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Foreword

As flight control systems become capable of providing a variety
of aircraft response types and aircraft flight envelopes expand
to include a wider range of angle of attack and speed, the
ability to predict flying qualities becomes increasingly
difficult. Tracditional parameters, such as modal characteristics
and time delay, coannnt totally capture the relationship of
aircraft dyramics, task performancz and pilot workload. The
] success of che Handling Qualities During Tracking flight test
technique ited to the thought that a series of demonstration
mareuvers could be cdefined for a variety of tasks which would
augment the normal aircraft flying qualities description. 1In
order to be useful, such maneuvers must be well-~defined and
suited to testing, must relate to the operatioral use of the
vehicle and must be sensitive to parameters used in the design
process.

The research documented in this four-volume report series hag
developed a process by which these maneuvers can be defined and
validated as well as an initial set of maneuvers zimed primarily
2% agility and the high-angle-of-attack flight regime. A key
word here is initial, limited resoucrces did not allow this effort
to address all aircraft types or missions. It is hoped that as
various agencies and companies conduct their own research, they
will develop additional or modified maneuvers and add them to
this existing set. This process will allow tlie maneuvers to keep
pace with the changes in aircraft technology and operational
missions and tasks. New maneuvers should be sent to WL/FIGC_2,
WPAFB OH, 45433-7531. An updated set of maneuvers and lessons
learned will Ye available either by mail or electronically
through the ARPANET computer network. For details, contact Tom ‘)
Cord at (513) 255-8674. The resulting maneuver set will provide X
a basis from which demonstration maneuvers for the verification
csection of Mil-Std-1797B can be defined.
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Preface

This series of reports proposes aircraft maneuvers and general guidelines for the piloted
evaluation of aircraft flying qualities and agility. These maneuvers augment rather than replace
existing flying qualities evaluation techniques and are aimed primarily at expanded flight
envelopes. A process te develop new evaluation maneuvers that link operational requirements
to the design process is outlined and key concepts are identified. A format for documenting
and selecting useful evaluation maneuvers is also described. Finally, the evaluation maneuvers
and data demonstrating their sensitivity to design parameter variations are described.

This ducumentation is organized intc a sequence of four reports. The first report, subtitled
"Maneuver Development Process and Initial Mancuver Set,” includes a detailed description of
the research conducted as well as a suinmary of the results. It describes the maneuver
development process used during this research and key considerations for developing new
evaluation maneuvers. A brief summary of typical results observed for each maneuver tested is
alsoincluded. The second report, subtitled "Maneuver Descriptions and Selection Guide," is a
stand-alone document that describes the mancuvers tested during this research. It documents
the inf~nt of each maneuver, the aircraft attributes isolated, the techniques required to fly the
mancuver, as well as presenting a cross reference 1o help select the most valuable maneuvers
for aircraft evaluation. The second report is the beginning of a standard maneuver reference
guide that will contain a wide variety of evaluation maneuvers for use throughout configuration
development and flight tess. It is recommended that new and existing evaluation maneuvers be
added to this report to provide a source of evaluation maneuvers for the design and test
comiaunity. The third ¢ ort, subtitled "Simulation Data," consists of detailed information on
the design parameter variations tested, subsequent statistical analyses conducted on the
simulation data, and pilot comments and ratings from the testing. The fourth report, subtitled
"Flight Test Plan,” includes a preliminary test plan for the in-1light validation of the evaluation

maneuvers.
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Chapter 1
Introduction and Summary of Results

Background and Objectives

Many valuable e¢valuation maneuvers currently exist for heart-of-the-envzlope flying
qualities testing such as the well eswablished "Handling Qualities During Tracking" (HQDT)
techniques! and offset landings. However, additional maneuvers are needed as aircraft flight
envelopes are expanded to higher angles of attack and as aircraft capabilites are improved
through application of technologics such as thrust vectoring ard forebody vortex controls. As
2 result, this effort was devised? to extend HQDT techniques and augment current evaluation
methods with new mancuvers specifically designed to aid in the evaluation of improved aircraft
capabilities such as those shown in Figure 1. Such maneuvers would be used to identify
deficiencies while an aircraft is still in the design, development, or flight test siage rather than
uncovering problems after a vehicle has entered operational use. These maneuvers were not
developed to compare an aircraft against specification parameters, bat instead they provide a
true evaluation of the flying qualities and agility of an aircraft in #n operationaily representative
environment.

Current Evaluation Maneuvers

Turn Roll Lift

Rate Rate \ Coefticient

' i

Mach Angle of Atiack Angle of Attack

Extended Envelope Evaluation Maneuvers

Turn
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Roli |
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Coeflicient

Mach Angle of Atiack Angie of Attack

Figure 1. New Maneuvers for the Evaluation of Enhenced Alrcraft Capallilties




A key goal during the development of these maneuvers was to establish a link between
operational requirements and the design process. This is necessary to ensure that the
maneuvers can be used during the design process, Figure 2, while ernulating the dynamic
requirements observed in an operational environment. This blends operational needs back into
a repeatable, useful evaluation maneuver similar to the HQDT techniques. By using an
operarionally relevant evaluation maneuver, the aircraft design can be evaluated in a fashion
more like it will be used by the pilots. True operational relevance is somewhat unlikely for a
maneuver that is intended to be repeatable and provide design guidance. However, the .
Standard Evaluation Maneuver Set (STEMS) maneuvers are designed 10 require similar
dynamic iequirements to those needed during operational missions. This is what is meant by .
the term operationally relevant throughout this report. This research was not intended to be a
criteria development effort or a tactical utility study. Instead, a sensitivity between each
maneuver and various design parameters was esiablished. Therefore, the designer now has an
evaluation tool that can be vsed to show changes in aircraft flight characieristics during the
development phase. Detailed descriptions of the evaluation maneuvers can be found in the
second report of this report scries.3 In addition, several of these maneuvers may be suitable
for the development of design criteria or tactical utility studies. The detailed data contained in
the third report* of this report sequence might be uscful as a starting point for either of these
eflorta.

Anocther objective of this research was to detine an effective and efficient maneuver
development process so that additional maneuvers could be generated as the need arises. Such
a process is desirable because this effort could not define a complete set of evaluation
maneuvers. Instead it documents an initial set of standard maneuvers with the hope that other
researchers will continue to add useful evaluation maneuvers. The maneuver development
process and key concepts used during this contract are considered to be necessary to provide
consistently high quality additional maneuvers. This process and these key ideas will help
keep STEMS a "living" document as new maneuvers are added for new technologies or to
include current evaluation methods.

A final objective of this effort was to develop a preliminary flight test plan. The flight test.

plan was written to belp transition the experience obtained while developing these maneuvers in
simulation to a flight test validation program. Itis written generically so that it can be modified
for any aircraft, but it is aimed towards aircraft with high angle of atiack capability. The flight
test plan wiil be summarizex. in this report and is detailed in Reference S.
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Program Structure

A iwo-phese program was used to achieve the above objsctives, Figure 5. The first phasc
was an initial maneuver development phase that included brainstorming and screening efforts.
Both pilots and engineers with varying backgreunds worked 1o develop a large set of potential
maneuvers. The inaneuvers were conceived from each individual's experience and
background. These manzuvers were then discussed, refined, and sorted into a more
manageable set to test during Phase II. No flight simulation was conducted during Phase I.

Survey Literature

Develop/Gather Carxiidate Manauvers
Icentiy Evaluation and Design Criteria
Review Team Analysis and Screening
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» Confirm Link Batween Marienver, Design W\%
Factors, and Operational Environment J j

< Evaluate Fiight Test Pian

Final
Maneuvers Flight
tManeuver Test Plan
Devulopment
Pracess

Figure 2. Program Structure

The second phase was used to further develop, refine, and test the manzuvers by means of
piloted flight simulation and a data quality review process. Phase II consisted of three
simulations with periods of data analysis between, Figure 4. This structure was valuable
because it provided for periods of iearning between the simulations. The first simulation and
sudsequent data analysis were structured to be somewhat exploratory to initizlly test ideas and
technigues. The sccond simulation and data analysis was the primary data gathenng effort and

the third simulation was used to answer uiuresolved issues and conduct additional validation
testing. The third simulation was also used to evaluate and refine a draft flight tesi plan.
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Figure 4. STEMS Three Simuletion Effort

A recurring feature throughout this research was tke involvement of both government and
industry personnel. A Review Team of pilots and engineers was included during the entire
coniract to evaluate the maneuvers and maneuver development process as well as provide
guidance for remaining work. Many meinbers of the Review Team also participated in the
simulation efforts. The exicnsive experience and diverse background among the Review Team
members was very bencficial in developing and reviewing the maneuvers. Pilots with both test
B and operational experience were intentionally included so that the maneuvers could benefit from
' each experiise. Additicnally, the Review Team engineers had varying backgrounds that
covered flying qu: lities, agility, and flight test experience. Obvicusly there was overlap in the
Review Team micinbers' backgrounds, but each had valuable unique experience to offer.




Results

Three primary products were developed during this research: a process to develop new
maneuvers, an initial set of evaluation maneuvers, and guidelines to help select existing
maneuvers, Figure 5. The maneuver .. «elopment process can be used to produce evaluation
maneuvers that arc representative of operational requirements and are sensitive to design
parameter variations. The evaluation maneuvers are valuable during design and flight test to
evaluate aircraft attributes. Finally, the maneuver selection guidelines can be used to help select
the most important maneuvers for the given test objectives.

Maneuver
Selection
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Guidelines to Heip User Select
Most Beneficial Maneuvsrs for
Specitic Test Objectives

High Quality, * Tracking
We!l Documented * Acquisition
Evaluation Maneuvers & ' Laming

* Fiight Envelope
+ Mission

- Configuration
¢+ Altributes

Creation of Valid Maneuver
for Given Test Subset

Maneuver
Development
Process

Figure 5. Maneuver Davelopment and Selection

There are several benefits that can be gained through the use of these tools. High quality
evaluation maneuvers can be developed more ctficiently. The time required to test an aircraft
can be reduced by using predefined, well-documented evaluation maneuvers. The time
required to plan for a test can be reduced and the quality of the test can be improved by using
the maneuver selection guidelines. And raost importantly, a more constructive cvaluation can
be conducied by evaluating key aircraft atibutes.
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The mancuver development process consists of severai key elements as shown in Figure 6.
One of the most important ingredients is the involvement of both pilots and engineers
throughout the development, refinement, and analysis of each maueuver. It is also beneficial to
draw upon a variety of backgrounds including cperational, flying qualities, agility, and tlight
test. The operational experience is especially useful to help tie the maneuver to the
requirements of the final user -- the cperational pilot. The flight test experience is invaluable to
help define repeatable, measurable, and flyable maneuvers. Finally, the use of piloted flight
simulation and a data quality review process were also key to efficiently and effectively
defining evaluation maneuvers.

%ﬁ Flight Test

E Experience @ -
Gy o E

Data Quaility
Flight Simulatior: J Review Process

Maneuver
Development
Process

Figure 6. Key Elements Required to Develop Effective Evaluation Mancuvers

Utilization of this maneuver development process resulted in the ideatification of 20
maneuvers that can be used to evaluate various tlying qualitics and agility attributes while
maintaining a tic to operational requirements. Figure 7 shows some example atiributes and
operational tasks that are addressed by these maneuvers. These 20 ¢valuation mancuvers were
shown to be repeatable and provide useful data for the design process. Descriptions of these
mancuvers have been developed to document the intent of each maneuver, the techniques used
to fly the maneuver, and potential variations to the maneuver. These maneuvers are primarily




designed for application to fighter aircraft, and in particular, attributes required for air-to-air
combat. Many of the maneuvers were developed to evaluate extended flight envelope
capabilities in terms of post-stall/low-spced maneuvering because of relatively recent
improvements in aircraft capability in this flight regime. A few maneuvers were developed for
heart-of-the-envelope operation and for ransport class aircraft 1o validate this concept over a
wider range of aircraft classes and flight phases.
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Figure 7. Exemple Alrcraft Attributes and Operational Applications

The maneuvers developed under this res¢arch range in complexity and character as shown
in Figure 8. Some maneuvers tend to isolate a single axis while others are multiple-axis tasks.

The nature of the maneuvers varies from pure open-loop tasks to tight closed-loop tracking
tasks. And the pilot technique varies from structured {technique precisely defined) to
unstructured (freestyle technique allowed). Because of the wide range of maneuvers available,
the best maneuver to use for an evaluation depends upon the data and information that is being
sought. Some maneuvers were found to be more useful for qualitative data gathering whereas
others were much better suited for quantitative analyses. A maneuver selection guide was
developed to help the user select potentially useful evaluation maneuvers. Once the user
identifies the sircraft characteristics to be tested, the selection guide and additional information
provided with the maneuver descripiions can he used to help select the best maneuvers.
Descriptions of the maneuvers and the mancuver selection guide are included in Reference 3.
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Figure 8. General Charactoristics of the Initlai STEMS Maneuvers

The maneuvers shown ir. Figure 8 were developed to allow the evaluation of a range of
flying qualities and agility characteristics. In particular, an atterpt was made to build upon the
recent agility maneuver research conducted in References 6 and 7. However, the maneuvers
developed under this contract do not define a complete set of evaluation maneuvers. These
maneuvers augment existing evaluation maneuvers, and therefore they do not test a
comprehensive set of aircraft attributes. A much wider selection of maneuvers would be
required to thoroughly evaluate an aircraft. Therefore, it is recommended that existing
evaluation maneuvers and newly developed maneuvers be continually added to STEMS to

increasc its range of applicability. Any auditional maneuvers or experiences using STEMS
should be forwarded to Wright Laboratory/FIGC_2, where the STEMS maneuver reference
guide3 will be maintained and distributed.




