in IFHC80)

2. Incorporation and checkout of a modular-structured S/N 703 SCAS and
governor model

3. Incorporation and checkout of an RPM degree-of-freedom into all
options of the VAX/VMS version of GTRS

4. Correlation of XV-15 flight test data with GTRS

5. Development of an acceleration stability derivative output format
for the VAX/VMS version of GTRS
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6. Review and expansion of the in-ground effect mathematical model
. 7. Incorporation of mast rate acceleration effects

8. Development of trim and maneuver time history output file formats
for use with NASA-developed graphics programs and the TRENDS data
base

9. Development of a Bode plot generation capability for the VAX/VMS
version of GIRS using a sum-of-sines-driven control input [this
capability is provided as a post-processing option so that any
output variables from GTRS can be used to generate describing
functions with a fast Fourier transform (FFT) technique]

10. Review of the aerodynamic data table interpolation routines and
correction of identified discrepancies

11. Expansion of the trim sweep and namelist variable lists

12. Incorporation of failure logic as required to simulate certain
critical system failures, i.e., SCAS, governor, engine

13. Support for various simulation experiments as requested by NASA for
programs such as JVX, LHX, and the XV-15 Advanced Technology Blades

. 14. Installation, training, and miscellaneous GTRS support for NASA,
other government agencies, and several government contractors

15. Revision of all Phase I documentation (mathematical model report and
user’'s and programmer'’s guides)

16. Preparation of a final report.

The results of Phase II work are included as Revision A to the GTRS
mathematical model report (Ref. 4) and the user’'s and programmer's guides
(Ref. 5) where appropriate. Results from the correlation effort between the
GTRS mathematical model and the XV-15 flight test data are presented in this
report, beginning in Section IV. This work is preceded in the next section by

an overview of simulation validation.
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SECTION III

SIMULATION VALIDATION OVERVIEW

During Phase I of the project, a major NASA-sponsored simulation effort was
conducted using the Vertical Motion Simulator (VMS). Seven major research areas
were identified prior to the simulation that were considered important in
developing and demonstrating a "complete" tilt-rotor research tool. These

research areas included the:
e Mathematical model
e Visual system
¢ Motion system
e (Cab aural system
e Cab control loader system
¢ Pilot perceptual fidelity

¢ Generic tilt-rotor applications (e.g., precision  approach
evaluation, certification criteria development).
Individual experimenters, from both the government and private industry, were
assigned blocks of time for research in these specific areas in the top level
of the simulation test plan. The ultimate goal of the test plan was to validate
the tilt-rotor simulation and to establish a data base for the various components
so that future research could be planned in a more efficient manner. The
majority of results presented in this report apply to the mathematical model
development and correlation effort. This effort was initiated during this
simulation (as Phase I of the contract) and subsequently continued through to

1988 (as Phase II). Discussion of other topics will vary in detail depending
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on STI's participation in that aspect of the research. Wherever possible, work
by other investigators is referenced for further reading. However, before

proceeding to our discussion of results, it is important to define several terms.

Mathematical models, as well as visual and motion simulator systems, must
be developed and designed to provide appropriate fidelity in support of specific
research, test, and training objectives. Historically, therefore, simulation
efforts have relied heavily upon past engineering experience when selecting and
designing hardware and software. Little other rationale has existed for
relating simulation requirements to fidelity in terms of specific research,
test, or training objectives. One hypothesis that can be put forth is that, if
the simulator can induce "correct" piloting technique, then, presumably,
simulation fidelity is adequate. Correct piloting technique is defined as that
which is measured during actual flight testing while a pilot is performing the
task of interest. A primary objective of the STI portion of the Phase I generic
tilt-rotor simulation effort (and some of the Phase II work as well) was to make
a quantitative assessment of simulator mathematical model fidelity requirements
and to determine the effects of specific mathematical model deficiencies.
Secondary objectives included the investigation with other researchers of some

of the other components of the simulation.

In order to better understand the simulation validation effort described in
this report, several definitions need to be introduced. Validation is the degree
of demonstrated transferability of simulation performance results to the flight
environment; it is demonstrated through verification and the quantification of
fidelity. Verification (or engineering measurement fidelity) is the comparative
assessment of the system (tilt rotor) as it is simulated and represented by its
most realistic available model(s), and fidelity is the pilot’s perception of the
degree to which the states are present that are essential to producing correct
psychomotor and cognitive behavior (i.e., piloting technique) for a given task
and environment and the analytical corroboration of this perception by analysis

of the pilot’'s performance of similar tasks in flight and in the simulator.

TR-1195-1 9




A researcher quantifies validation by providing an answer to the question,
"How close does the simulation reproduce all of those features of flight that
are essential to obtaining the desired (and correct) result?" Validation
involves all aspects of the integrated rotorcraft simulation (mathematical
model, cockpit and controls, motion, visual, and aural) and any approximations
used should be uniformly valid across all of the components. The accuracy of
the answer to this question is critical if the researcher expects to use the
simulation results to quantify expected benefits prior to actual demonstration
in flight. If a high degree of simulation validation is not demonstrated, the
simulation results and demonstrated benefits may not be directly transferable
and/or some conversion factor or "guesstimation" may be required when equating

the simulated benefits to expected flight benefits.

Verification 1is quantified through a comparison of the tilt-rotor
mathematical model(s) and the actual flight wvehicle. Unfortunately, many
researchers mislabel this task as the validation task and assume that the
performance of the mathematical model is the only cornerstone to a successful
simulation. Whenever possible, the tilt-rotor mathematical model(s) should be
evaluated and the responses compared with the actual flight vehicle for both the

mission tasks and the flight conditions to be simulated.

Fidelity is quantified by studying pilot behavior in both simulation and
flight. Poor simulation fidelity may induce negative training by incorrectly
teaching a piloting technique. This occurs through poor presentation of
vehicle, wvisual, or motion characteristics that induce incorrect pilot
psychomotor and cognitive behavior. Today, many examples exist of poor fidelity
due to simulation technological limitations. For example, the U.S. Air Force
has found it desirable to train pilots in air-to-air combat through the use of
simulators without motion. This is because the required motion washouts during
violent air-to-air combat maneuvers have been shown to induce negative pilot

training.
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The results and discussion that will be presented in the remainder of this
report will be quantified in an attempt to fit within the above definitions and
fulfill the associated requirements for establishing measures of simulation
validation. The results, as presented in this format, should help to more
clearly define the present state of the art in tilt-rotor simulation as well as

help in making recommendations for future research.
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SECTION IV

MATHEMATICAL MODEL DEVELOPMENT AND VERIFICATION

Several simulation deficiencies and mathematical model limitations were
already known to exist prior to the Phase I simulation effort or were discovered
during the early part of the simulation. Subsequently, modifications were made
to the GTRS mathematical model in an effort to correct these deficiencies/
limitations; however, the scope of some of the modifications were in excess of
what could be accomplished during the limited time frame. After the Phase 1
simulation, each of the deficient mathematical model features or capabilities
was reviewed and developed further during the Phase II portion of the contract.
As a result, a majority of the important GTRS deficiencies/limitations no longer
exist or their adverse impact has been reduced. Results presented in this
section are intended to document the GTRS mathematical model as it has been
verified by or correlated with XV-15 flight test data (using Revision A of the
mathematical model). Results are presented in a systematic manner, beginning
with hover and increasing in airspeed through the helicopter, conversion, and

airplane modes of flight.
A. HOVER AND LOW SPEED

The hover and low-speed flight regime (Fig. 1) was the first to be
investigated in the GTRS validation effort. The major deficiencies/limitations

that were known prior to the Phase I simulation included:
e Hover performance prediction
¢ In-ground effect (IGE) rotor and airframe aerodynamic modeling
e Sideward flight

¢ Short takeoff and landing performance characteristics.
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Each of these subject areas is discussed in greater detail in the following

paragraphs.
1. Hover Performance

Hover performance does not need to be predicted as accurately for handling
qualitiés or pilot-in-the-loop simulation purposes as it must be predicted in
the evaluation of rotor design tradeoffs and the evaluation of detailed overall
mission performance (for purposes such as guaranteeing performance). For
simulation purposes, performance should be predicted accurately throughout the
flight envelope to the extent that unrealistic flight conditions are mnot
mistakenly evaluated as realistic and to ensure that the predicted results are
accurate in the evaluation of recovery procedures for various failure modes
(e.g., engine failure in hover). For this reason, it is important to note that,
in hovering flight, the GTRS mathematical model is not, and should not be
considered, a performance prediction program. The GTRS mathematical model,
while it can be quite accurate in predicting hover and forward flight
performance, works best when it is used in conjunction with much more complex
performance prediction programs and with whirl-tower and/or wind-tunnel data.
This result is due to the requirement that certain rotor data coefficients must
be input as an overall average value for certain rotor or rotor blade
characteristics (e.g., rotor blade average 1lift coefficient, C,, and drag
coefficient, Cp). Independent verifications of isolated rotor figure of merit

and propeller efficiency are important in defining these coefficients.

Hover performance, as documented by numerous references, was considerably
overpredicted in early versions of the BHT XV-15 simulation. Figure 3 presents
a summary of isolated rotor performance data, as documented in Ref. 9, and Fig. 4
presents an updated summary of flight test hover performance data presented in
its original form in Ref. 10 at a gross weight of approximately 13000 1b
(Cy/rotor = 0.009). The original GTRS prediction for rotor power required for
out-of-ground effect (OGE) hover was approximately 11 percent lower than flight

test data. Upon further investigation, several sources were identified that
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contributed to this deficiency, including: (1) the wing download model, (2) the
in-ground-effect rotor model, and (3) several performance-related input data
values for the rotor model that seemed optimistic. Modifications to the GTIRS
rotor model were subsequently made in each of these three deficient areas.
Correlation with XV-15 flight test data using the improved mathematical models
has yielded excellent results. It is important to note that airplane mode
performance prediction accuracy was also improved, which would be expected if

the modifications were made correctly.

(All test data points from Ref. 9)
GTRS (installed rotor) + QR = 600 ft/sec © OR = 740 ft/sec
————— GTRS (uninstalled rotor) X QR = 700 ft/sec ¥ OR = 786 ft/sec

© 40 x 80 wind tunnel data, Runs 14 and 15
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Figure 3. Correlation of XV-15 GTRS rotor with Wright-Patterson Test Stand
and NASA ARC 40 X 80 Wind-Tunnel Hover Performance Data

Wind download was originally estimated for the XV-15 to be a value of

approximately 7 percent. Since download results in a simple slope change in the
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Figure 4. Correlation of XV-15/GTRS Flight and Tie-Down Stand
Hover Performance Data

coefficient of power (C,) versus coefficient of weight (Cy) relationship (C,, is
independent of thrust and will remain constant), an analysis was conducted by

evaluating flight test data using the following relationship:

(CT)3/2 1
(CN)3/2 (I_DL)BIZ

The flight test data analysis indicated that a more realistic value for XV-15
download was actually much closer to 13 percent. Subsequently, wind-tunnel and
hover-test-stand investigations were conducted in an attempt to better
understand why the value for XV-15 download is so large. Preliminary results

from these tests verified the value measured in flight test (approximately
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13 percent) and identified and demonstrated modifications to the XV-15 wing
configuration that may be successful in reducing the download to a value closer
to the original design value of approximately 7 percent. In the GIRS
mathematical model, the correction for the wing download deficiency was
implemented by increasing the values for the wing drag coefficient in the
aerodynamic data tables in the region of wing angle of attack, a,, equal to

approximately -90 deg.

The IGE rotor mathematical model was also discovered to have a significant
impact on the calculation of hover performance. The simple relationship
originaily incorporated in BHT's versions of the mathematical model resulted in
numerous pilot complaints when the simulated XV-15 was hovered in close
proximity to the ground. These pilot complaints generally centered around the
observation that sudden instead of gradual collective motions were required when
entering or exiting the mathematical model ground-effect boundaries [rotor
height/rotor diameter or (h/2R) approximately equal to 2.0]. An exponential
relationship similar to that developed by Hayden from a U.S. Army helicopter
data base (Ref. 11) was subsequently developed for the XV-15 using the flight
test data generated by Maisel in Ref. 10 for five values of h/2R. The exact

form of the equation used for the GTRS model is:

A,(h/2R)

G=1-A,e

where A, = 1.5629 and A, = -2.9119 were determined using a least-squares curve

fit. Figure 5 presents the effect of the original and final ground-effect models
on the calculation of power required in comparison with XV-15 flight test data
for the parameter P/P., which is an approximate measure of the induced power IGE
to the induced power OGE (rotor profile power was included in the data).
Subsequent use in the VMS of the improved ground-effect model has resulted in

the elimination of pilot complaints.
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Figure 5. Effect of Ground Proximity on Hover Power Required

The final modifications required to improve the hover performance prediction
capability of the GTRS mathematical model involved re-estimation of several
rotor input data values. These modifications were made subsequent to the wing
and ground-effect modifications so as to make up the difference between the
predicted and measured rotor performance test data. The rotor input data values
that were changed to correct the remaining discrepancy in hover power required
were the coefficients in the rotor blade profile drag equation. The choice of
these particular input data values was a judgment call for the sake of
simplicity. These coefficients (8,,6,,6,) are used in the profile drag equation,

along with angle of attack, where:
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Cy=0,+0,a,+6,a

This equation is the same as that developed by Bailey (Ref. 12) and discussed
by Gessow and Meyer in Ref. 13 (additional corrections are made to this equation
for tip Mach number effects). The form of the equation assumes, among other
things, that the coefficients are the average rotor blade drag coefficients and
not the coefficients of a particular blade airfoil section (see Ref. 13 for a
description of all of the rotor mathematical model assumptions, e.g., uniform
induced velocity, average value for rotor blade 1lift curve slope). Rotor
coefficient values presently used in GTRS for the XV-15 are &,= 0.015,
6, = -0.068, and 6, = 0.81.

Initially, it was believed that the values of & required to simulate

accurately the XV-15 rotor, especially 6, must be in error because of the large
values required. In an effort to substantiate the values in the equation,
several tasks were undertaken. The first task involved an analysis of XV-15
ground tie-down stand data. A second task, accomplished much later following
the availability of new data, involved a review of 1isolated XV-15 rotor

performance.

The analyzed tie-down stand data provided a measure of C, from load cells

that were located in wing tie-down attachments for a wide range of rotor blade
collective pitch settings. These data are presented in Fig. 6. As can be seen,
an extrapolation of the test data yields a C;, value of approximately 0.00014 to
0.00015 at flat pitch. It should be noted that flat pitch on the XV-15 does not
really mean that lift is equal to zero out the blade span. Instead, with the
-40.9 degree blade twist from hub to tip, significant portions of the rotor blade
are producing positive or negative 1lift that, instead, cancel out to produce an
overall value of rotor thrust equal to zero. Assuming a value for C,, equal to
0.00015, the calculated value for profile power at flat pitch (589 RPM) is

approximately 145 SHP. This calculation can be compared with a simple
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Figure 6. Correlation of XV-15/GTRS Hover Tie-Down Stand Data

calculation for profile power using the following blade element theory formula,
where a coefficient of profile drag (Cp,) of 0.015 is used (assuming a 10 percent

blade root cutout due to the spinner):

(6°)(Cop,, )[b(R-R)c]RPM°R®
e 1.61x10°

The calculated value of profile drag resulting from this equation is
approximately 147 SHP. Based on these calculations and a knowledge of the
assumptions used in the formulation of the rotor theory, it is not unreasonable
to assume that larger values for 6 are required for a tilt rotor when compared

to a helicopter (which has a much lower blade twist rate).
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As stated earlier, the use of the increased values for 6 was a judgment call
for the sake of simplicity. One other rotor mathematical model input value that
is unknown for the XV-15 is the correct value for tip loss, which is an artifact
created by a rotor model that assumes uniform induced velocity. A value of 0.97
was originally used in the BHT XV-15 model (and still is). While for most
helicopters this value is appropriate, for a tilt rotor, this value may be
optimistic. Reference 13 provides for an approximation of tip loss (B) equal
to:

B']-ﬁ

where c, is the chord at the blade tip. For the XV-15, this calculation results

in a tip loss value of 0.953. If this value is substituted into the GTRS rotor
model, the resulting increase in power required to hover is approximately 20 SHP

(which approximately equates to a reduction in 6, from 0.015 to 0.013.)