Chapter 2
Maneuver Development Process

A maneuver development process was exercised and refined during this research. This
maneuver development process is recommended as an effective and efficient method to develop
aircraft maneuvers. This chapier summarizes the process, lessons learned, and key elements
required to develop high quality evaiuation maneuvers. Chapter 4 will document how this
maneuver devclopment process evolved and how 20 evaluation maneuvers were developed and
tested during the refinement of this process.

Maneuver Development Process Overview

The maneuver development process is summarized in Figuie 9 and will be described in
detail in the following sections. Prior to beginning the development of a new maneuver, details
of the aircraft characteristics, such as the flight envelope, mission, configuration, and other
attributes, must be specified so that the resulting maneuver will meet the test objectives. The
first step in the maneuver development process is to define further these aircraft characteristics
aud propose candidate maneuvers that night meet the test objectives. ‘These candidate
maneuvers are then screened to identify the most promising cnes. The next step utilizes
simulation to further develop and refine the candidate maneuvers. A data quality review is
incorporated into this step to ensure that the maneuver produces sufficient data to be useful
during design. The final step is used to validate the maneuver through additional simuladon
and in-flight testing. Also, a very important part of the last step is the documentation of the
fina! evaluation maneuver. Anyone who develops or uses an evaluation tnaneuver is
encouraged to document their results to Wright Laboratory/FIGC_2 for incorporation into
STEMS.

Candidate Maneuver Definiticn and Screening

The first step in the maneuver development process is designed to explore a range of
potential maneuvers and select the most promising ones for further development. This requires
th2 involvement of both engineers and pilots with design, fiight test, operational, flying
qualities, and agility experience as indicated in Figure 10. A variety of backgrounds is

beneficia’ to kelp provide a wider selection of potential maneuvers and concepts.
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The aircraft characteristics to be evaluated must be defined first. Specific attributes, such as
roll authority or Pilot Induced Oscillaton (PIO) tendencies, shouid be identified to help
evaluate if the data generated from the maneuver isolates the charactenstics of interest. Figure
11 shows a list of attributes that adequately encompass the initial set of evaluation raaneuvers.
This list of attributes should grow as additionai maneuvers are added to STEMS. Potential
operational scenarios that require the desired attributes should also be identified at this time.
Sorne example operational scenarios are listed in Figure 12. A stronger tie to operational
requirernents can be made if operational scenarios are considered throughout maneuver
development and refinement. Inital maneuver concepts can then be developed from these
operational scenarios and desired test attributes by using "brainstorming”, literature searches,

and experience. At this stage, the maneuvers may be very "sketchy" and several mancuver
concepts should be proposed.
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Figure 11. Example Aircraft Attributes
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Figure 12. Example Operational Scenarlos

A screening process is then conducted to idenufy strong candidate maneuvers for further

development and refinement. One of the key goals of the maneuver development process is to
maintain a link between design and operation, so this link should be evaluated in the screening
process. Figure 13 is a form that summarizes some of the key questions that shouid be
considered. A gualitative evaluation must be performed at this point because the maneuvers
have not been fully defined and simulation data is not yet available. However, the maneuver's
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potenual for operational relevance and its suitability for design ana engincening use should be
considered. The appiicability of the maneuver throughout the development mocess can also be
factorec into the screening process. A maneuver is more valuable if it cap be used from eacly
developmerital simulations through to flight test. Finally, potential probiems and issues such
as human factors considerations or requirements for specialized displays should be identified.
These issues ray be strong enough io eliminate a maneuver from furiher consideraticn or may
simply indicate the need to explore certain issues during simulaticn.

Operational Relevance: Yes No
1. Arc dynamic conditions and pilot activity representative of operational use? )
2. Doces the mancuver require use of an extended flight caveiopa? 0
3. Is the maneuver useful for evaluation of current aircraft? !j [?
4, Is the mancuver useful for evaluation of future aircraft? 654321 L
5. Link 10 operational use Strong (1503112 Weak
Suitability for Design/Engineering Use: Yes No
6. Is the mancuver meaningful/interpretable in parameters uscful 10 designers? A
7. Dogs the maneuver produce data of sufftcient magritude 1o guide modificatien of the design? G
8. Can the muncuvcr be usc:d o produce pilot opinion rtings (suchas CHR)? g s 4 3 2 1 1 %
9. Evaluation of flying qualiucs Strong 177U T T Weak
10. Evaluation of agility Swong {215 120307 Weak
11. Quatitative data generated HighiZ[2(J1=151 None

12. Quaniitaiive daia generaicd Hight ! Aot o None
13. Pilot comment data Sirongly Ticd to Design Process (5. 202 ](_} None
Additivnal Concerns: Yes No
14. Is the mancuver well defined and repeawable? IS
15. Can catry/exit conditions be readily established? 6541321 .2
16. Displays required/pilot cues necessury Convenniona! _ 17 71 T 0L Unigue
17. Difficulty 10 11y mancuver Easy T "¢ 01U Difficalt
Comments:

Please Circle Your Overall Rating of This Maneuver:

1. Strong cvaluation mancuver, definitcly part of the final scv of mancuvers.
2. Possibly good mancuver, needs additional testing or refinement.

3. Inconclusive, modifications or additional testing required.

4. Possibly poor mancuver, results curtently inconclusive but not pronusing.
5. Poor evaluationy mancuver, do not contngg teshing.

Figure 13, Maneuver Evaluation Form

All of the candidate maneuvers should be examined using the above considerations. The
candidate maneuvers that most closely match the test objectives can then be singled out for
funther development in simulation. However, even good candidate maneuvers may have some
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weak points. The quality of the final evaluation maneuver can be improved by working on
these weak poinis during sitnulation development of the mancuver.

Maneuver Development and Refinement Using Simulation

The development and refinement of a candidate maneuver requires periods of simulation,
data analysis, and maneuver evaluation as diagrammed in Figure 14. The maneuver concepts
developed duning the Candidate Maneuver Definition and Screening process tend to be vaguely
defined and need to be further developed during simulation. This is initiated by formulating
more precise maneuver descriptions from the initial concepts and defining the data to be
collected. A nominal set of aircraft dynamics can be selected for the mancuver refinement
process. The specific aircraft dynamics chosen are not critical; however, they should be
representaiive of the test aircraft. Pilots and engineers can then refine the maneuver by quickly
trying various technigues during simulation. The objectives of the maneuver refinement are o
incrzase the flyability and repeatability, improve the quality of data gencrated, and enhance the
operational relevance of the maneuver. Additionally, Cooper-Harner Rating® performance
criteria should be developed for flying qualities evaluation maneuvers.

S S
Pl

Develop/ Test Design Analyze
Refine Parameter [—P» Measures
Maneuver Variations of Merit

Candidate
Maneuvers

o ¥

Further Refine
Maneuver  @———
if Necessary

Figure 14. Phase Ii Manauver Development Process

Variations in design parameters are tested after the maneuver has been sufficiently refined
and developed. Design parameters tha are pertinent to the atributes being tested should be
selecied and appropriately-sized variations should be defined. These variations must be large

enough that a resulting change can reasonably be expected. The vanations can be based on
MIL-STD-1797A9 and other design guidance and should be large enough that they could be
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expected to alter the flying qualities frorn Luvel 1 to Level 2 or from Level 2 to Level 3. A test
matrix can be developed after choosing the design pararneters and their ranges of variation. A
fuil factorial matrix (test every combination) or more efficient Design of Experiment!0 (DOE)
or Taguchill methods car be used to develop the test matrix. The design parameter variations
are then evaluated during simulation using a blind test that includes at least two pilots.

After gathering sirnulation data, the mancuver is evaluated for iis ability to generate reliable
information for design guidance and its ability to isolate the desired test atmibutes. Time
history data, pilot comments, and pilot ratings (when appropriate) should be examined for their
sensitivity to design parameter variations and to pilot variability. The time history data can be
used either in a raw form to compare pilot inputs, control surface activity, and aircraft states, or
it can be processed inte numerical measure of merits such as maximum rcll rate or time to
capture. All of the simulation data is then used to determine if the maneuver can ve used to
reliably identify design deficiencies. The simulation data should exhibit 2 sensitivity to design
parameter variations and an insensitivity to pilot variability in crder for the manecuver to be used
with confidence during the design process. The data quality can be examined in various forms
such as statistical analyses of measure of merit data, graphical display of time history aird pilot
rating data, and comparisons of pilot comments.

Quantitative and/or qualitativc data may e obtained with a maneuver. The ability to
generate quantitative data can be gauged by the quality of measure of merit data obtained with
the mane::iver. Measures of roerit, such as time to capture or muximum pitch rate, can be
calculated from the simulatior: time history data. Statistical techniques are then used to evaluate
the amount of variability in the data and thereby judge the quality of quantitative data generated
from the maneuver. The change in each measure of merit that is due to a design parameter
variation should be compared to the change due to pilot variability. 1f th= measures of merit are
much more sensitive to design parameter changes than to differences in pilots, then quantitative
data can be used fot design guidance. Various methods are availatle to perform :his analysis
and a detailed example of one technique is ‘ncluded in Chapter 4.

Additional qualitative data, such as pilot comments, pilot ratings!2 and answrs to
questionnaires, should be gathered during simulation and considered for their value to the
design process. An example pilot comment card that is helpful to evaluate the candidate
maneuver is shown in Figure 15. The answers to these questions and the pilot evaluations
during the design parameter testing should be reviewed for sensitivity to design parameter
variations and insensitivity 1o pilot variability just like the numerical measure of merit data. If
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the pilot comments and ratings successfully correlate 1o the design pararaeter variations, then
the maneuver can be considered to generate useful qualitative data for design guidance. Thie
results of the quantitative and qualitative data analysis should be documented with the
evaluation maneuver so that other users of the maneuver will xnow what type of data they can
anticipate to gather with the manenver.

1. How well does the maneuver represent the 54 321
- operational task element? Closely {21777 7571 Remotely
- 2. Is the maneuver well defined? Please 54321
Jescribe any specific techniques used. Well Detined | 3] )i {" Poorly Defined
3. Is the maneuver repeatable and easy to fly? Easy 54321 _
Repeatable LI 1500 Difficult
o
4. Did variations in gesign parameters result in Very !i :4ﬂ 3 2 1 Not

200 Qignibcantly

servable differences in response? R S R N
obcervable di 1N response Significant Different

. Would entry/e:it conditions be dificult to 5 4 21
establish during ttight test? Easy i 5.Ji) .2 Impossible

-

. What information is required (2.g. airspeed, Conventional f_ 43 ,d 1 Highly

, 21250 Specialized
bank angle, target arrcraft, etc.)? nformatinn -~ 1= L= .<3% . SP
g g ) Informatinn Oisplays

. Additiunal comments:

Figure 15. Maneuver Summary Commen: Card Usad During Simulations

Potential human factors cor:siderations can also be estimated at this time. Combinations of
time history da:a analysis and responses to pilot questionnaires, such as shown in Figure 16,
can be used to assess maneuvers that are potentially discrienting or have the potential for g
Induced Loss Of Consciousness (GLOC). Mathematical models that predict the pilot's
susceptibitity to GLOC or spatial disorientation bascd on aircraft acceleration time history
profiles can he used at this time to evaluate the maneuver. Potentiaily dangerous maneuvers
should be noted at this time and either refined or carcfully tested in a motion-base simulation or
in flight.




PREFLIGHT QUESTIONNAIRE
1. How many hours of sleep did you get last night?

2. Your last meal prior to this flight was...{circle one)
breakiast
lunch
dinner
snack

How long has it been since you atG the above meal?

3. Your health today: (circie one)
Excelient - no heaith problems -
Fair - slight head cold/allargies
Poor - severe head cold/fiu

POSTFLIGHT QUESTIONNA'RZ

1. Did you experience: During what part of the maneuver?
A tumbling sensation?
Lightheadedness?
Motion sickness?
Disorientation?
Other?

r2

Do you feel there is a potential tor spatial disorientation during this maneuver?
If yes, what aspect(s) of the maneuver coniridute 1 this?

If yes, do you feel that training cnuid be dane to minimize this potential?