When the flight test and tie-down stand data presented in Figs. 4 and 6 were
first reviewed and correlated with GTRS, a problem arose. Whenever the rotor
input values were adjusted to correlate with actual flight test data, the
predicted GTRS rotor performance was degraded in comparison to that measured and
presented in Fig. 3. Only the 40 X 80 wind-tunnel data yields a thrust-power
relationship similar to that predicted by GTRS (as matched to flight test data).
Engineering personnel at Bell and NASA had been suspicious for years that these
data, particularly the Wright-Patterson whirl stand data, were optimistic due
to unknown reasons (or to unimplemented corrections to the test data). However,

no proof was ever presented to show why the data were in error.

In mid-1984, NASA tested three different XV-15-sized rotor blade
configurations in an effort to resolve this question and obtain performance data
for advanced tilt-rotor configurations. The test wutilized the Outdoor
Aerodynamic Research Facility (OARF) at NASA Ames Research Center and the XV-15
metal blades, XV-15 Advanced Technology Blades (ATB), and a set of 0.658isca1e
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V-22 blades. The XV-15 metal blade data from this test are presented in Fig. 7
(from Ref. 14). When data from GTRS runs are plotted against the test data, it
can be seen that GTRS still predicts a degraded isolated rotor performance
capability. However, the discrepancy is less than that predicted in Fig. 3 in
comparison to the Wright-Patterson data. Fortunately, during the OARF tests,
an effort was made to evaluate the scaled V-22 blades in close proximity to a
simulated wing while in the presence of an image plane (to simulate the other
rotor). This testing revealed that, in the "installed" rotor configuration,
there was a reduction in thrust for a specific value of power from 1.2 to
1.8 percent (Ref. 15). If this measured degradation in installed V-22 rotor
performance is assumed applicable to GTRS predicted XV-15 rotor performance,
then the dashed lines in Figs. 3 and 7 can be constructed. These lines are the
installed GTRS rotor performance characteristics corrected to an "uninstalled"
single-rotor configuration. As can be seen, this correction significantly
reduces the observed discrepancy between isolated rotor test data and XV-15

flight test data.

In conclusion, the hover performance correlation effort for the GTRS rotor
mathematical model has resulted in definition of a very believable set of XV-15
input data coefficients. The believability of the values for these coefficients
reflects well on the appropriateness of the structure of the rotor mathematical
model for simulation applications. The broad range of correlation, as shown in
Figs. 3 through 7, indicates that the rotor mathematical model correlates very
well with numerous independent sources of rotor performance data. The
comparison with tie-down data in Fig. 6 is excellent except at very high values
of C, (at which the XV-15 does not operate). The comparison with flight test
data in Fig. 4 for OGE hover and IGE hover at an 18.5-ft rotor hub height is
also very good. This correlation is also well justified in light of the OARF
test results on rotor-installed power versus uninstalled power. Further
discussion on the effect of these modifications on forward flight performance

will be presented in a subsequent section.
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Figure 7. Correlation of XV-15 Metal Rotor Blade OARF Test Data with GTRS

2. In-Ground Effect Rotor and

Airframe Aerodynamic Modeling

The quality of simulation fidelity can often be enhanced significantly from
a pilot’s point of view when certain small and unique characteristics are
included. Two ground-effect characteristics of the XV-15 that have been
observed in flight test fit into this category. These include a requirement for
aft longitudinal stick trim when entering ground effect and a roll instability
in ground effect. Neither of these effects is predicted by the GTRS mathematical
model due to their interactional aerodynamic nature; therefore, these effects
had to be included empirically in the mathematical model in order to improve

simulation fidelity.
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The aft longitudinal stick trim effect was documented from flight test data
. in Refs. 10 and 16. These data are reproduced in Fig. 8.

GTRS Data
0 Flight Data (Ref. 10)
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Figure 8. The Effect of Hover Height on Longitudinal Stick Position

The hypothesized cause for this effect assumes that the rotor downwash is
reflected from the ground at the juncture of the two rotor wakes (the "fountain
effect") and subsequently impinges on the bottom side of the aft fuselage and

horizontal tail, thereby creating a nose-down pitching moment. Therefore, the
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empirical model chosen to simulate this effect needed to be a function of both

rotor thrust and rotor hub height above the ground. The model that was

subsequently used to meet this requirement is:

_ (-h/2R)(K,)
Mo =K (Trorade

Results using this model, also presented in Fig. 8, provided the simulation
fidelity desired by the pilots. As the XV-15 descended in hover from OGE to
touchdown, the trimmed longitudinal stick position shifted aft by approximately
8 percent. The aerodynamic force required to produce a moment of this magnitude,
if it is assumed that the force is applied at the quarter chord of the horizontal
tail, is approximately 130 lbs at an h/D of 0.6, and it decreases to
approximately 50 lbs at an h/D of 1.0. These values of force appear quite
reasonable when considering the size of the surface area of the XV-15 aft
fuselage and horizontal tail aﬁd the strong upwash environment that is involved.
During early flight testing of the XV-15, pilots also reported a "suckdown"
effect when coming into ground effect at a low forward airspeed. This resulted
from a nose-down pitching moment that appeared as negative g's at the pilot's .
location. After implementing the empirical model described above in the
simulatioh, the pilots reported this suckdown tendency, thereby providing

further fidelity credibility to the simulation.

The roll instability encountered in ground effect was first quantified by
BHT from model tests of the XV-15. An analytical representation for this effect,

which is a function of the hub height, is:

h h hy 1.,V
10"'[%0"’“1(5%)*lcz(éﬁ)"'lca(gﬁ) :| [e :‘ ']

added lag

where lgo.¢3 are constants. This effect is also a "fountain effect," but the roll

instability is caused by lateral motion of the fountain due to roll angle,
differential thrust, or lateral velocity. For the simulation validation effort,

this effect was further modified analytically in order to include a lag. While
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the introduction of the lag definitely increased the fidelity of the effect, the
. pilot comments indicated that the simulated instability was too small in
amplitude and that it occurred at too low a frequency. Further study of this

V effect will therefore have to be made.
3. Low-Speed Flight

XV-15 sideward flight characteristics, as simulated by the GTRS model, were
also identified as a significant deficiency during the 1983 simulation.
Documentation of this deficiency is provided in Ref. 8. Subsequent to the
simulation, an effort was made to improve the GTRS mathematical model.
Modifications were incorporated to improve the aerodynamic representation of the
engine nacelles and the rotor inflow dynamics. The modification to the inflow
dynamics resulted in a much improved calculation of the rotor low-p flapping
response. Figure 9 presents a comparison of simulated XV-15 sideward flight
trim characteristics with flight test data for the improved mathematical model.
The correlation of simulated lateral stick position and pedal position with
flight test data is fairly good, considering the scatter in the flight test data.

. However, the predicted roll attitude is approximately one-half what would be
expected for a particular airspéed. A comparison of main rotor power required
(not shown) indicates that the GTRS mathematical model overpredicts power as
lateral airspeed is increased. Several possible reasons for the remaining
discrepancies have been identified, and it is quite possible that a combination
of these reasons are the cause for the less-than-desired fidelity. These
include:

e Incorrect modeling for rotor downwash effects on the wing, fuselage,
and engine nacelles at large sideslip angles

e Lack of appropriate ground effect modeling in sideward flight at low
wheel heights

e Possible errors in the analytically determined values for fuselage
aerodynamics at 90 and 270 deg (the XV-15 wind-tunnel model was
never tested in sideward flight).
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e Still as yet unmodeled low p, high inflow aerodynamic rotor effects
that have a significant effect on the calculation of rotor flapping
angles

e Incorrect modeling of the tandem rotor effect in GTRS resulting in
an incorrect inflow to the trailing rotor.
Since high fidelity in the low-speed sideward flight regime is crucial to the
simulation of many tasks (e.g., shipboard landing in a crosswind), continued
analysis of this deficiency is planned so that modifications can be made to

improve GTRS fidelity.
4. Short Takeoff and Landing (STOL) Performance

Another fidelity deficiency that was identified during the simulation was
associated with the XV-15 STOL characteristics. During simulated takeoffs,
pilots commented that the takeoff run was excessive and that the pilot was
required to input a significant amount of aft stick in order to rotate the nose.
In the XV-15, the pilots stated that the aircraft tended to fly itself off the
runway following a relatively short takeoff roll. Likewise when landing, the
pilots commented that the simulator did not reproduce the same in-ground effect
feeling that was present in the XV-15 and that the rollout seemed to be excessive
in the simulator. Several possible reasons exist for this deficiency, which

include:
¢ The lack of incorporation of a wing in-ground effect model

¢ Inadequacies in the landing gear model that resulted in the wrong
wing angle of attack being calculated during the takeoff and landing
rollouts

e Unmodeled or incorrectly modeled interactive aerodynamic effects
among the rotor, wing, and horizontal tail when in ground effect.
This deficiency has not been investigated by STI due to its low priority and the
requirement that the VMS be available. However, improvements to the GTRS model
to alleviate this deficiency should be planned as piloted simulation time

becomes available during future VMS simulationms.
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5. Hover Dynamic Response Characteristics