Figure 16. Human Factors Quesilonnalre Used Nuring the Slmulations

All of the simuluticn data and analyses should be reviewed to determine the next action to be
taken oni the maneuver. As Figure 14 indicated, the inaneuver can be accepted as ready for
use, refined further during simulation, or discarded. An evaluzton form such as was shown in
Figure 13 can be used to help assess the overall quality of the mancuver to determine if it has
been developed sufficiently. Additional simulation refinement of the maneuver may prove
valuable if identified weaknesses can be corrected.
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Maneaver Validation and Daocumentation

The mar:euver can be used as a design and evaluation tool once the Maneuver Development
and Refinement process is complzte; however, additicnal validation and docurnentation of the
maneuve: is highly recommended. For instance, the range of applicability of the maneuver
should be checked. This validation can be corducted by testing the maneuver with differen:
aircraft to make sure that the maneuver is not unique to the aircraft that was used to develop it.
The maneuver shouldd be generic enough that it can be altered slighidy for a specific aircraft or
test. Also, analytical and subjective assessments of potential motion effects can be conducted,
particularly if fixed-base simulation testing is utilized for the maneuver development.
Maneuvers that exhibit potential waming sigrs may need additional testing in a motion-base
simulator with appropriate dynamiic capability.!3 And of course, the final validation of a
inaneuver comes through in-flight testing. Some of the initial STEMS maneuvers have bcen
successfully tested as part of Air Force Test Pilot School projects14:1° and efforts are being
made to vaiidate ali the maneuvers through various flight test programs. Several issues can be
more closely examined during a flight test validation program such as safety of flight issues,
ability to set up and execute the mansuver, and daia requirements for the maneuver.

Documentation of the final evaluation maneuver is critical to the usefulness of STEMS.
Newly developed maneuvers should be sent to Wright Laboratory/FIGC_2 for inclusion into
STEMS3 so that it becomes a "living document." The intent is that STEMS wili eventually
serve as a comprehensive guide to evaluation maneuvers. Each evaluation maneuver shouid be
documented on a standard torm as schematically shown in Figure 17. Additional background
information on the maneuver, lessons learned, and validation testing conducted with the
mancuver can be included in nararive pages that accompaiy the maneuver description page.
Alsc, an "electronic” appendix to the STEMS maneuver reference guide has been developed to
include exanple trajectories for the mancuvers. These cxamples can bg viewed on the AGILE-
VU flight tajectory visualization programl© to assist in visualization of ti.e maneuver and how
it is to be performed. The example AGILE-VU files are also being rnaintained and distributed
from Wnght Laboratory/FIGC_2.

The various sections of the maneuver description form document the reasons why the
maneuver would be flown, what type of aitributes it measures, what mission it is intended to
represent, how 1o set up ard fly the mancaver, guidelines on developing Cocper-Harper Rating
performance criteria, important notes ang comments about the mancuver, as well as potental
variations to the maneuver. A narratuve description also accomparies each maneuver to
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decument additional information not found on the brief maneuver description form.
Maneuvers should be written soimewhat generally so they can be tailored to suit specific test
objectives. They also may be modified based on configuration dependent placards, safety of
flight issues, or unique capabilities. Additionally, specific setups may need to be altered based
on the 12t aircraft (and target aircraft, if one is called for) perfonmance capabilities. The B
maneuver descriptions include representative test conditions such as airspeed, altitude, and '
Angle Of Atiack (AOA), but the specific conditions to be tested are left to the evaluator.
Multiple variations of the maneuver are also briefly described to show potentially useful
alternative approaches such as testing throttle setting variations for configurations with thrust
vectoring.

Page # of #
h'\SEMS Maneuver Name

Intent: g—— Why?
Applicable Classes and Flight Categories:
Class: Category: Phase: €—— What?
Ferivimancs Aliciatt Altribulss Cperations!
Objective Applications
Target Setup and Maneuver:
9 P —— How?
Setup:
Maneuver:

Suggested Cooper-Harper Rating Performance Standards: Starting Guidelines to

Desirud: €—— Devulop Performance
Adequate: Criteria )
Comments and Notes: ¢ Miscellaneous

Information

Potential Maneuver Variations Al e Methods of
Variation A: < ternate Methods o
Conducting Maneuver

Varlation B:

Figure 17. Maneuver Description Form




Maneuver Development Lessons Learned

Several valuable lessons were learned while evolving the maneuver development process
described above. Some of these lessons will be summmarized here to improve the quality of
new evaluation maneuvers and minimize the time required to develop them. First, it was
extrernely beneficial to include both pilots and engineers throughout the maneuver development
and analysis process. Second, it was valuable to include pilots with operational as well as test
experience. Third, it is critical to evaluate the quality of data obtained from a mareuver prior to
using it for the evaluation of an aircraft design. Fourth, it was found that piloted flight
simulation could be used to efficiently and effectively develop maneuvers. Finally, DOE test
techniques were used extensively during this research and some observations and
consideraticns are summarized in this chapter.

Pilot and Engineer Involvement

It is recommended that both pilots and engineers be involved throughout the development of
new evaluation maneuvers. It is also advantageous to include more than one pilot and more
than onc cngineer to benefit from additional viewpoints and experiences. ‘There may be some
overlap and blend of knowledge between the pilots and engineers, but each tends to have a
specialized back ground that can improve the value of the mareuver. In gencral, engineers were
needed to determine the consiraints on the maneuver and the data obtained from the maneaver.
They could identify the type of data needed for design guidance such as single-axis flying
qualities information, control harmony evaluations, maximum performance measurements,
control margin validations, departure resistance testing, and others. They also suggested
constraints on how the data should be generated such as requining full stick inputs for
maximum performance or allowing "freestyle” pilot inputs. Engineers alsc defined the
important parameters for the initial conditions such as requiring an initially stabilized AOA,
zero pitch rate, or a constant g turn. The pilots were invaiuable in maintaining operationally
representative conditions and defining techniques for the maneuvers. They also had important
suggestions which improved the flyability and repeatability of the mancuvers. Pilot experience
was important in identifying critical mission segments and modifying the maneuvers to better
represent those conditions.




Benefits of Cperational and Test Experience

The iniluence of pilots with operational and test experience on the maneuver development
process is also important. The operational experience is important because of the desire to link
these evaluation maneuvers (o operational requirements. Pilots with operational experience
have a good understanding of how the aircraft will really be used in training and operation and
have experience in tactics and techniques. Flight test experience is also importani to increase
the overall quality of the maneuver and data acquired from it. Flight test skills help pravide
insight as to how to improve the maneuver setups and execution for better repeatability and data
quality. Pilots with flight test backgrounds a'so have a better awareness of safety-of-flight
issues for maneuvers that are intended te be used during flight test. And finally, flight test
pilots can help the maneuver development process because they also tend to have a good
understz-xling of flight dynamics and the Cooper-Harper Rating process.

During this research, both “test” and "operaticnal " pilots were included to be sure o include
both specialties. It was found that only one operational pilot and one test piiot were needed at
any one time to support the maneuver development and data gathering process. In actuality
many pilots, including thosc participaung in this study, have a good blend of both skills. Asa
result, it rnay be beneficial to have both an "operational” and a "test” pilot involved, but having
separate "tes:" and "operational” pilots may not be necessary if the pilots involved have a good
blend of experience.

Data Quality Review

The final ke, element in dzfining maneuvers for design is the reguirement for a maneuver
review process. It is important to review the data generated from a maneuver ana have an
understancling of its sensitivity to design parameter variations before using it. 1t may be
misleading io develop a maneuver with a single set of aircraft dynamics and then use it to
evaluate design modifications or osher aircraft. The data repeatability must be checked to
evatuate the amount of pilot variability expected in the data. The pilot variability should thes be
cornpared to the changes observed due to design parameter variations to determine which
picccs of data can be uscd in the design process. This data review should be applied to both
quantitative and qualisative data. This implics that data is required from at least two pilots
before any strong concliusions can be made about the maneuver. The research conducted under
this contract used a formal Review Team with a varicty of backgrounds to judge the value of a
maneuver. The Review Team approach was efficient for the simultasicous development of
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severa! maneuvers; howzver, a much simplified revicw process could be used when
developing a few maneuvers.

Use of Piloted Flight Simulation

Flight simulation was found to be an effective tool in ihe development and evaluation of the
maneuvers. Different approaches and techniques to fly a maneuver could be tried quickly and
eliminated from consideration by using flight simulation. Additionally, a quick appreciation
could be gained for the type of data gencrated and the aircraft characteristics evaluated. The
maneuver can then be refined, while still in simulation, to produce better quality data. The
simulation effort under this research was divided into three simulation entries. This multiple
simulation approach was valuable because it allowed for periods of data review between
simulations. The muneuvers, and test techniques, could then be refined during the next
simulation based on previous data.

The Phase I portion of this research was used to generate several concepts and potential
evaluation maneuvers; however, no simulation was included. As a result, the mancuvers were
not ready to be used. Effort was spent discussing and refining the mancuvers rather than
developing them for use. In contrast, the Phase II simulations were found to be much more
effective for exposing the advantages and disadvantages of a maneuver. Different approaches
and techniques to fly a maneuver could be tried quickly and eliminated from consideration by
using flight simulation. Additionally a quick appreciation could be gained for the type of data
generated and the aircraft characieristics evaluated. The background work and preparations
conducted during Phase I certainly aided maneuver development during the simulations but, in
retrospect, more time should have been spent flying the maneuvers and less time shouid be
spent discussing them.

Observations from DOE Testing

Many of the simulation test matrices used during this research were based on Design of
Experiment techiuques. Fractional factorial matrices were used to minimize the data
requirements so that as tnany maneuvers as possible could be developed. The DOE technigucs
worked well for quantitative data, but it was difficult to analyze the qualitative data since
multiple design parameters were being simultaneously varied. ‘In general, the fractional
factorial tests appear to be appropriate for maneuvers that gencrated numerical data that is
amienable to statistical analyses, but they are not generally recommended for maneuvers
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designed to gather pilot comunents. Also, it can be difficult to efficiently expand testing after an
initial data set is taken. Simple test matrices could be augmented to include additional design
parameters, but more compiex mairices could not be augmented. As a result, it is very valuable
to perform a quick, qualitative check of the intended test matrix prior to gathering a complete
data set. In general, the DOE techniques evaluated during this research can be vatuable for a
screening effort but do not appear to be appropriate for a criteria development effort.




Chapter 3
Simulation Setup and Test Techniques

The simulation hardware and aircraft models that were utilized during the three STEMS
simulations are descvibed in this chapter. Additional details on the test setup including the
design parameters selected, the test matrix selection techniques used, and data gathering
procedures utilized are also included.

Simulation Setup

All of the simulaiion testing was conducted in a fixed-base, 40 ft diameter simulation dome
as shown scl.=matically in Figu:e 18. This dome contains an F-15C cockpit and controllers
including a conventional center stick with characteristics as shown in Figure 19. This
c1:wstation was used for both fighter and wransport aircraft iesting. The only modification
nnde when testing the transport aircraft was that the rilitary power detente was removed from
the throttle bardware so that the full throttle range could be used. The simulation setup utilized
a Geneval Electric Compuscene computer graphics imaging system for out-the-window visual
dispiays. The Compuscene system used a scenery databage that reprecented Edwarde Air
Foice Base. A video projection systera and model boxes were used to display F-15 targets for
air-to-air 1asks. Additionally, a Comguscene generated KC-10 model was used for the
refueling probe tracking task. Standard F-15C Head-Up Display (HUD) hardware was used to
display modified F-15E HUD symbology to the pilot as shown in Figure 20. Several of the
features on the HUD could be altcred to test various Coop2r-Harper Rating performance
criteria. The size and depression of the reticle could be altered easily, and horizontal and/or
vertical error bars could be displayed to heip the evaluation pilot concentrate on the errots in a
single axis. For closed-loop tasks, shoot cue lights on the cockpit canopy bow were
programmed to illuminate when the pilot had achieved a capture for the desired length of time.
A dual processor Gould SEL computer was used to drive the simulation. The aircraft model
and most crewstation input/output ran at a 60 Hz update ratc. Some secondary displays were
updated at a slower rate, but the primary displays and the controller inputs were sampled at 60
Hz. The total simulasion time delay from pilot input to visual scene update was estimated to be

between 94 msec and 111 msec for the simulatior setup used in this testing. !




40 ft, Fixed-Base Dome -

GE Compuscene Visual (
Scene and Target Display -—————

F-15C Cnckpit and Controllers

Videc and Laser Target Projectors

Figurc 18. Simulation Dome Used for Tasting

Three primary aircraft models were used during these simulations. Two models were
simplified generic aircraft and the third was a complex, fully nonlinear aircraft model. The
generic models represented a fighter aircraft and a transport aircraft. The generic fighter model
was used for the majority of the maneuver development and design parameter testing. This
model was based on the McDonneli Dougias Aerospace (MDA) Generic Aircraft (GENAIR)
simulation tool. GENAIR provided the capability to vary the closed-loop aircraft
characteristics easily and efficiently over a wide range while maintainirg realistic nonlinear
performance as illustrated in Figure 21. This simulation model has been used successfully in
the past to develop high AGA maneuvers for flight test!8, to deveiop low and high AOA flying
qualities criterial®.20, and conduct agility evaluations?!, The F-15 STOL and Maneuvering
Technology Demonstrator (S/MTD) Mult-System Integrated Controls (MuSIC) aircraft model
was used 1o validate the maneuvers developed with GENAIR. The MaSIC model is 2
complex, high-fidelity simulation model that includes a nonlinear database and a complete
control system?2. The MuSIC mode! was used to validate the flyability of the maneuvers with
a complex model that had significantly different performance and flying qualities than the
GENAIR model.