The hover response characteristics of the XV-15, both stability and control
augmentation system (SCAS) ON and SCAS OFF, were evaluated and correlated in two
ways using both the batch and the simulation versions of the GTRS program.
(Results from the SCAS ON correlation will not be presented because of the amount
of text required to define configurations. In general, the SCAS ON correlation
between the mathematical model and the XV-15 is quite good, and no significant
discrepancies were identified.) The batch version of GTRS was used to
investigate XV-15 dynamic response correlation with small perturbation theory
controlhpower and stability derivative results. Correlation of mathematical
model and the flight test time histories was conducted using both versions of
GTRS. Figure 10 presents a comparison of hover SCAS OFF control power and
stability derivative results, as calculated from several different groups of
flight-test time histories of XV-15 step responses, with those calculated from
the GTRS batch program. MIL-H-8501A (Ref. 15) and MIL-F-83300 (Ref. 16)
boundaries are also included in Fig. 10 in order to show how the unaugmented
XV-15 configuration performs with respect to handling qualities specification
criteria. Control power correlates well about all three axes; however, damping,
especially about the pitch and yaw axes, is always predicted to be iower than

that measured in flight test.

Pitch damping, as calculated from flight test time histories, varied from
0.7 to 1.0 1/sec. This damping value was computed by dividing the calculated
control sensitivity (auax/8ionc) by the calculated control response (ayax/8ionc)-
The GTRS-computed value 1is approximately 0.35 1/sec. Reasons for this
difference are, at this time, not fully understood. One possibility is that
different methods are wused to calculate the data points, i.e., small
perturbation versus measurement from flight test time histories. The small
perturbation results assume that instantaneous step inputs are used; whereas,
the flight test step inputs are never pure instantaneous step inputs. Another

possibility being investigated, which was discovered when looking into the yaw
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damping discrepancy, is that certain components of the GTRS airframe (e.g., the

rotor spinner and pylons) do not have the appropriately calculated velocities
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and angle-of-attack or sideslip angles applied to aerodynamic calculations when
the c.g. velocity is very close to zero and the rotational velocities (p, q, r)
are significant non-zero values. While this is not expected to account for all
of the observed damping discrepancy, it may result in an improvement when
corrections are made to the program and a re-evaluation is conducted. It is
also quite possible that interactive hover aerodynamic effects among the rotor,
fuselage, wing, and horizontal tail are too complex to expect a precise

calculation of aerodynamic damping to be made using small perturbation theory.

A time history response of a SCAS OFF pitch step is presented in Fig. 11 for
Counter 7969. As can be seen, correlation does look improved when results are

presented in this type of format.

This time history comparison of flight test and GTRS data was constructed
by first measuring the difference in flight test longitudinal stick position
from an assumed trim (approximately 44.5 percent) as a function of time. This
table of measured values, the step, was then input to GTRS by adding the values
(as a function of time) to the trimmed GTRS stick position. This process
accounts for the trim offset. It must be noted that the correlation of the pitch
response cannot be expected to be exact. One reason for this is due to the fact
that the flight test pitch rate is not exactly zero immediately prior to the
step (a slightly non-trimmed situation exists). A second reason is due to
uncertainty in the measured pitch gyro information. The dashed lines for pitch
attitude and pitch rate represent the integral of the pitch rate gyro and
derivative of the pitch attitude gyro, respectively. If both gyros are perfectly
aligned and calibrated, the solid and dashed lines should match exactly. Since
both lines do not match exactly, this difference provides an insight into the
uncertainty in the measured pitch response. Comparisons with other counters
yielded similar correlation results, and, in some cases, the predicted GIRS
pitch response was greater than the flight test measured response (opposite to

this case).
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XV-15 S/N 703, Flight 136, Counter 7969, SCAS OFF, Hover
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The study of values for yaw damping in hover also provided interesting
insight into the formulation of GTRS mathematical model equations. The
correlation effort was conducted using both the small perturbation and time
history comparison approaches. Values from GTRS and flight test (approximately
0.15 1/sec) were expected to be low; however, both approaches to obtaining
calculated values were mnot, for all practical purposes, expected to yield
"zero." An example of a time history comparison (Counter 8047) is presented in
Fig. 12. It is believed after study that one of the reasons for the poor
correlation (as was stated in a previous paragraph) is related to equation erroré
where aerodynamic data tables are entered incorrectly‘for some aerodynamic
components of the airframe when the c.g. velocity is zero and body axis angular
rates are non-zero. It was also discovered that aerodynamic calculations on the
yaw axis in the batch program were very sensitive to perturbation step size.
A second reason for poor correlation may be due to a lack of appreciation of the
effect of wind (or interactional aerodynamic flows) on yaw damping. It was
discovered that the GTRS calculations were very sensitive to small variations
in airspeed or wind velocity. This sensitivity is presented in Fig. 12 for a
5 kts airspeed as compared to a perfect hover. Unfortunately, it was not
possible to determine the winds accurately for any of the available flight test

counters to within 5 kts.

As a result of the discoveries made in this hover dynamic response
evaluation, each of the individual airframe components (e.g., rotor pylon, tail,
spinner, etc.) of the GIRS model will be reviewed and modified to ensure that
low-speed aerodynamic calculations are computed correctly. While these program
modifications may not be wholly responsible for the SCAS OFF discrepancies, they
may noticeably improve correlation. An evaluation of the data reduction
techniques involved will also be made (small perturbation versus time history).
When these techniques have been reviewed and corrections to the program are

completed, a further evaluation of the damping discrepancy will be conducted.
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XV-15 S/N 703, Flight 137, Counter 8047, SCAS OFF, Hover
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B. HELICOPTER MODE VERIFICATION

Since the helicopter mode of flight is where conversion begins or ends and
since this task and the approach and landing are critical design evaluation
tasks, it is important to correlate flight test results with the simulation (even
though this mode will probably comprise only a small fraction of total flight
time). Unfortunately, since the XV-15 is a proof-of-concept tilt rotor and not
a helicopter, a large body of data does not exist for performance or handling
qualities validation in this mode. Therefore, the correlated flight test data

that are presented in this section should be evaluated with caution.

Flight test and simulator trim characteristics of the XV-15 that have been
correlated are generally in good agreement. Figure 13 presents a comparison of
flight test data with predicted results at 85 deg nacelle incidence. While
results from this particular flight compare quite well, comparison with some of
the other sources is confusing. 1In several of these cases, results generally
compare quite well at 90 deg nacelle incidence up to a calibrated airspeed of
approximately 75 kts. At this airspeed, a strange thing happens in that the
mathematical model predicts a strong nose-up pitching moment as the power
required also increases dramatically. The XV-15 does not seem to exhibit this
trend. At present, this effect is not totally understood, and further

investigation will be conducted in an attempt to explain this discrepancy.

Helicopter mode correlation of SCAS OFF control power is provided in
Fig. 14. While this comparison appears quite good, the results must
nevertheless be considered preliminary due to the limited amount of flight test

data available for correlation.
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XV-15 S/N 703, Flight 159C,
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C. CONVERSION MODE VALIDATION

During the simulation validation effort on the VMS, one of the identified
deficiencies involved a requirement for a reconversion piloting technique
somewhat different from that used with the actual XV-15. The major cause of
this deficiency was identified subsequently as a mathematical modeling
deficiency. The main pilot complaint centered around a requirement that the
pilot input some aft longitudinal stick in order to slow down the simulated
XV-15. In flight immediately following the initiation of reconversion, the
XV-15 was known to rapidly lose airspeed. Some limited and less-than-rigorous
performance calculations that had been made from XV-15 flight test data
indicated that, when the wing tips were uncovered, there was a significant
increase in drag. This level of drag was considerably above that which had been
measured from wind-tunnel tests and used as data table inputs to the GTRS
program. The XV-15 wind-tunnel model had smooth surfaces on the tip of the wing
and the inside portion of the engine pylon when not in airplane mode; whereas,
the actual XV-15 wing tip and the corfesponding airfoil-shaped area on the inside
portion of the engine pylon are not covered by a smooth sheet-metal surface.
The engine, pylon actuator, and structure that is exposed results in increased
drag. Wind-tunnel and flight tests also reveal a strong vortex at the wing/pylon
intersection that insures that the airflow is turbulent in this area. In order
to simulate this effect, a cosine function was implemented to provide an increase
in drag as a function of pylon angle. This modification, along with a correction
to a mathematical modeling error involving the spinner drag, eliminated pilot
complaints about reconversion fidelity. The original form of this modification

was.
Dpy, =[C,+C,cos®(90-iy)]q;

where C, and C, are constants of 1.0 ft2 and 13.5 ft2, respectively. During the

Phase II analysis, a decision was made to remove the [C,+C,c0s°(90-iy)] portion

TR-1195-1 37



of the equation and replace it with a data table, where drag is a function of
mast angle. This provides the user with a more flexible way to model the drag

function, since an explicit analytical expression is no longer required.
D. AIRPLANE MODE VALIDATION

Along with hover and low speed, the airplane mode of flight is the most
important for tilt-rotor aircraft. This is because the majority of flight time
will probably be spent in this mode. Correlation of results with flight test
for this mode of flight have been quite good, due largely to the detailed
formulation of the original XV-15 mathematical model by BHT in Ref. 2.

Examples of trimmed level flight and performance correlation are presented
in Figs. 15 through 18 for both prototype XV-15 aircraft. Data for XV-15 Ship
Number (S/N) 702, which is located at BHT, is presented in Figs. 15 and 16, and
data for S/N 703 located at NASA ARC is presented in Figs. 17 and 18. As can
be seen for S/N 702, the longitudinal stick position, pitch attitude, elevator
position, and power required match closely throughout the airspeed range, and
the modifications that were made to the rotor model, as stated earlier, yielded
improved correlation of power required with airspeed. The predicted effect of

altitude on power required also looks good in Fig. 16 for flights 196C and 197A.

If the same simulation mathematical model input data are wused for
correlation with S/N 703 (i.e., the assumption is made that both aircraft are
identically configured), then the results are somewhat confusing. As can be
seen in Fig. 17, the predicted trim control position and pitch attitude data,
as presented by the solid line, do not correlate as well as with data presented
for S/N 702. Following an investigation, the poor quality in the longitudinal
stick data comparison was discovered to be an instrumentation error. This error,
if the data is corrected, results in a displacement of the plotted flight test
data to twice the distance from the 50 percent reference position (i.e., a data
point at 52 percent should be 54 percent, a data point at 46 percént should be

42 percent). In comparing the pitch attitude data (using a combined plot of S/N
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702 and S/N 703 data), it was noticed that, at the same calibrated airspeed, the
nose attitude of S/N 703 always tended to be one to two degrees more nose up
than S/N 702. Originally, it was assumed that this must be an instrumentation
difference. However, almost by accident, it was recalled that S/N 702 had always
had Gurney tabs on the wing trailing edge, whereas, S/N 703 had not. A removal
of the Gurney tab aerodynamics from the simulation input data resulted in the
data represented by the dashed line. As can be seen, this configuration
correlates better with flight test results. However, the unresolved hangup is
that, when the records were reviewed, there appeared to be some confusion, and
it could not be confirmed that the Gurney tabs were actually off S/N 703 during
flights 129 and 132. Therefore, further study will be given to this problem at
a later date. Power required correlation with both the Gurney tabs on and off
is shown in Fig. 18. At high airspeeds, the predicted power required appears
to be slightly greater than the flight test data. However, the data on this
graph were not corrected for rate of climb/descent and acceleration/deceleration
effects, and correction of two high speed data points tended to shift the flight

test data points to higher powers.

Another area of interest in the correlation effort involved the sensitivity
of longitudinal stick position (or elevator position) to variations in the input
data array (in the event the input wind-tunnel data were not exactly
representative of the full-scale aircraft). The amount of longitudinal stick
required to compensate for a +0.5 degree shift in wing downwash at the tail or
in the horizontal tail incidence was calculated to be approximately
-2.0+ percent stick position (or -1.0+ degree elevator position). Believable
variations in other input values, such as dynamic pressure loss at the horizontal
stabilizer, yielded similar variations in trim control position. Pitch attitude
did not vary significantly with these types and magnitudes of pérturbations.
When considering the errors that might have been encountered in constructing the

input data tables from the wind-tunnel data and the error inherent in measuring
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flight test data, this excellent trimmed flight correlation is a reflection of
the quality of work that went into the construction of the original XV-15

mathematical model by BHT.

Correlation of lateral-directional static stability in the airplane mode
also yielded good results. Figure 19 presents data for the airspeed range from
approximately 167 to 188 kts. While the calculated cockpit control positions
vary in trim from flight test data, the gradients of control position with
sideslip do not vary significantly. The calculated roll attitude gradients may
be greater than flight test; however, without more flight test data, it is hard
to confirm this conclusion. The offset in longitudinal stick position is

affected by the instrumentation error discussed previously.

Airplane SCAS OFF dynamic response characteristics were evaluated about each
axis of the XV-15 at airspeeds ranging from approximately 150 to 190 kts. It
was discovered that the values used for control effectiveness of each control
surface (elevator, rudder, and aileron) were in need of adjustment if control
response was to match that of the XV-15 in flight. Values previously used as
inputs to the mathematical model were based on wind-tunnel model data (Ref. 19)
and increased to account for what was thought to be a scaling effect. Table 1
presents a comparison of the measured wind-tunnel model wvalues, the old
simulation values, and the present simulation values for control effectiveness.
The values used for elevator and rudder effectiveness are reduced from those
used previously in the simulation and are close to those originally measured in
the wind tunnel; whereas, the aileron value was increased. It is thought that
the increased aileron effectiveness is due to the end-plating effect of the
pylons as well as increased air velocity over the surfaces due to the vortex at

the wing tip/pylon juncture.
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MODEL XV-15, S/N 702
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MODEL XV-15, S/N 702
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MODEL XV-15, S/N 703
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XV-15 §/N 703, Flight 133B
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TABLE 1. MATHEMATICAL MODEL VALUES FOR CONTROL EFFECTIVENESS

Measured
Wind 0ld GTRS
Tunnel Simulation Simulation
Values Values Values
Elevator Effectiveness (t.) 0.512 0.575 0.518
Rudder Effectiveness (T,) 0.294 0.385 0.27
Aileron Effectiveness (T, )* 0.0056 0.005 0.00616

Both versions of the GTRS program were used in the effort to define the best
values for control effectiveness. However, a higher priority was given to
correlation with time histories than was given to correlation using the small
perturbation stability and control power derivative approach. Figure 20
presents a summary of control power results obtained from the batch version using
the derivative analysis approach. Time history correlations for several of the
same counters are presented in Figs. 21 through 23 (pitch, roll, and yaw axes,
respectively). In each of these figures, the correlation should not be expected
to be exact for the same reasons (or uncertainties) as were mentioned in the
discussion for the hover pitch step time history (Fig. 11). 1In general, the
correlation is quite good. However, it is interesting to note, as with the hover
response data, that when time history correlation is excellent, the small
perturbation correlation may not always look as good (and vice versa). More

study is planned to better explain and quantify this observation.