LONGITUDINAL STICK

40 - .
T T ]
I | . L -
307 T - - ' i
-1.75in. Forward Trim Limit ! P ';i//—i"
20+ ———j '—“1 “““““ N l:L" ‘I'———",,:_-’ o ":”:———
Longitudinal 4 — PO R : /::,_T - _
Stick Force L i L | |
0 L | | ! : . I
o I R
10— - | .| .
10 L i_, = ! | I
- S0 Aft Trim Limit '
20 -t = : ] : 7
-30 —— ; ; ! ; 5
-3 -2 -1 0 1 2 3 4 () 6
Longitudinal Stick Deflection- in.
20 : LIATERAL STICK
199 e e
10 { !
| '
Lateral 54- T
Stick Force 0 -1in, Lett Trim lelt-\
b -5 4
1in. Right Trim Limit
210 R *__..9 — -_i ——
. | SO SO
-15 3l l i
-20 — - Y T '
-5 -4 -3 -2 -1 0 1 2 3 4 )
Lateral Stick Deflection- in.
Axis Gradient Force Breakout | Position Feel System Dynamics
Type Gradient Force Limits S
n
Longitudinal | Dual | 851o/n. (<1in.)| x1ib | +54in. | | Fen ( ) ( 012)]
401b/in. (>11in.) -2.51n. 259 259
Lateral Dual 50Ib/n. (< tin.) £11lo 14.0 in. g"'
367 1b/in. (> 1in. at
. =k (J——“‘ﬂs”
Directional | Singte 45.0 Ibfin. +7.671b | #3.25in. A250

Figure 19.

Simulation Controller Characterlstics




inner and Outer Reticle Can ba Resized
Depression Angle Can be Charnged

Vertical and/or Horizontal
Error Bars Available _\ 4

T~
Angle of Atiack 150 (<)} & 25500
(Can be Relscated ——Ma~ o 45 S— _\
Under Retcle) X
(
\
377 o 1500

1.5 9.0G

Range to Target
(Nearest Hundred Feet)

Figure 20. HUD Symbology Used uuring Simuiation Testing

User-Supplied UserTD efinable
Parformance Data Dynamic Resporise

Time
ol 7 O
L (
S
-
CD Time
— Q
FNP ,
TLA

Figure 21. Variabie Responge Generic Alrcratt Stmulation Mode!

28




The genenic fighter model was used for the majority of the testing. Its baseline performance
was representative of a modem high-performance fightes aircraft; however, its dynamic
response could be changed to test design parameter variations. The dynamic response was
completely generic and varied widely during testing to emulate variations in closed-loop aircraft
dynamics. The design parameters varied during these simulations ¢re listed in Figure 22. The
generic aircraft model could be used to vary many more design parameters than shown on this
figure, but these were sufficient to evaluate the maneuvers developed in this research. Several
longitudinal cominand types were used during the generic fighter testing. These included AOA
command, AQA rate :vinmand, Ioad factor command, and pitch rate command systems. Most
of the testing was conducted with AOA and load factor commanrd systems, but specific
maneuvers were also validated with the rate command systems. A stability axis rol! rate
command systern was implemented in the lateral axis so that the pilot commanded a coordinated
roll through lateral stick 11puts. A sideslip command systern was implemented in the
directional axis and a limited amount of roll rate resulted from rudder pedal inputs.

Abreviaion  Description

AQAMAX Maximum AOQA (low spead) and maximum load factor (high speed)
CAP Control Anticipation Parameter (related to short pericd freguency)
CLMAX Maximum lift costiicient

CMDTYP Longitudinal command type: AOA, AQA rate, piich rate, or loar factor
DCG Center of gravity location

LALPHA Lift curve slope and pitch rate lead term

LATDYN Combination of lateral dynamics (TR, PMAX, €ic.)

LONDYN Combination of longitudinal dynamics (CAP, ZSP, AOAMAX, LONSHP, etc.)
LONSHP Whethar or not nonlinear longitudinal stick shaping was used

LONSNS Longitudinal stick sensitivity

MALFHA Longitudinal stability

PMAX Maximurn aitainable stability a«is roll rate

PDLIM Roll acceleration limiter

TAUENG Engine timeg constant

TIMDEL Pure iima delay added to the simulation (in addition to inherert time delay)
TR Roll moge time constant

TV Whether or not thrust vectoring was used

™ Muttiplier on the baseline thrust-to-weight ratio

Z5SP Short period damping

VAL Inverse of the pitci rate time constant for first-order pitch raie command
wSsP Shaort period frequency

Figure 22. Design Parameters Varled During the Generic Fighter Testing

The generic rransport model was used for a minimal amount testing to determine if the
STEMS maneuvers could be applied to aircraft other than fighters. The baseline performance
and dynamics of this model were representative of a responsive powered-lift ransport aircraft.

However, the dynariic response of the transport model was varied during the simulation
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testing. Figure 23 shows the design parameters that were varied during the transport
mancuvers. This is a much abbreviated list compared to the design parameters varied during
the fighter testing because of the limited amount of simulation time devoted to transport testiug.
An AOA command system was implemented in the longitudinal axis; a rell rate command

system was used in the - teral axis; and a sideslip command system was implemented in the
directional axis.

: - Descripti

CAP Contral Anticipation Parameter (related to short period frequency) .
PMAX Maximum attainable stapility axis roll rate
TR Roll mode time constant

yASY Short period damping

WSP Short period frequency

Figure 23. Design Parameters Varied During the Generic Transpaort Testing

The MuSIC aircraft model was used for a :najority of the maneuver validation and for some
design parameter varia:!on testing. This model is a built upon the F-15 S/MTD database with
modifications that repr::. :nt the addition of axisymmetric pitch and yaw vectoring nozzles. The

MuSIC aircraft model, © qure 24, was developed under another effort to investgute the tactical

utility of pitch and yaw v :toring during air combat engagemsnts22. That study resulted in the

development of new high \OA fighter tactics?3. Some of these tactics were incorporated into N
the maneuvers develope 1 luring the STEMS research. The MuSIC aircraft was flown in two "_'f::\
modes: Post-Stall (PST) : n and PST off. When PST 1s engaged, the MuSIC aircraft is an
extemely agile configura on with essentially no AOA limit and very good high AOA roll
authority. When PST is ¢ T, the MuSIC model has greatly reduced roll authority at moderate io
high AOA and can only e ich approximately 40° AOA. The variation between PST on and
PST off was used as an additonal evaluation for some of the STEMS maneuvers. The MuSIC
model was also flown in conjunction with the Fighter Airframe Propulsion Integration
Predesign (FAPIP) program.2# During this testing, STEMS mancuvers were used to evaluate
nozzle design variations including maximum nozzle rate capabilities and various nozzle time
delays. This provided further validation of the abiliry to use STEMS maneuvers during the
design process.
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Figure 24. F-1§ S/MYD Multi-System Integrated Controls (MuSiC) Model

A primary objective of this research was to tie evaluation maneuvers o the design process
so that they can be used to improve a design prior to flight test or operational use. To verify
this link, design pararneters were varied during the simulations and data was gathered to
evaluate the ability to use a mancuver during the design process. High-level, augmented
design parameters were used during this testing to maintain generic results rather than
configuration dependent trends. In other words, design parameters such as augmented short
period frequency were tested rather than static margin, pitch control power, and control system
gains. The augmented (aircraft plus control system, closed-loop dynamics) design parameters
tested were similar to those resulting frem an equivalent system analysis.2> The justification of
this test approach lies in the fact that with modern control systems, the pilot is evaluatng the
overall system response instead of basic stability derivatives and bare airframe response. The
achievable aircraft dynamics depend upon several basic parameters such as the center of gravity
location, wing design, leading edge extensicn shape, and available control powers. However,
the trade-offs between these basic design considerations and the achievavle dynamics is very
configuration dependent and beyond the scope of this siudy. Additionaily, depending apon the
control powers available, a wide range of dynamic -esponses can be achieved.20 As a result,

variations in bare airframe design parzuneters were not tested. Instead, equivalent system type




parameters were varied to establish if a maneuver could be v 2d to uncover design deficiencies
that affect the pilot's ability to complete the mission or task.

The particular design parameters selected for testing and the ranges over which they were
varied depended upon the maneuver. Only a few parameters could be tested for each maneuver
because of the number of maneuvers being developed. It was believed tc be sufficient to
establish a sensitivity to two or three design parameters for a particular maneuver. The Review
Team identified a potential list of design parameters for each mancuver during Phase 1.
Engineering judgment was then used to select a few of the most likely parameters to aifect each
manevver. The range for each design parameter was based on existing criteria, recent research,
and/or engineering judgment. Aa attempt was made to select large enough ranges such that a
good maneuver would show a difference between configurations. For example, short periad
frequency might be varied between a MIL-STID-1797A Level 1 value to a Level 2 value.? The
design parameters being tested for a particular maneuver were sometimes changed between
simulations if the simulation data analysis showed little or no efiect due to a design parameier.
A new range of variation was tested if the Review Team suggested that the original range was
too small or too large.

Desigr: of Experiment Test Approach

A Design Of Experimnents!O test approach was used during simulations to iest the sensitivity
of the maneuver to design parameter variations. This stutistically-based test approach allows
several design parameiers to be tested with a minimal number of configurations. Post-
simulation data analysis then relies on statistical techniques o isolate the effects of cach design
parameter on the data being evaluated. These statistical analyses were conducted for each
candidaie measure of meqit foi each maneuver. The outcome of the statistical tests indicates the
change in the measure of merit that is due to cach design parameter and provides a incasure of
statistical confidence in the answer. These analyses also provide an indication of the amount of
pilot variability in the simulation data.

The DOE test technique was adopted as a design parameter screening approach for the
maneuver development process. During the maneuver development, it was necessary to test
each maneuver's sensitivity to several design parameters. An efficient technique was needed to
help identify which design parameters could be used to alte: the performance of the aircraft
during that particular maneuver. The DOE approach enables the use of much smaller test
matrices -- typicaliy half the size of standard tests or even smaller. These reduced marrices
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were sufficient to establish sensitivities, but may not have been thorough enough to define
criteria bouandaries or esw2blish ;:c.ommended values for individual design parameters.
However, this research was not intended to be a criteria developmeent effort.

The DOE techniques reqaire specific test matrices be used so that the statistical analyses can
be conducted properly. A variety of test mairi. 3s have been designed and can be selected
depending on the number of parameters that the researcher is investgating.!0 The test matrix
miost commonly used during this maneuver development research allowed three design '
parameters to be tested at two values each while requiring only four configurations. If all
possible combinations were tested, then eight configurations, and therefore twice the data,
would have been required. The DOE test matrix is also referred to as a fractional factorial as
opposed to a full factorial matrix (all combinations tested). Another test approach could have
been used in which one configuration would nave been selected as a baseline and then each of
the three design parameters could have been individually varied to generate a total of four
configwations. It was reasoned that this approaci: would resuli in a more "local” indicator of
trends, whereas the DOE approach would measure rimore of a "global” sensitivity and would
allow more comprehensive statistical tests. The specific combinations of design parameter
valucs that nceded io be iesied, accuding iv DUE guidelines, are shown in Figure 25 fora
three factor (design parameter) test. Statistical analyses can be conducted to isolate design
parameters A, B, and C if data is available for the four highlighted configurations. These
statistical tests indicate the difference in average measure of merit values between faces of the
test cube as diagrammed on the lower portion of this figure. Larger test matrices were also
used that allowed as many as seven design paramerers to be evaluated while using only eight
test configurations. Figure 26 summarizes the three DOE test matrices used during this study.
The positive (+) and negative (-) signs indicate the two values for cach design parameter.