*Parameter varies significantly with flaps and conversion angle. This
comparison is for flaps up in airplane mode.
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XV-15 S/N 703, Flight 169, Counter 9804, SCAS OFF, 175 KCAS
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XV-15 S/N 703, Flight 168, Counter 9796, SCAS OFF, 178 KCAS
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Xv-15 S/N 703, Flight 169, Counter 9798, SCAS OFF, 176 KCAS
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E. XV-15 MATHEMATICAL MODEL REFERENCE INFORMATION

. As part of this report, it was deemed important for reference purposes to
include a summary of GTRS trim and stability derivative information for a broad
range of XV-15 flight conditions. An example trim page output is provided as
Fig. 24, and an example stability derivative output is included as Fig. 25.
These reference data, for variations in airspeed, altitude, and mast angle, are
presented in Appendix A. Most of the presented flight conditions were
originally predicted and documented by BHT in 1973 in Ref. 19. It should be
noted that the helicopter and the airplane mode rotor speeds have changed from

601 to 589 and 458 to 517, respectively, as a result of flight test constraints.
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----- ATMOSPHERIC CONDITIONS ----- ----- FLIGHT PATH CONDITIONS ----- =---o- INERTIAS =-e-- -c--- CENTER OF GRAVITY
ALTITUDE FT 5000 CAL. AIRSPEED (KNOTS) 140.01 (SLUGS-FT2) (1N)
DENSITY ALT. (FT RATE OF DECENT (FPS 0.00
PRESSURE ALT. (FT 0.00 G-LEVEL 6 S 1.00 IxX 0 5095E+05 S.L. 298.2 )
AMBIENT TEMP (DEG-R) 288.16 DYN PRES (SLUGS/FT-SEC2) 66.36 IXZ 1076. B.L. 0.0000E+00
OUTSIDE AIR TEMP (DEG-C) 15.00 ANGLE OF ATTACK (DEG 6.944 1YY 0.2035E+05 W.L 73.59
AIR DENSITY (SLUGS/FT3) 0.2377E-02 FLIGHT PATH ANGLE(DEG 0.000 122 0.6717E+05
SIDESLIP ANGLE DEG 0.000
THETES (ND 1.00000 ROLL ANGLE DEG 0.000
DELSTD (ND 1.00000 PITCH ANGLE DEG 6.944
SIGMA PRIME (ND) 1.00000 YAW ANGLE DEG 0.000
----- CONTROL DISPLACEMENTS -=--e  covceccococcooe POWER/TORQUE =-=--m-meeccocee cececcmans ceeemecons
+ (IN) (PER) OWER TORQUE GOV. PITCH  TIP SPEED TIP MACH NO.
COLL up) 3.3198 33.20 (SHP) (FT-LBS) (DEG) (FPS) (ND)
LONG FWD) 4,5382 47.27  LEFT 416.9 4235. . 716.8 0.6421
LAT RTg 4.8000 50.00  RIGHT 416. 9 4235. 4.701 716.8 0.6421
PEDAL RT 2.5000 50.00 ENGINE 458.2
----- SWASH PLATE ANGLE (DEG) ---- me=eecceeee ROTOR cocevccccoeos
LEFT ROTOR  RIGHT ROTOR  ------ccecn-- FLAPPING ---e-cvecee- ---- FORCES - MAST AXIS ------ - JET --
THETAO 60.5015 60.5015 AQ LONG LAT THRUST H-FORCE Y-FORCE  THRUST
Bl 1.5000 1.5000 (DEG) (DEG) (DEG) (LBS) (LBS) (LBS) (LBS)
Al 0.0000 0.0000 LEFT 1 1902 -0.2169 0.0896 680.41 156.97 -50.0 -9.74
RIGHT 1.1902 -0.2169 0.0896 680.41 156.97 -50.05 -9.74
------- SURFACE POSITIONS ------- PROP ADVANCE INDUCED INFLOW COEFF COEFF COEFF
EG) EFFIC. RATIO VELOCITY RATIO POWER THRUST DRAG
(ND) (ND) (FPS) (ND) (ND) (ND) (ND)
ELEVATOR -1.2398 LEFT 0.7020 0.0422 1.2809 0.3484  0.000634 0.001273 0.014088
AILERON 0.0000 RIGHT 0.7020 0.0422 1.2809 0.3484  0.000634 0.001273 0.014088
RUDDER 0.0000
CORISE CTEL CDALPHA COLIM CDMACH CDFACT
(ND) (ND) (ND) (ND% (ND% (ND)
LEFT  -0.04142 0.01291 0.01000 0.85000 0.35000 0.20000
RIGHT -0.04142 0.01291
TIME USED FOR THIS TRIM = 0.0212 MIN

Figure 24.
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SECTION V

SIMULATION SYSTEM DEVELOPMENT AND VERIFICATION

When a researcher is adequately satisfied that the important pieces of his
mathematical model are verified, he must then proceed toward a complete systems
verification before it is possible to accurately evaluate simulation validation.
The systems verification step should be broken down into at least three separate
parts that include the main computer, the cab and control system, and the
simulation motion, visual, and aural systems. The end-to-end verification of
these components will provide the basis from which simulation data evaluation

and validation conclusions are made.
A. THE MAIN COMPUTER

The systems verification effort conducted with the main computer should
first center on a re-verification of the mathematical model(s) as a complete and
interactional package that must functioniin a timely and accurate manner. When
in a batch mode or time lengthened simulation mode, which is usually the
environment used for initial checkouts, a mathematical model may seem to behave
much differently than when running in a real-time environment. An excellent
example of this type of problem occurred in the simulator during an evaluation
of the XV-15 heave response. It was discovered that the mathematical model
subroutine call sequence was arranged in such a way that it resulted in a one
main computer cycle time (AT) delay in the mathematical model calculations being
made for update of the governor and engine response. This resulted in the
predicted XV-15 heave response being slightly degraded. Had the mathematical
model been cycling at a 10- or 20 msec time frame in an off-line (non-real-time)
application, then the resulting problem would have been insignificant. In a
70-msec real-time application where other lags exist in the system, this type

of problem can often influence simulation results.
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Main computer AT effects (or computational delays) can be looked at from

several perspectives. One way is to ignore them. In doing so, a researcher
justifies to himself that they are acceptable in the mathematical model/computer
environment, because the real-world rotorcraft has control system flexibility
as well as other hardware and aerodynamic-related effects that will result in
small lags (or delays). This perspective is acceptable if this is where the
researcher wants to "deposit" his flight-rationalized simulation delays. What
is crucial is that the researcher measure this delay and keep track of it during
the rest of the systems verification process, because other delays will follow
that will have to be measured, and the overall systems delay will be what is
crucial in the simulation validation effort. For the GTRS simulation effort,
the main computer cycle time was between 70 and 80 msec; this was compared with
measurements of the XV-15 control system, which will be discussed in the next
section. As a result, the decision was made to turn off the mathematically
modeled control lags and hysteresis effects that were programmed into the

simulation.

One of the easiest and most effective methods to use in running overall
system verification checks is to evaluate the frequency response of the transfer
function of interest. The end-to-end computer verification results using this
method can be added easily to the motion and visual system frequency responses
in order to obtain an overall simulator response for verification with the actual
aircraft. Tischler, in Refs. 20 and 21, helped to support the mathematical model
verification effort by conducting an end-to-end check of the mathematical model
by inputting frequency sweeps through the cab controls. The results for hover
were subsequently compared with flight test data obtained following the
simulation. In Ref. 22, this same type of analysis technique was used with a
UH-60A Black Hawk to evaluate and compare flight test, mathematical model, and,
more importantly, simulator cab response. More discussion on this experiment

will follow later in this section.

TR-1195-1 55




B. SIMULATION CAB CONTROL SYSTEMS

Control system verification is the second important step in the end-to-end
systems verification process. Force-feel control system verification was
conducted by comparing the measured XV-15 force feel system frequency response
with that which was generated using the VMS cab McFadden control loaders.
Adjustments were made subsequently to the force gradient and damping
characteristics until the best possible match was obtained. The pilot response

to the simulated XV-15 control system was excellent.

The mechanical control system of the XV-15 was also measured end to end, and
frequency responses were obtained for the various segments of this system.
Figure 26 presents the results from the measurement of the 1lateral stick
response. This data was subsequently modeled as a first-order lag in the XV-15
mathematical model control system. However, as was stated previously, the
decision was made not to include this effect, because the phase decrement due
to the computer cycle time (AT effect), the mathematical model, and other parts
of the simulation system were known to be considerably greater than those

measured on the XV-15.
C. THE SIMULATION VISUAL, MOTION, AND AURAL SYSTEMS

The simulation systems are those that must provide the visual, motion, and
aural cueing to the pilot so that he perceives that he is flying an exact replica
of the actual vehicle of interest. Céreful end-to-end verification of the
effects of these systems is critical to quantification of simulation validation.
Large lags (or leads) in these systems, especially if the systems are not in
phase, can considerably reduce simulation bandwidth and compromise simulation
results for highly aggressive simulation tasks (e.g., NOE flight tasks).