The DOE techniques had advantages and disadvantages for this particular application.
These matrices required fewer configrations io be tested when scveral design parameters were
being evaluated; therefore, it allowed more maneuvers to be developed in the lizaitec amount of
time available. It worked favorably for the numerical analysis of mcasure of merit data but it
made the qualitative analysis more difficult and less conclucive. The nurerical analysis was
simplified because standard statistical techniques could be applied to process tne data
However, qualitative data analysis is usuaily performed by making coniparisons between
configurations where only onc design parameter is being altered. Unfortunately, the statistical
techpiques used to process the nurnerical data couid not be used on pilot conaments. As a
result, it was difficult for the Review Team to isolzie the effects of a single design parameter
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because when they compared pilot comments between configurations there were always at least

two design parameters varying. This made it difficult to determine which commentis should be

attributed to which design parameters. For example, some similar deficiencies may be

observed when comparing a configuraton with a low short period frequency and low damping

to a configuration with high short period frequency and high damping. Some comments may

be traced directly to a single design parameter, but others are hard to identify because both a

low frequency and a high damping have the effect of slowing the aircraft response to pilot

input. The qualitative data analysis became increasingly difficult as the number of design -
parameters was increased. The seven design parameter matrix shown in Figure 26 was poorly

suited for the review of pilot comments because so many parameters were being varied

simultaneously.
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Figure 25. Fractional Factorial Approacih Used to Screen Design Parameters
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Figure 26. Design of Experimeris Test Matrices Used During Simuiations

It was also somewhat difficult to add new parameters to a DOE test matrix during a
simulation or tetween simulztions. Post-simulation statistical analysis must be conducted
before any results can be obtained, consequently, results obtained during a simulation cannot
be used to alter the test inatrix duriag that simulation. Therefore, it is valuable to performn a
quick qualitative evalaation of the test matrix to help refine it prior te collecting data. Some
DOE test matrices were successfuily augmented to add an additional design parameter after data
had been acquired, but in other cases an entirely new test matrix was required. The simple
three factor test matiix described in Figure 25 was easy to augment with additional design
parameters as shown in Figure 27. Unfortunately this technique did not allow a direct
statistical comparison betwezn all four design parameters shown on this figure, but it did allow
previously collected data to be the reused. The larger, more complex DOE matrices were
difficult or impossible to augment in a similar manner. So, a completely new matrix was tested

if 2 change was required between simulations.
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Figure 27. Three Factor DOE Matrix Augmented for Additionai Parameters



Care must be used when choosing the design parameters and matrix for DOE testing. In
particular, the test factors should be "orthogonal” (not dependent upon any other test factor)
and cannot be "confounded” (interdependent) for the statistical techniques to be valid. This
was inadventently violated with a test matix during the first simuladon. Three design
vanztions were conducted during this test. Short period frequency, short period damping, and
nonlinear longitudinal command shaping were tested. Unfortunately, the longitudinal
command shaping was implemented by a imethod that resulted in confounding, therefore
voiding the results. The command shaping was used to provide a fast response when 2 large
difference between the commanded and actual AQA existed, and it slowed the response for
small stick inputs. It was implemented by scheduling short period frequency and damping
with the command error so that both a desired acquisition and a desired tracking response could
be obtained. However, the statistical analyses were invalid because of the interdependencies
among command shaping, short period frequency, and short period damping.

The statistics 2ssociated with this DOE process were valuable to thcse with experience or a
background in statistics, but were confusing to other members cf the Review Team. The
Review Team members had mixed success interpreting the raw statistical Aata because of their
varying levels of statistical training. Those members with good statistical backgrounds were
able to interpret the raw statistics effectively. Other Review Team members had much better
results in reviewing processed, summary statistical infermation. The final format used to
summarize the statistics will be discussed briefly in Chapter 5 and more fully detaiicd in

Reference 4.
Data Taking Procedures

A sct of well-defined data gathering procedures was followed during the simulations to
ensure consistent data quality. Guidelines, such as the number of pilots who evaluated the test
matrices, the number of repeats flown, and the mcthods used to conduct Cooper-Harper Rating
evaluatiens were established during the first simulation. It was especially imporiant to follow
consistent data gathering procedures for the data that was to be statistically processed. Data
was gathered from a minimum of two pilots so that the potential for pilot variability could be
studied. When possible, testing was conducted so that data from one test pilot and one
operational pilot would be available for analysis. This helped maximize the type and variety of

comments and evaluations avaiiable from a maneuver. In the ¢nd, it is believed to be important
to include data { ~ora a test pilot and an operational pilot, but this may not be necessary if the




pilots participating have a broad range of experience. Data was gathered from four pilots in a
few maneuvers to investigate. pilot variability further.

Each pilot flew the maneuver with a set of baseline dynamics until he was familiar with the
setup and any specific techniques reauired. Next the pilot was given a set of dynamics for
evaluation. He flew the configuration until he had established a relatively consistent,

- comfortable, and operationally representative technique. Three data rans were then recorded
for post-simulation analysis. Additional data runs would have been beneficial, but only three
were used 10 minimize the time required and amount of data processing needed for each
maneuver.

Pilot comments were continuously recorded during the sirnulations. The comments were
transcribed after the simulations and were edited for clarity and brevity. The resulting pilot
comments have been sorted by maneuver and configuraion and are included in Reference 4.
These comments were important to help evaluate the qualitative data generated from eaci
maneuver. In particular, the pilots were asked to comment on the configuration response and
their ability to perform the task. A simulation comment card was completed by the pilots after
completing all of the configuration evaluations. This questionnaire was intended (0 capiure the
pil-t's overall opinion of the maneuver. The final questionnaire was shown in Chapter 2,
Figure 15. The pilots completed writien comment cards during the first simulation and verbal
comments were recorded during the second and third simulations. Many more comments were
received verbally than written.

Pilot ratings were completed only for appropriate maneuvers. The Cooper-Harper? and
PYOI rating scales were used to evaluate configurations during flying qualities tasks. The
Cooper-Harper Rating scale is shown in Figure 28 and the PIO rating scale is shown in Figure
29. Ratings were only completed by pilots who had been trained in the use of flying qualities
scales. The Cooper-Harper and PIO ratings were completed using a multi-function display in
the cockpit. This display includes an electronic implementation of Cooper-Harper Rating
decision tree that is used to emphasize the decision tree process and descriptive words rather
than actual numerical ratings.27 The value of pilot comments to support and describe the pilot
rating was stressed during the simulations. Additionally, a "long-look™ evaluation techniique
was used to allow the pilot adequate time and pienty of evaluations prior to completing the

rating.28.29
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Figure 28. Coopser-Harper Rating Scale
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A new, NASA/Navy developed Pitch Recovery Rating (PRR) scale was also used during
this testing.12:30 This scale is shewn in Figure 30 and is structured similar to the Cooper-
Hearper rating scale but is specialized for the evaluation of nose-down pitch authority. This
scale was only used for the 1-g stabilized pushover maneuver that was developed in Reference
30. Also, this scale was used by the single participating pilot who was trained to use it.

Time history data was stored to magnetic tapes during the simulation. All of the basic
aircraft states, pilot inputs, and imporiant internal simulation code parameters were saved for

future use. All of the runs were saved to tape, but only the "data” runs, as described above,
were later retrieved for post-simulation data analysis. Additionally, audic and video recording
were conducted during all simulations. The video tape was used to record the HUD image, the
target (when in the HUD ficld-of-view), and a display of the pilot inputs.




Description

Numerical
Rating

No tengency for pilot to induce undesirable motions.

Undesirable motions tend to occur when pilot initiates abrupt
maneuvers or attempts tight centrol. These moticns can be
prevented or eliminated by pilot technique.

Undesirable motions easily inducea when pilot initiates abrupt
maneuvers or attemnpts tight control. These maotions can be
prevented or eliminated but only at sacrifice to 1ask
performance or through cansiderabla pilot attention and effort.

Oscillations tend to develop when pilot initiates abrupt
maneuvers or attempts tight control. Pilot must reduce gain or
abandon task to recover.

Divergent gscillations tend to develop when pilot initiates
abrupt maneuvers or aitempts tight controt. Pilot rmust open
loop by releas.ng or freezing the stick.

Disturbance or normai pilot centrol may cause divergent
oscillations. Pilot must open ¢ontrol loop by releasing or
freezing the stick.

1

2

Figure 29. Pilot Inducad Csclllation Rating Scale

3G




Figurs 30. Pitch Recovery Rating Scale
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Chapter 4
Evolution of Maneuver Development Process and Maneuvers

A mancuver development process and new evaluation maneuvers were defined during this
rescarch. The final recommended maneuver developmenr process is described in Chapter 2
and the maneuvers are described in Chapter 5 and Reference 3. This chapter provides
additional information that describes how the maneuver development process was used and
refined while developing new evaiuation maneuvers. The information in this chapter will be
presented in an order that parallels the steps in the maneuver development process and follows
the work conducred in a chronological order.

Candidate Maneuver Definition and Screening

The first step of the maneuver development process, Candidate Maneuver Definition and
Screening, was conducted during Phase I of this contract. Phase I was used to generate a wide
range of potential evaluation maneuvers and then sort out the most promising maneuvers for
later refinement ar.d testing during Phase I1. An overview of the Phase I process is shown in

Figure 31.

Maneuvers
Initiated by Pilots

Partially Indepandent Review

; ) . Potenual
Team Analysis On-Site Review E>
"? ::;z i?;fs E> and Refinement Team Analysis { obfg?;u;/;:sn
of Maneuvers yano

Maneuvers
Initiated by
Engineers

Figure 31. Phase | Generated a Large Database of Potentlal Maneuvsrs




A "brainstorming” approach was used to develop a wide selection of poteatial maneuvers.
During this step, pilots and engineers independently identfied potential maneuvers based on
their experiences. They submitted their suggested maneuvers on a mancuver description form
like that shown in Figure 32. The pilots and engineers were asked to complete only the
sections of the maneuver description form that applied to their backgrounds. The form was
designed to have pilots suggest maneuvers based on operational tasks and concentrate on the
right-hand sections ¢ the form. As a result, pilots identified operational scenarios tl .t they
had experienced or observed during missions or training exercises. They also suggested
operationally meaningful measures of merit anu performance attributes that could be associated
with each potential maneuver. The engineers identified maneuvers that they thought would
isolate design parameters and be useful for design guidance. The engineers then continued to
complete the form froi.a left to right as their backgrounds allowed. Additionally a hiterature
search was conducted to find existing docurnented maneuvers. The literature search revealed
several valuable maneuvers but also substantiated the need for a uniform method of
documenting and describing evaluation maneuvers.

hSEMS >

Maneuver Attributes

Standard Evaluation ionz Flvi
Maneuver Design Operational lyl.n.g Pertormance| Measure | Operational
- Performance | Qualities : .
CLASS L ngulv] | Parametars o Altributs of Merit | Task Element
AT (PRASE) | | Characteristics Task
! 1 T LY
i 1

Figure 32. Original Version of the Maneuver Description Sheet

This first step in the Candidate Maneuver Definition and Screening phase resulted in 294
candidate maneuvers. They ranged widely in complexity from very simple to very complex
mancuvers, and several aircraft classes and flight categories were represented. The maneuver
descriptions were not complete because, as described above, the Review Team worked
independently and only completed the sections of the mancuver descriptior: form that their
background allowed. As a result, the maneuvers submitted by pilots tended to have
information in the right-hand columns while the engineers’ mancuvers terded to be complete
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on the left-hand side of the form shown in Figure 32. At this point, the maneuavers were
studied and cornbincd because several very similar maneuvers were submitted. In some cases,
the pilots’ inputs were merged with the ergineers' inpuis to form a more coniplete maneuver
description. This compilation resulted in approximate!y 200 unique potential maneuvers.

Of these 200 maneuvers, a few basic inancuver components recurred repeatedly. For
example. simple maneuver scgments such as roll and capture, pitch and capture, level turn, or
axial acceleration maneuvers could be breken out of larger more complex maneuvers.
However, some complex mancuvers could not be broken down inw smaller maneuver
elements. These observations led to classification of maneuvers into one of the three following
categories: individual maneuvers, mancuver sequences, and freestyle maneuvers as shown in
Figure 33. Individuai maneuvers were definea to be the most basic element of a maneuver and
could not be broken down further. Examples of individual maneuvers include the following:
full stck pitch pull, nose-high pushover, and a 36C° rell with no capture required. Maneuver
sequences can be visualized as combinations of individual manenvers. A pop-up ground attack
maneuver can be thought of as a mancuver sequence becausz the pilet pulls to a desired pitch
attitude, climbs to a given altitude, rolls inverted, puils to and captures a target, then rolls back
iv wings icvel while macking the target. And as the name implies, treestyle maneuvers allow
the pilot a great deal of freedom to fly the maneuver. Basically only the start coidition and end
condition are specified for a freestyle maneuver. The pilot has the ireedom to maneuver in any
method to transition from one state to the other state. An example freestyle maneuver would he
a minimum tme 180" heading change where the pilot was allowed to try a variety of tactics. It
was determined later in this research that not ali maneuvers could be rigidly categorized as a
certain type of maneuver, but these definitions are helpful to loosely describe the maneuvers.

N . 7

LUy
\J
[}
Inclividual Manguvers Mareuver Sequences Freestyle Maneuvers

Figure 33. Maneuvers Can Generally B2 Classifled Into Threo Categories




The next step in Phase I consisted of an independent review cf all of the mancuvers by the
Review Team. This is the first ime that Review Team members were able to review candidate
maneuvers recommended by other team members. Many of the maneuvers had been merged
together and the maneuver description forms were more complete; however, some blank
columns still remained. The Review Team members were asked to comment on the maneuvers
and fill in any remaining blanks that they could. During this process, engineers were able to
complete maneuvers initiated by pilots and vice versa. Review Tezm members also
recommended the elimination of many maneuvers. Several reasons were used to eliminate
mancuvers including the following: commonly accepted maneuvess were removad because of
the desire to augment existing evaluation maneuvers, rnaneuvers that were not dominated by .
flying qualities or agility attributes were deleted, maneuvers that only isolated deficiencies
already exposed by other maneuvers were eliminated, maneuvers that appeared to be overly
complex to set up and fly, and maneuvers that were not demanding enough to uncover
deficiencies were dropped from consideration. This screening process reduced the number of
potential maneuvers 10 89. At this point, the Review Team independently voted foi the
maneuvers they thought were the most important to continue developing. The resulis of this
voting were used to select the top 32 candidates for future consideration.