Reference 22 presents results quantifying these types of problems.

The early development of the XV-15 was conducted using the Flight Simulator
for Advanced Aircraft (FSAA), which is located in an adjoining building to the
VMS. The visual system used with the FSAA provides both the pilot and co-pilot
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Figure 26. Measured XV-15 (S/N 703) Lateral Control Response Characteristics
with one forward-facing window that is driven by a Redifon (TV) system traveling
over a terrain board. Results discussed in Ref. 1 show how an unexplained delay

in the Redifon system was responsible for "pushing the pilot over the PIO cliff"

on the roll axis in a shipboard landing task using the XV-15. These results are
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reproduced in Fig. 27. The XV-15 can be seen (in flight) to be marginally PIO
prone on the roll axis in hover (which is backed up by pilot evaluation), by not
clearly meeting precision attitude control lag limit criterion (Ref. 18). The
measured pilot-control-to-visual-system response, indicated by the triangles,
is clearly unacceptable, and the simulation pilot's evaluation comments clearly
backed this up. With the Redifon system, however, it is possible to negate this
visual effect by introducing lead into the camera drive system. This was done
in the simulation by adding a 0.23 sec lead to the normal 0.22 sec lead in order
to obtain a phase relationship between the pilot and visual that much more
closely matched that of the predicted XV-15 characteristics (Fig. 28). The
pilot’'s response to this was that it fixed the simulator; unfortunately, it

didn’t fix the XV-15. However, this was done later.
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Figure 27. XV-15 Aircraft Versus Simulation Hover Roll Response
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Figure 28. XV-15 Simulator Roll Response

The VMS, unlike the FSAA, uses a Singer-Link four-window computer-generated
image (CGI) visual display. This CGI display provides a much better field of
view to the pilot (more like a real cockpit) and eliminates the "port hole" or
"tunnel-vision" constraints of the Redifon system. However, in return for the
increased field of view and some increased visual resolution, scene content (or
detail) and some parallax cues are sacrificed because of hardware constraints.
A pure time delay is also introduced into the visual scene due to computer
hardware and software processing constraints. This delay, measured by Paulk
using the Xerox Sigma host computer (Ref. 23), is  approximately
AT=1.53 DT + 91.5 (where DT is the main computer cycle time). For the XV-15
simulation, depending on which host computer is used, the time delay is

approximately 110 to 180 msec. This equates (worst case) to approximately
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approximately 110 to 180 msec. This equates (worst case) to approximately
10.3 deg of phase distortion at 1 rad/sec and 31 deg at 3 rad/sec
(¢=-(w)(AT)(57.3). This presents a potentially significant problem, because
‘this level of phase distortion will reduce the already low bandwidth (in
comparison to a helicopter) of approximately 2.5 rad/sec for the XV-15 to a lower
bandwidth of 1.5 rad/sec (Fig. 29). For mission task elements that are not
highly aggressive, this is still acceptable, but for NOE flight or for shipboard
landing tasks, even though the pilot can add lead, the results may not be
indicative of those that are found or will be found in the real aircréft, and

pilot performance will be poor by comparison.

EFFECTIVE SYSTEM BAND WIDTH YSTEM BAND WIDTH
WITH DELAY NO DELAY
Q FIRST ORDER SYSTEM
z Py 10
g 5, " ase )
0
0
= -tan~! (w/2.5)
NO DELAY
5 -45
o ¢ =-tan"1 (w/2.5) - 103100~ \\
9 WITH TOTAL DELAY J
< N
I At~ 180 ms \
a
-90 e
100 ms CGI PURE TRANSPORT DELAY \\
60 ms CYCLE TIME MATH MODEL
20 ms LOITER \\
_135 1 1 1 L L . . | l 1 1 1 1 L L1 l
: 1.0 10.0
w

Figure 29. Effects of Total Simulation System Delay Time
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Motion system verification is also very important, and, if the motion is not
tuned carefully with respect to the visual, the subject pilots can become
nauseous and disoriented. Unfortunately, a detailed accounting and
quantification of all cab linear and angular motion transfer functions was not
made during the simulation effort due to time constraints. Reference 24
presents some limited results that were obtained. (It should be noted that this
motion system was replaced by a new system during the VMS renovation that was

completed during the period between 1986 and 1988.)

If it can be assumed that the UH-60A Black Hawk roll transfer function data
presented in Ref. 22 is close to that which would have been measured with a gyro
in the XV-15 cab, it can be seen in Fig. 30 that the cab roll response and the
CGI visual would be in good agreement at high frequency, w > 2.5 rad/sec. 1In
the range below 2.5 rad/sec, the visual lag, as discussed before, will still
contribute to a lower system bandwidth, while the phase of the motion will begin
to significantly lead the visual and the mathematical model. The lead in the
cab response is generated by a second-order linear washout of the form:

Ks?
2 2
s+ 2t w,s+ w;

G(s)=

This form of washout is required if the motion system is to be capable of
recentering itself prior to each new series of motion commands. Conclusions
drawn from Ref. 22 yield the hypothesis at the present time that, for aggressive
NOE tasks, this phase relationship will result in pilot cueing confusion and

decreased pilot performance.

The aural system, while not used for cueing in the same way as the visual
or motion systems, is important to the pilot’s perceived fidelity. Some cues
are very often obtained by the pilot through the aural mode, e.g., the pilot
knows when the pylons have rotated to the stops or that the flaps or landing

gear are moving by the particular sounds associated with these mechanical
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movements. This helps to reduce pilot workload and induce a realism to the
simulation. Sansom discusses the results of the effect to simulate the aural

effects of the XV-15 from flight data in Ref. 25.

In concluding this brief discussion of simulation systems verification,
several statements can be made based on XV-15 simulation experience (as pertains
mainly to the VMS hardware configuration existing during the 1983 to 1984 time

frame).
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It is crucial to have quantification for all of the simulation system
response characteristics on hand prior to the evaluation of
simulation results. All too often, researchers, including the
author, have not obtained this information and have subsequently
paid a penalty when trying to better understand results obtained
without it.

More research needs to be conducted to improve CGI visual phase
distortion for low-bandwidth vehicle simulations without producing
significant gain distortion (if possible). While the Redifon was
capable of being adjusted to reduce the phase distortion, its
limited field of view precludes evaluations of anything other than
"straight ahead" tasks.

‘The effects of large motion phase leads on pilot performance need

to be better quantified and documented, especially for low-bandwidth
systems.
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SECTION VI

SIMULATION FIDELITY

As stated earlier in this report, simulation fidelity is a measure of the
pilot’s perception with respect to the accuracy of the simulation to induce
correct pilot responses. This measure is affected by all elements of the
simulation for which verification is possible, as well as those aspects that are

not verifiable (e.g., scene content or detail of the visual).

Examples of the effects related to the mathematical model that improved
pilot fidelity were the modifications of the in-ground effect model and the pylon
conversion aerodynamics. These examples, based on pilot comments, indicate the
importance of fully defining the simulation modeling requirements as a function
of the tasks of interest so that small but important effects are included. The
lack of these effects can ultimately contribute to enough cues being "lost" that

the simulated system bandwidth is lowered and pilot acceptance is reduced.

A large percentage of the pilot’s perceptual fidelity requirements are
presented through the visual modality. As discussed previously, the AT effects
of the CGI hardware, software, and related host computer integration
requirements limit pilot performance at high frequency. At lower frequencies,
however, a whole new set of fidelity issues can arise. Visual requirements not
affected by AT requirements include scene content or detail, parallax cues,
texture, resolution, and range and closure rate cues or what many pilots call
"a sense of depth perception." While some of these requirements overlap, there
seems to be a need for at least a small amount of all of them in a good visual

scene.

The appropriate cockpit field of view for the task of interest is also a
primary requirement for providing fidelity. If the needed cues are not capable

of being presented (no matter how poor they might be), the pilot certainly cannot
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be expected to perform the task. Bray discusses the effect of simulation field
of view using photographs in Ref. 24. Future wide-angle "out of cockpit" visual
projection systems, like the Rediffusion CT6 system, provide the best hope for

improvement of this problem.