After selecting the top 32 potential maneuvers, an on-site Review Team meeting was held to
dgiscuss and further develop these candidates. This step represented the first ime that a joint
Review Team analysis of the maneuvers was conducted. All of the 32 maneuvers were
reviewed avd the two-day meeting resulted in the refinement of 17 maneuvers, the elimination
of 15, and the identification of 8 new potential maneu ers. Figure 34 lists each group of
maneuvers, reasons for eliminating maneuvers, and documents which maneuvers were
successfully developed into evaluation maneuvers. As a result, Prase I was completed with a
List of 25 potential maneuvers te be considered for flight simulation and 58 additional
marcuvers that had not been developed as fully. Some of the maneuvers not tested in .
simulation may be valuable for future development; therefore, the maneuvers shown in Figure
34 and other maneuver candidates are contained in Appendix A. Some of the maneuvers in
Appendix A may be redundant with other STEMS maneuvers or may not prove useful;
however, they are provided as a scurce of ideas for future maneuver development.
Additionally, maneuver evaluation forms and simulation comment cards were developed during
Dhase 1. They were later refined during the Phase 11 simulations, and the final versions of

these forms are wcluded in Chapter 2.




Maneuver:.: Refined

T

Manouver Notes
295 Straight and Leval Accsloration Fromising maneuver, rot yet developed and tested in simutation
302 Srtreight and Leve! Decelerdtion Promising maneuve~, not yet developsed and testad
303 Tuming Dacelcration Proniizing maneuver, not yst developed and tested
313 Pich Attitude Capture Developed in‘'c STEM 7 - Nose-Up Pitch Angle Capture
312 Maximum Pitch Pull Developed irto STEM 6 - Maximum Pitch Pull
316 Pitch Unload Use existing maneuver, STEM 16 - 1-g Stabiizad Pusnover
237 Bank-l0-Bank Roll Promising mareuver, not yet davaloped and tested
307 lLoaded Roll and Captu:e Covelopadinto STEM 13 - High ACA Poll and Capture !
310 Lateral Gross Acquisition Use existing mansuver, STEM 3 - High AOA Lateral Gross Acqg.
286 Maximum Sideslip Promising maneuver, not yet developen and tested
79  Arrest High Sink Rate . Promising manguver, n.1 vet developeo and tesied
299 Ofiset Approach to Landing Cromising maneuver, 10l yet developed ano testac
an5  Turn Entry Lropped after cim and TF3 taest - Ir.sensitive 1o Design Paramaters
290 Maximum Rate Level Turn Developed into STEM 15 - pirimum Time 180" Haaoing Changs
14 Accelaration 1o Lcop Developed irtc STEM 14 - Minimum Speed Full Sick Loop
99 Hammer Haad Proraising marieuv#i, not yat developed and tested
184 Tenain Following/Terain Avoidance | Wil pursuing developinent of Slalon/Ju'ohin

Maneuvers Eliminated

Maneu ser ~Noles
9 Freesiyio rligh-Speed Accsleration | Better data f:om senzrate p.ici: uaload anc acceleration tasks
192  Maximum Pitch Puil from Level Tuin | Eiminaie in favor of 312
250 Pitch Agility Task Tan man; maneuvsr elements 13 analyzs, rot ¢, .erational
308 Maximum Rate Roll Learn nothing new over 307
15C Loweded Roll Learn ncthing new over 307
249 ol Agility Task Simiiar attriputes as 307 and 310 (307 and 310 more i3} 2atable)
43  Instrumum Approach, Final Sepment | Not demanding enough
306 Hoading C:apture Net operational, learn nothing new over othes nianeuvers
58  Rolling Pull-Up Simiia. antributes as 305, p:ursue 305 instead
267 DCeotensiva Gun Attack Complicaied, expeact chaotic esults
113 Freastyle High-Speed Reversal Complicated, expect chantic resulis
141 Transiton fron: Pop to Targst Attack | Learn nothing ne -
98  Two-Circla wutveny Vetical Reverse | Learn nothing new ov ar 207, 310
247 Unlgaded Turm Reversal Laarn nothing new nver 367, 310
262 Unnamed No new attritutes evaluated

B New Maneuvezrs Identified

Maneuve: Noten
313 Go-Arcund Maneuver Evaluaie transients to clean-up aircraf* and wccelerate !
320 Optimum Acceleration Fraestyle maneuver
323  Unload f;iom Chinax Evaluaie nose-down control {.om Ir.aded condition
324 Sideslip Tracking Directional flying qualities t1ask
325 Axial Tracking Arxial prenision flying qua’ities task
326 Axial Acquisition { Axial decel and accel acquisition flying oualities tash

Note: Nurnbers shown in the left-han column are temparary STEM numbers and should not bz

curniiused with the final STEM nuratbers shown in the nates column and in Reterence 3. The
nunibers in the left-hanc' criurin can be usad to lucate maneuver descriptions in Appendix A.

Figure 34. R-silty of the Faview T:am Meeting Prior to Shinelation Eftori




Maneuver Development and Refinement Using Piloted Siraulation

Phase 1I of this contract was used to develop, test, and refine :valuation mancuvers through
piloted simulations. Three simulations were conduc:ed and each simulation was structured to
have a slightly different approach and objectives. The first simulation was designed to be
exploratory. Several maneuvers were d=fined, preiiminary data was taken, and the analysis
tools and techniques were tested and evaluated. A period of data analysis was conducied after
the simulation to evaluate the manenvers. If the maneuvers successfully passed the Review
Team analysis, then the maneaver was finalized. Otherwise, it was either refined in the next
simulation or rernoved from future consideration. Also adjustments in the test procedur:s and )
analysis techriques were made prior to the second simulation. The second cimulation was
used to develop a fe'v new maneuvers, but it mainly served as the primary data gathering
cffort. Again, the maneuvers were reviewed to determine which required additional testing in
the third simulation. The final simulabon was then used to complete a final refinement of
maneuvers, dzvelop a few new maneuvers, va'idate some of the maneuvers with a differen:
sitnulation model, and evaluate the fight test plan.

The firs. simuiaiion was designed to be expioratory s¢ that a maximum aumber of
mancuvers could be investgated and the simulation test approach could be eva'uated. The
simulation was conducted during a five-day period and included approximately 3C hours of
simulation test time. Approximately 15 rnaneuvers were developed and additional variations,
such as testing different flight conditions and capturing various pitch attimides, were flown for
several of the maneuvers using the GENAIR fighter model described in Chapter 3. Design
parameter variations were tested for each maneuver to begin investigating the sensitivity of the
mar.=uver to primary design parameters. A limited a 1unt of data was collected daring the
iirst simulation so that more maneuvers could be screened and developed. Typically, data was
gathered fromn a single pilot for eack maneuver. (Data was taken from two pilots nn a fcw
maneuvers.) A total of six pilots participated during the week of simulation znd their schegules
were such: that there were always four piiots participating at any one ime. There were alway. .
two opcrational pilots and two test pilots aviilable to fly the maneuver and help ia the maneuver
developmnent. This was inended to ensu-z that the maneuvers woul have strong inks to
operational and test requizements. Additionalty, ther: were four enginecrs that participated for
at least somne portior of the week.

Several observatons were made from tie rirst simulation: that resuited in a more efficient
second simulation. First, post-simulation data processing indicated that data was required from
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at least two pilots before any strong conclusions could be made about that m acuver. Data
from a minimurmn of two pilots is needed *o measure the pilot variability that is to be expected
from the maneuver. However, data from a single pilot was generally sufficient to determine if
the proper design parameters and ranges were being tested. Second, it was determined that
only one operational pilot and one test pilot were needed at 2ny cne time to support the
mezneuver development and data gathening process. This was eviuent because the twe test
pilots tendad to agree and the two operational pilots tended to share the same perspective.
However, it was valuable to have at least one pilot experienced in each specialty because of the
unique insights. Another conclusion from the first simulation was that more time should be
spent flying the maneuvers and less time should be spent discussing therm. Seemingly infinite
discussions could be resolved much quicker by trying various techniques 1or a maneuver in
simulation. Additionzlly, some of th= simulation tocls and evaluation forms were updated as a
result of observations during the simulation.

The second simulation was designed to gather the bulk of the data for this contract as well
as begin validating the maneuvers wiih a more complex sirnulation model. This simulation was
conducted over a two-week span that wcluded 7 days of testing and approximately 49 hours cf
simulation test fime,. A total of 14 mancuvers was flown. [our new mancuvers, that were not
developed in the {irst siinulation, were develuped and tested during the second simulation. The
majority of the simulation time was devoted to testing design paraiaeter variations because most
of the mancuvers had been developed previcusly. Data was gathered from one additional pilot
to augment the first simulation data for some maneuvers. At least t-vo pilots' data was taken in
cases where the test mairix needed revising between the first and second simuiations. In a few
cases. data was gatheired from four pilots so that pilot variability could be investigated in more
detail. Some of the sirnulation time was used to begin validating the maneuvers in a high
fidelity F/A-18C aircraft mode!. The maneuvers were ceveloped and design paranieter
variations were tested using the GENAIR fighter model. As a result, the more complex F/A-
15C modcl was used to check the flyability of some of the mareuvers. A total of four pilots
participated in the second simulation {two pilots were available during the first week of testing
and two differcnt pilots were availabie during the second week). One test pilot and one
cperaticnal pilot were available for maneuver development and data gathering at any one tirne.

The second simmlation was much more efficient than the first because of the progress made
and lessons leamed during the first simulation. Many of the maneuvers had alze dy been
developed during the first simulation, so some of them were siraply flown for additional data
whilz others were shightly modified hased on the Review Team inputs. Also, the test matrices
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had been previously evalvated and either verified or refined prior to the second simulation, so
the data gathering tended to operate more smoothly. In general, the simulation time was used
more effectively because more time was flying maneuvers and trying variations and less tirne
was spent discussing them. The people participating were also used more effectively because
only two pilots and two enginecrs were on hand at any one time. Finally, the second
simulation spanned two weeks, so it allowed simple modifications to the test matrices or
simulation setup between wecks.

The third simulation was used to gather final data, test if this evaluation maneuver process
couid be applied to transport class aircraft, validate the mancuvers with a high fidelity
simulation model, and evaluate the flight test pian. The majority of the simulation was
conducied in a § day period that included approximately 40 hours of simulation test time.
Additional days, and approximately 14 hours of simulation test ume, were used for more
validation and to evaluate the flight test plan. Fourtecn maneuvers were flown during this
simuiation, including 4 new mareuvers. The data gatheiing procedures for the third simulation
were slightly modified from the second simulation. During the secend simulation, all the
maneuvers were flown for numerical measure of merit data, and subsequent data analysis
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concenmated of quantit
flown only to collect pilot comments because previous data analyses had indicated the inability
to use quantitative data from certain maneuvers. In particular, some of the flying qualities
manzuvers were flown scliely for comments and not for measure of merit data because similar
maneuvers resuited in very poor quantitative data. Also, some of the previcusly developed
maneuvers were tested to determine if they could be flowr with aliernate conxwnand types, such
as an angle of attack rate command system. These maneuvers were flown briefly to check for

fiyability and gross ends with design parameter variations.

The flight test plan portion of the third simulation was designed to gather much different
information than the desiga parameter testing. A simplified NASA High Alpha Research
Vehicle (HARV) model was used so that the performance characteristics would be
representative of flight test. (The HARY is currently the meost likely aircraft to be used to
validate STEMS in flight test.) This test was conducted to identify any changes in setup that
night be required for the HARV and to get a preliminary idea of the flight time required to
validate STEMS. Additional simulation work with a higher fidelity HARV model is
recommended prior to flight test. Refesence 5 contains the flight test plan and additional details

of this testing.




Validation of most of the maneuvers using a high-fidelity simulation model (MuSIC) was
also conducted during the third simulation. A relatively simple model (GENAIR fighter model)
was used to develop the maneuvers, so a complex simulation model with different performance
and flying qualities was used to help vaiidate the maneuvers. The maneuvers were flown to
determine if the setups were tolerant to wide aircraft performance changes and if the maneuvers
were flyable with a high fidelity simulation model. All of the mancuvers that were tested with
the MuSIC model proved to be flyable and applicable. The MuSIC model was also used to
evaluate limited design variations with some of the maneuvers.

The GENAIR transport mocdel was flown during the third simulation to test the ability to use
this maneuver development process for other classes of aircraft. Only four maneuvers were
tested, but the results indicated that this process could bhe extended to other classes of aircraft.
The "Tanker Boom Tracking" maneuver (STEM 18) was found to be a useful evaluation
maneuver; the "Tracking in Power Approach” mancuver (STEM 19) and the "Nose-Up Pitch
Angle Capwre” maneuver (STEM 7) appeared to be possibly valuable but could use additional
validation; and a flight path capture maneuver was tried but was not found to be useful. Design
parameter vanations were also tested with the transport aircraft, and the data obtained indicates
that the STEMS process can be used in the design of a transport class aircraft also.

Data Analysis and Evaluation of Maneuvers

Periods of data analysis were performed between each simulation to evaluate and refine the
maneuvers. This analysis was used to determine the following characteristics: repeatability and
testability of the maneuver, ability of maneuver to provide useful design informadon, value of
comments and measure of merit Zenerated, relatior ¢f the maneuver to operational applications,
and the potential for GLOC or spatial disorientation. This analysis and review was used to
modify maneuvers that were deficient in some way. A maneuver was accepted as a STEM if it
sticcessfully met most of these criteria. A mansuver was dropped if it faiied many of these
checks. A combination of quantitative and qualitative analyses were conducted on the

simulation data to evaluate each maneuver. Several pieces of data were generated from the

design parameter variation testing, including the following: numerical measures of merit , pilot
comments, Hilot ratings, maneuver summary comunent cards, and human fa:tors analyses. All
of this data was reviewed, as shown in Figure 35, to evaluate the relative success or failure of
the maneuvers. The data was also analyzed for its applicability to the design process. Each
maneuver was then either accepted, eliminated, or modified based on Review Team analysis of
the simulation data.
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Figure 35. Review Toamn Sources of Data to Evaluate Each Msnguver

Summary results will be shown in Chapter 5 for each maneuver that was accepted as a
STEM. An exampie will be used in this chapter to describe the steps conducted during the data
analysis and maneuver evaluation. A much more complete set of data for each maneuver is
included in Reference 4. The summary results shown in this report simply demonstrate sample
findings and sensitivities. In general, the results for each maneuver are dependent upor: the
design parameters chosen and the range of variation tested. For cxample, a valuable evaluation
maneuver might be sensitive to changes in short period frequency but not very sensitive to time
delays. This maneuver could be judged incorrectly if it were evaluated by only testing time
delay variations. The range of design parameter variation conducted also strongly infiuenced
the measure of merit analysis. Therefore, the results shown in these reports arv not meant to be
an exclusive list of design parameters for each maneuver,

Quaentitative Data Analysis
The quantitative data analysis was conducied by calculating time history measures of merit

and evaluating the ability to use this information to modify a design. The goal of this
procedure was 10 evaluate the sensitivity of the measure of merit to design parameter variations
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and to pilot variability. This was done to isolate measures of merit that were sensitive & design
parameters but exhibited little pilot variability. Mcasures of merit with these characteristics
could be “"trusted” for design guidance. In summary, this process compared the change in a
measure of merit due to a design parameter variation to the variation that was due to differences
in pilots. The result is a cross matrix that identifies how well each measure of merit can be
used to evaluate the chauges in each design parameter for a given mancuver. It was found that
some measures of merit might effectively measwe one design parameter variation but not
another. Therefore, it is dangerous to rely on a single measurs of menit when making a variety
of design parameier changes.

A screening process was conducted for each maneuver to select the most appropriate
measures of merit. First, the Review Team generaied a list of assorted potenzial measures of
merit. A large number of measures of merit were calculated from ihe time history data using an
automated process. The measures of merit were intentionally selected to be sirnple to calculate,
and therefore, easier to measure in a 1light test environment. They were also selected to be
meaningfut from both dcsign and operaticnal standpoints. Measures of merit that obviously
were not applicable to a certain maneuver were not calculated {or that maneuver, but any that
secmed even remoiely possibie were investigated. Figure 36 shows 2 list of the measures of
merit that were considered during this study. This list is meant to be representative of typical
measures of merit and is not intended to an all-encompassing set. All of the measures of merit
were calculated from simple time history signals that are readily available from a simulation
model, and most should be available from flight test. The measures of merit are described in
more detail in Reference 4.

Stadstical tests were conducted after calculating the measures of merit to determine which
measures were sensitive to design parameter variations. ‘The statistical calculations were used
10 isolate the effects of each dcsign parameter variation ard the amount of pilot variability
present in each measure of merit. The results of the statistical analyses were summarized in
both numerical and graphical forms for the subsequent Review Team analysis. Several
analyszs were conducted for certain maneuvers. For example, several different pitch attitudes
were used to test a piich angle capture mancuver. A separate statistical analysis was conducted
for zach angle capture. Also, multiple analvses were conducted to compare the results fron
fractional fuctorial testing to fuli factenial tesiing when enoush dita was available. A complete

set of data, including the numerical and graphical summaries, is included in Reference 4, and
some sample summary information is shown i Chapter .




éRbreviation  Description
TPXDEG Time to pitch through an X' pitch attituds change

CLMAX Maximum lift coefficient attained during the maneuver

TCLMAX Time at which CLMAX was attained

QDOAVG Average pitch acceleration over the first X seconds

GDXSEC Pitch acceleration X seconds after initiation of the maneuver

QDMAX Maximum pitch acceleration

TQDMAX Time at which maximum pitch acceleration occurs

QMAX Maximum pitch rate

TOMAX Time at which maximum pitch rate occurs

QXSEC Pitch rate at X seconds

AQADMX Maximum AQOA rate

TADMAX Time at which maximum AOA rate occurs

ADXGEC Angle of attack rate at X seconds

NZMAX Maximum load iactor

TNXMAX Time at which maximum load factor occurs

NZDMAX Maximum load factor rate _
TNZDMY, Time at which maximum load factor rate occurs -
THTMAX Maximum incramental pitch aititude

TTHTMX Time at which maximum pitch attitude occurs

AQAMX Macirmum angle of attack attained during maneuver

TAOANX Time at which maximum AOA occurs

AOAXSEC Angle of attack at X seconds

DELADA Change in angle of attack from initial iime to final time

TAQAS0 Tima to reach 50° angle of attack

TCAPTR Tima from Initial ime until capture occurs

TCMPLT Time 1o complete the maneuver

TSETTL Settla time (tirse to capture after the target first enters the error band)
CELH Increment in altitude between initial time and finai time

DELHOG Increment in heading between initial ime and rinal time

TORDG Tirne to achieve the increment in heading change

DELPHI Wind axis bank angle at the capture

PMAXACT Maxiraum stability axis reil rate attained

TPMAX Time 2t which maximum stability axis roll rate accurs

PDMAX Maximum stability axis roll acceleration attained

TPOMAX Time at which maximum stability axis roll acceleration occurs
PDMAXN Maximum rail deceleration occurring from a lateral stick cross-check
PHIOYR Bank cvershoot (integral of stability axis roll rate from cross-check until zero rate)
PS Specific excess power at the final time

ENERGY Increment in specitic energy between the initial time and ths final time
VDOTMX Maximum rate of change of equivalent airspeed

DELV increment in oquivaient airspeed between the initial time and the final time
GAMDOT Maximum flight path rate

TGAMD Time at which the maximum flight path rate occurs

LONRMS3 Rool Mean Square of iongitudinal stick position

LATRMS Root Mean Square of iateral stick position

ELERMS Ront Mean Square of elevation tracking error

AZIRMS Root Mean Square of azimuth tracking error

LONDEY Longitudinal position deviation upon touchdown for tha landing task
LATOZV Lateral position deviation upon fouchdown for the langing task

TOV Touchdown speed daviation for the fanding task

CHR Cooper-Harper Rating

PRR Pitch Recovery Rating

PXSEC Roli rate at X seconds

PDXSEC Roll acceleration at X seconds

GAMRMS Root Mean Square of Hight path error
Figusre 36. Measures of Merit Caiculated During the Generic Fighter Testing




An example maneuver and its corresponding data analysis will be used to help describe and
document the maneuver evaluation process used for this contract. A low-speed, maximum
pitch maneuver will be uscd as an example. This is a very simple, open-loop maneuver
designed to test the maxirmum pitch capabiiities of an aircraft. The pilot first stabilizes at the
desired AOA and airspeed; then he performs an aggressive full-afi stick input and continues to
hold aft stick. The maneuver is terminatexd when the aircraft reaches its maxirmum pitch
attitude. Variations in short period frequency (WSP), short period damping (ZSP), and
maximum attainable angle of attack (AOAMAX) were tested for this exarnple.

A graphical summary of data from the maximnm pitch pull analysis is shown in Figure 37.
The bars indicate the average value for each measure of merit for cach level of the design
patameter tested. The first six bars on each graph indicate the average measure of merit value
for each variation in design parameter. The difference between the light and dark bars indicates
the change in measure of merit that is due to the change in that design parameter. The last two
bars on each graph indicate the cverall average measure of merit value for each of the two
piiots. The change between these last two bars indicates the difference that can be attributed to
pilot technique. A statistical significance level is also associated with each of these sets of bars
ractors). The sigaificance level is not shown in Figure 37, but it was taken into consideraton
during the evaluation process.?

The sensitivity of each measure of merit to each design parameter and to pilot variability was
analyzed and grouped into categories to indicate the relative strength of that sensitivity. The
percent change in a measure of merit due to a design parameter change was combined with its
statistical significance to indicate if there existed a strong, potentially strong, potentially weak,
or a weak degree of sensitivity. If the dark and light bars in Figure 37 vary considerably and
the statistical tests indicated a high degn e of confidence in the average« **- - itis considered a
strong sensitivity. As the relative change decreased in magnitude or the staustical sigrificance
declined, then the sensitivity was classified at a lower level. A summary of this analysis, for
the maximum pitch pull maneuver, is shown on the left hand side of Figure 38. The pilot
variability for a measurc of merit was judged by comparing the difference in averages due to a
design parameter variation to the difference in averages betwecn the pilots. If the change due to
the design parameter was much larger than the change due to pilots, that combination of design
parametcr and measure of merit was considered to have minimal pilot variability. Increasing

amounts of pilot variability were labeled as "some variability" or "large vanability." A




summary of the pilot variability for the maximum pitch puli maneuver is shown on the right-

hand side of Figure 38.
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Figure 37. Exampie Measure of Merl Data 10t Maximum Pltch Puli Mareuver

"The sensitivity to design parameters was then combined with the sensitivity to pilot
variability to forn an overall indication of the ability to use a particular measure of merit when
making medifications 10 a design paramcter. Figure 39 shiows a summary of these overail
sensitivities for the exarnple pitch pull maneuver. The dark regions indicate combinations of
design parameters and measures of merit that can be trusted during the evaluaiion of an aircraft.
The dark gray combinations repr:sent a slightly reduced confidence for design applications and
the light gray or white regions are probably unacceptable for designers. A detailed description
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B Strong
Potentially Strong
1 Potentizily Poor
Poor

Minimai Pilot Variability
7 Some Pilot Variabiiity
Large Pilot Variability

Sensitivity to Design Parameters Sensltivity to Pilot Variability
WSP ZSP  AOAMAX WSF ISP  AQAMAX
- R 7,//4 /m Time to Pitch Through 15 deg
) ] Ave Initial Pitch Accel Over 0.25 sec
Pitch Acceleration at 0.25 sec
Max Pitch Acceleration
Time of Max Pitch Acceleration
Max Pitch Rate
Time of Max Pitch Rate
Pitch Rate at 1.0 sec
Max Angle of Attack Rate
Time of Max AQA Rate
7///} Angle of Attack Rate at 1.0 $6c
Max Incrementai Pitch Anitude
Time of Max Pitch Attituds

B P . T L S at
Maximuim Angie Gf Ailach

W Time of Max Angle of Attack

B Angle of Attack at 3.0 sec
E Max Acceleration/Deceleration

Figura 38. Design Parameter Variations and Pjlot Varlabliity

of the rules used to classify the scnsitivities and pilot variability is included in Reference 4.
Typical overail sensitivities will be shown for several maneuvers in Chapter 5. Measures of
merit or design parameters that fell into the lower two categories will be removed from the
figures in Chapter 5 for simplicity. A complete se! of sensitivity figures is included in
Reference 4.

It became obvious after the second simulation that some of the maneuvers did not tend to
generate good measures of merit. In general, mancuvers that were highly closed-loop, such as
tracking tasks, failed to produce many successful measures of merit. Therefore, the measure
of merit analysis was not pe-formed ¢n similar maneuvers that were flown during the third
simulation. This analysis also was not conducted on tests that were used to validate the
maneuvers with the MuSIC simulaton model or tests used 10 validate the maneuvers for
alternate pitch command systems.