Scene content and texture are important in providing the pilot with enough
objects to maintain a position (e.g., when hovering). However, if the resolution
of the objects or the parallax cues in the scene are poor (e.g., they have
blurred edges or there is a lack of objects at varying ranges), the number of
objects may still not be capable of providing adequate visual cues. An example
of how small visual improvements can provide increased fidelity was recently
demonstrated on a Navy shipboard landing simulation at NASA ARC and in a flight
test experiment (Ref. 26). Pilots simulating flight in the vicinity of a
destroyer had previously complained of inadequate cues for approach and landing.
While options for improvement were severely limited, a way was found to include
the figure of a man in the landing scene and a group of large "ice cubes"
(representing ice floes) in the monotone blue ocean scene. As the destroyer
moved through the ice floes (fixed in position in the inertial sense), the pilot
approaching the ship was able to obtain greatly improved closure rate and
hovering cues. The improved scene content and scaling effect provided by the
figure of a man on deck helped the pilot to better perceive the range to the
ship. Had the CGI hardware also allowed for deck texture and the addition of
small, randomly space, irregularly sized, high resolution objects to the scene,
then even more improved visual fidelity would have been expected. These same
types of cueing problems are present in NOE scenes, as evidenced by the pilot
comments in Ref. 22. 1In the flight test experiment of Ref. 26, visual cues were
degraded to represent a quality comparable to those contained in the simulation,
and the pilots had a much harder time hovering a real helicopter. In conclusion,

while the CGI system has eliminated the "tunnel vision" of the Redifon (which
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did provide good fidelity for straight-ahead tasks such as approach and landing)
by increasing field of view, it has, in general, sacrificed visual parameters,

such as scene content, texture, and visual update rate.

Overall, for the majority of the tilt-rotor evaluation tasks, the fidelity
of the VMS as a complete system was quite good. However, if the VMS is to be
used extensively for high-bandwidth tasks (e.g., shipboard landing, NOE flight,
air-to-air combét) during the MV-22 or the Army's Light Helicopter Experimental
(LHX) simulation programs, problems may continue to persist when quantifying
simulation fidelity and evaluating engineering design trade-offs. Also, if
pilot evaluations are conducted to evaluate handling qualities in conjunction
with combat tasks, such as navigation, communication, or battle captain duties,
then the increased workload expected of these tasks may be more than sufficient
to lower the pilot’s control bandwidth to the point where aggressive maneuvering
in the VMS may be considerably more difficult than the equivalent real-world

task.
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SECTION VII

CONCLUSIONS AND RECOMMENDATIONS

In summarizing the generic tilt-rotor validation effort, several conclusions
can be stated with a high level of confidence. The foremost of these conclusions
is that the VMS and FSAA simulators are good tools for tilt-rotor and rotorcraft
design, development, and pilot training. Like most man-made tools, confidence
in the VMS (and FSAA) is highly dependent on the way in which it is utilized by
researchers involved with a particular project. In validating the generic
tilt-rotor simulation as a complete system, several important verification

statements or lessons can be provided. These include:

1. Mathematical Model Verification--The GTRS mathematical model is capable
of providing the required tilt-rotor dynamic response characteristics required
for simulation of most tilt-rotor tasks of interest. This is demonstrated by
the results presented in this report. Some of the weaknesses that do exist in
the mathematical model were identified during the validation simulation and, as
a result, are being addressed in a follow-on mathematical model improvement
effort. A capability is also being developed for future use that will better
quantify and verify in a usable format (e.g., the frequency domain) the dynamic
response characteristics of configurations being evaluated with the GTRS

program.

2. Visual System Verification--The Redifon (TV) visual system provides
adequate bandwidth for tilt-rotor simulation (assuming it is "tuned up"
appropriately), but "tunnel vision" limits aggressive pilot task evaluation,
especially for tasks requiring wide angle cockpit field of view. The CGI visual
system, while eliminating "tunnel vision" problems, is deficient in other areas,
such as scene content, texture, and, most importantly, in acceptable performance

at higher frequencies (due to AT lags) where aggressive piloting tasks (e.g.,
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NOE maneuvers) require the maximum mathematical model bandwidth. Further
research is required to understand the limitations of the CGI system in order
to maximize its wusefulness and specify modifications to enhance future

performance.

3. Motion System Verification--Motion system cues are important, and the
phase of the motion system must complement the visual system, or the pilot will
become sick. At the present time, however, not enough is known about the use
of motion to specify clearly the optimum set of motion system drive parameters
to maximize perceived pilot fidelity for any arbitrary series of tilt-rotor
tasks. While specific task requirements have been investigated in some cases,
this work is not complete nor documented well enough for future needs, especially
for tasks conducted in the region of mid- to low-frequency, where significant

motion lead is encountered.

4. Total Systems Verification--This part of the validation process is the
most important, because the "sum of the parts" can often yield lower performance
than that which would be expected. Techniques, software, and hardware to
quantify this performance need to be developed further, and they need to be
provided in the VMS and FSAA for verification and diagnostic use (e.g.,
user-friendly software for frequency response quantification, a calibrated,
cab-installed, three-axis rate gyro and accelerometer package). Cab control
loader and aural system verification should be given higher priority in

simulation setup by researchers in order to maximize pilot perceived fidelity.

5. Pilot Perceived Fidelity--Pilot perceptual fidelity evaluation
procedures are the most significant deficiency of the simulation "art."
Perceptual fidelity evaluations are invalid without first obtaining an
engineering fidelity assessments that are obtained through equipment and
mathematical model response evaluations. Further, the use of simulation for
developing specification or certification criteria is invalid without first

validating the entire simulation system.
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Recommendations as a result of this project are simply stated as:

1. Identified weaknesses of the GTRS mathematical model should be
corrected or researched to quantify the individual effects on
simulation fidelity further. Also, correlation with all types of
XvV-15 flight test data should be pursued aggressively.

2. Identified visual, motion, and aural system weaknesses should
likewise be eliminated wherever possible. This will require
hardware upgrades as well as software improvements.

3. After a reasonable period of time, all of the improvements in
software and hardware should, as a new simulation system, again be
evaluated in a comprehensive simulation validation effort.

Accomplishments of these three tasks will provide a new reference baseline from
which to evaluate the state of the art in piloted tilt-rotor simulation. From
this new baseline, further improvements can be developed and implemented as

required to meet ever changing simulation requirements.

All of this simulation effort--in that it accomplishes specific objectives
in simulation wvalidation and sets goals for future improvements to the
simulation--has a significant effect on future tilt-rotor development programs;
that is, there is confidence in the pilots and engineers that a maximum effort
is being made to validate the design and handling qualities of future tilt-rotor
aircraft so as to safely advance tilt-rotor technology for civil and military

applications.
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APPENDIX A

XV-15 PERFORMANCE AND STABILITY AND CONTROL DATA

. TR-1195-1 A-1




DATA SUMMARY

The calculated performance and stability and control data presented in this
appendix is provided as reference information to anyone interested in the level
flight capabilities of the BHT XV-15. The data can roughly be compared with the
data contained in Ref. A-1. Several parameters have been changed, however, to
more closely represent the S/N 703 XV-15 configuration presently in flight test
(i.e., helicopter and airplane mode rotor speeds that are used are 589 and 517
RPM, respectively. 1In Ref. A-1, the rotor speeds used were 601 and 458 RPM.
These were the "planned" values before XV-15 flight tests began.)

REFERENCE

A-1. Anon., V/STOL Tilt Rotor Research Aircraft. Volume 2: Stability and
Control and Handling Qualities Analyses, Bell Helicopter Company Report
No. 301-199-002, 1973.
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XV-15 STATIC TRIM, FORCE AND MOMENT, AND
STABILITY/CONTROL DERIVATIVE PRINTOUTS

FLIGHT CONDITIONS

Gross Weight
Helicopter CG

Mast Angle Position
Nacelle Incidence
Rotor Speed
Flap/Flaperon Position
Altitude

True Airspeeds

TR-1195-1

13000.0 pounds
301.2 inches
0.0 degrees
90.0 degrees
589.0 RPM
40/25 degrees

Sea Level Standard Day

0, 20, 40, 60, 80, 100 knots
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