Strong

Potentially Strong
Potentially Poor
Poor

ZSP__ AOAMAX

TP15DEG Time to Pitch Through 15 deg
QDOAVG Ave Initial Pitch Accel Gver 0.25 sec
QOG.255EC Pitch Acceleration at 0.25 sec
QDMAX Max Pitch Acceleraticn
TQDMAX Time of Max Pitch Acceleration
QMAX | Max Pitch Rate

TQMAX Time of Max Pitch Rato
Q1SEC Pitch Rate at 1.0 sec
ACADMX Max Angle of Attack Rate
TADMAX Time of Max ACA Rate
ADISEC Angle of Attack Rate &t 1.0 se
THTMAX Max Incremental Pitch Attitude
TTHTMX Time of Max Pitch Attitudie
AOAMAX Maximum Angle of Attack
TAQAMX Time of Max Angle of Attack
AQA3SEC Angle of Attack at 3.0 se¢
VDOTMX f  Max Acceieration/Decelaration

Figure 33. Exampie Overall Sensitiviiles of Measures of Marit for Max Pitch Pull

Qualitative Datz An~'ysis

Qualitative data "~as also studied for each potential evaluation maneuver. This data included
the foliowing- pilot comments, pilot ratings, and sirnulation comment cards. The Review Tecam
was primarily looking for key comments and data that can be used to Jirec: design
modifications. They compared pilot opinions to see if consistent characteristics were observed
and if constructive comments that isolated aircraft attributes were obtained. Pilot ratings werc
also examined to detenmine if the ragings were consistent with the cornmen:ts received and if the
ratings seermnkx! icasonable for the dyramics being tested. This step requived the experiznce of
flying qualities engineers to evaluate the quality arxl content of the cormmenis rijative to the
design parameter changss tessed. Additional valuzbie informaiion was obtaines from the
summary comsnents given by the pilots during the simulation. The pilots descritscd atirbutes
of a maneuver and their perv.cption of it immediately afier evaluating ali of the design putamerer
variaticns by using the comnoent card shown in Chapter 2, Figure 15. All of this informaiion
_was used to understand the mareuver better and suggesi possible refinemerits if necessary,
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"2 qualitative data is very difficult to summarize, so the complete pilot comments, ratings, and
esponses to the sinulation comment caid are included in Reference 4, and only sumnmary
conclusions abou. the ability or inability ot a mancuver to generate useful qualitative Jaia will
be includesi i Chapter 5.

Human Factors Analysis

All of the simulations were conducted in a fixed-base dome, so additional analyses were
performed to identify potential motion effects. The linear and angular accelcrations experienced
by a pilot in flight depend upon the aircraft dynamiics, location of the pilot starios, cockpit
configuration, and other aircraft dependent characieristics. Additicnal factors such as inner ear
and brain stem anatomy, diet, slecp patterns, vision, ard weather also play a role in motion
cffects on a pilot. However, analyses were conducted to try to identify maneuvers thet would
be potentialiy dangerous in fight. More specifically, GLOC and spatial disorientation were
considered. A qualitative assessment of the maneuvers was performed before the first
simulation to try to isolate potential motion considerations. Timie history data was recorded and
pilot questionnaires vere cosipleted during the simulations to determine if any pioblems could
be anticipated during flight. Load factor ime history data for all of the manepvers wzy
evaluated using the Dynamic Acceleration Compute Model (DACM). ‘the DACM predicted no
possivility of GLOC in the maneuvers. Tkis is primarily due to the low speed nature of the
mancuvers and the subsequently minimal load factors experienced. Unfortunately, due o the
exremely complex nature of spatial disoricntation, it is difficult to predici. Some computer
models are currently being developed but were nct used in this research. Instead, z qualitative
evaluation was performed based on answers (0 the huran factors pilot questionnzire showa in
Chapter 2, Figure 16. The rating scales used to summarize susceptisizity o GLOC and’ spatial
disoricntation are shown in Figure 40. Figure 41 contains the resuiis of the hwnan yactors
analysis of the STEMS maneuvers and indicates no strong poteatial cases of GLOC or spatial
disorientation.

Evaluaticn: of Maaeuvers

A Review Team analysis of the simulation data was conducted after the first and second
simulations. The Review Team was {urnished with the following inforvnaticr.: mancuvir
descriptions, statistical summari«s of the measure of merit analysis, imc histosy plots, pilot

comraents and ratings, responses from the simulation comment cards, and results of the human
factors unalysis. They were asked 10 review the picces of data that were most incaningful to




them. Eack Review Team member analyzed the data from a slightly different perspective and
responded with different types of inputs. The primary goal of the Review Team analysis was
to evaluate the quality of the data generated from each maneuver, determine the applicability of
each maneuver to the design process, and judge its relevance to operational use.

Gz-Tolerance * Gx,y - Tolerance *
Rating Injury Description Rating | Injury Description
0 None No Pred. Difficulties 0] None No Pred. Difficult'es
1 Possibie Possible gray/olackout 1 Possible Possibie Injury
>4-6 instantaneous (C-1G)
2 Praobahle Probable gray/blackout 2 Probable Probable injury
6-8 instantaneous (1-2G;j
3 Definite Detinite blackout 3 Definite lacapacitating injury
7+ instantaneous {2+G's)

* Aircrew wearing standard G suit/straining

Spatial Disorientaticn **
Rating Category Description
0 None No predicted difficullies
1 Possiblz Fossibility of SD (2 planes ¢r movement/rapid)
2 Probable High Probability of SO (2-3 planas/iapid;
3 Definitely SD Inevitable (3 planes/rapid movement)

** Assumption. clear VFR day
Figure 40. G-7olerance and Spatial Disorientation Rating Scales

Some key considerations were identified during the Review Team analysis. 1t was
observed that differences in the data due to design parameter variations needed to be much
greater that the amount of pilot veriability in the data. This is an unportant consideration for all
of ihe data, but was most casily applied ro the quantitative measure of merit analyses. In othor
words, 1f measures of merit are to be calculated for a mancuver, it is essential that they be
relatively insensitive to variations between pilots yel seasttive 10 variations in the design. Ut
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was concluded that measures of merit, and other types of data, were useless to a designer if the
data 1s moie sensitive to the pilot than the configuration dynamics. Two major factors were
used to substantiate ihis opinion. First, it cannot be assumed that the same pilot will be
available during all of design and flight test, so data that is to be used in a comparative fashion
needs to be relatively tree of pilot variability. Second, the data should have a stroag correlation
back to design parameters. If a design parameter is adjusted, then the data must accurately
refiect any performance changes rather than bzing overwhelmed by pi'ot variavility. Pilot
comumnents and ratings were also considered as key sources of evaluation data. Therefore, they
were examined for us=ful design feedback information by comparing the cominents to the
parameter variations tested and locking for key comments that would be meaningful for design
modificai ons. After reviewing the simulation data, eaca Review Teamn member completed the
evaluation form shown in Chapter 2, Figure 13. This form was intended to provide useful
information to improve 2 maneuver. The Review Team members were also asked to identify
each maneuver as being sufficiently complete, needing refinement, or 1ot worth retaining.

Maneuver Human Factors Estimate DACM SD Pilot
Number Name Gz Gxy SD Resuits Responses
0 ( No GLOC -
No GLOC 0 Yes, 2 No
No GLOC 2 Yes, O No
No GLOC 0 Yes, 2 No
No GLOC 1 ¥as, 2 No
No GLOC -
No GLOC 0 Yes, 3 No
No GLOC 1 Yes, 1 No
N¢c GLOC 0 Yes, 2 No
No GLOC -
No GL.OC 0 Yes, 2 No

$  Tracking - Highi ACA Gwsep
4 Dual Attack

5 Rolling Defensa

6 Maximum Pitch Pull

7 Nose-Up Pitch Angle Capture
9 Pitch Rate Reserve

11 Sharkenhausen

12 High AOA Roll Reversal

16 1-g Stahilized Pushover

17 J-Tumn

20 Offset Appioach to Landing l

Data not analyzed for the following STEMS:
2 High AOA Tracking - Maneuver tested under other research.
3 High ACA Lateral Gross Acquisition - Maneuver testc d under other research.
& Crossing Target Acquisition and Tracking - Benign motion, not analyzeg.
10 High AOA Longitutinal Gross Acquisitien - Maneuver tested under other research.
13 High ADA Roll and Capture - Same mation environment as 12, not analyzed
14 Minimum Speed Full Stick Loop - Not analyzed dJue to tilne constraints.
15 Minimum Time 180" Heading Change - Nct analyzed due to time constraints.
18 Tanker Boom Tracking - Benign motion, not analyzed.
19 Tracking in Power Approach - Benign motion, not analyzsed.

ST = R S et~
DOODOO0OQOOOC
SO0 O0O0O0O0O A0 —~+~0OC

Figuse 41. Summary of Human Factis Predictions and Analysis




Flight Test Validation

The maneuvers defined under this contract were developed in tixed-base simulation;
therefore, it is necessary to validate them with in-flight testing. ‘Thiy validatioa has been started
by the US Air Force Test Pilot School as two class projects. Six STEMS maneuver candidates
("High AOA Tracking" - STEM 2, "High AOA Lateral Gross Acquisition” - STEM 3, "Rolling
Defense" - STEM 5, "High AOA Longimdinal Gross Acquisition” - STEM 10, "i-g Stabilized
Pushover” - STEM 16, and "Maximum Performance Turn Entry") were flown and evaluated
for the ability to use them in u flight tes, environment,14:15 The six maneuvers were flowa
with generally good success except for the "Maximum Perfoymasnce Tumn Enov" (which hae
since been eliminated from consideration for STEMS). Some of the maneuvers had to be
flown at lower AOA than the mza. euvers were really intended for becaus: o1 aircrafi Emitations.
Therefore, it would de very beneficial to validate the STEME maneuvers on an aircraft with
high AOA capability. Currently, the NASA F-18 HARV would probably L. the 25t aitcrafi ©
use for a STEMS validation fiight tes: program because of its high AOA abilities. Cirer atvrraft
such as the F-16 MATY (Multi-Axis Thrust Vectoring), X-31, or potcntislly the NASA F-15
S/MTD ACTIVE (Advanced Controls Technologies for Integrated Vehicles) researr.h aircreft
are also capable of completing a satisfactory STEMS walidation flight t=st program,

Some of the maneuvers ("High AOA Tracking" - STEM 2, "High ACA Laterai Grozs
Acquisition” - STEM 3. "High AOA Longiiudinal Gross Acquisition” - STEM 19, ard "i-g
Stabilized Pushover” - STEM 16) have beer. or will soon be flown oa the F-18 HARY. STeM
16 has also been flown on a production F-18. These maneuvers have proved usefu! for in-
flight testing. However, it would still be valuable to include these mancuvers into 38 STEMS
validation flight test program so that they can be directly compared ic all of the STEMS
mancuvers.

A preliminary flight test plan was developed and tested under this contuct 10 help transition
the maneuvers to a flight test program It can be found in Reference S. The plan is nor meant
to be 2 f:nal version. Instead, it is intended to be an intermediate sicp berween the maneuy or
develonment conducted in fixed-base simulations and the validation oi the maneuvers ip flight
test. The plan is written somewhat generically so that it can be usad as 4 starting point for any
aircraft evaluation that uses the STEMS muneuvers. However, it doc.. include some spacific
1ARY data t¢ help initiate a validation test program on the HARV. dowzver, st is
recomu:ended that additiocnal simulation with a higher fidelity simnilation medzl be conducted
prior to flight.




A few hcurs of simulation was conducted to evaluate and refine thie flight test plan. A
siraplified HARV model was used te determine if any mancuver setups had o be altered
because of the performance differceces beiween the FIARY and the g=neric configuration used
to develop the maneuvers. The simulation was also conducted to help determined approximate
maneuver duration, setup times, and energy lost during the maneuver. Maneuver setups were
also altered, if necessary to allow the HARYV to remain in the Research Flight Control System
(RFCS) envelope, thus allowing the use of pitch and yaw vectoring.3! Simulation data and
previous flight test experience were used to help estimate the flight time required to validate the
STEMS.




Chapter 5
Summary of Design Parameter Variation Data

As described in Chapters 2 and 4, several pieces of simulation data were revicwed to
analyze the potential applicability of each maneuver to the design process. This data included
time history measures of merit, pilot comments and ratings, responses to simulation comment
cards, and other infcrmation. Summaries of some of the typical measure of merit resulis for
each maneuver are preseated in this chapter. A complete listing of the daw gathered during the
maneuver testing is included in Reference 4  As described earlier, these measures of merit
were analyzed using statistical analyses of the simulation configurations, and the procedure
outlined in Chapter 4 was used to evaluate the measures of merit. The results obtained were
dependent upon the design parameters selected and the ranges of variation tested. Therefore,
this is not meant to be a recommendation for any specific set of measures of merit or design
parameters.

A brief overview of the maneuvers and design parameters tested under this research is
shown in Figure 42, The design parameters tested during this research were detailed in
Chapter 3, Figure 22. Figure 8§, Chapter 1, should be consulted for additional maneuver
characteristics such as the axis being evaluated, appropriate flight envelope, etc. Each
maneuver that was accepted as a STEM will be briefly described in this chapter and some
typical measure of merit resuits will be shown. Reference 3 contains the complete maneuver
description and Reference 4 contains & full set of data including the pilot comiments. Only the
measures of merit that resulted in reasonably good success wili be shown in this section. Alsc,
measures of merit were not calculated for all of the maneuvers because it was cbserved after the
second simulation that certain types of maneuvers were not structured properly for repeatable

numerical measurands. For instance, measures of merit were not calculated for all of the
freestyle or tracking mancuvers because of the limited success observed from she first two
simulatdons.




Data Dealgn Parameters

Longitudinal Stizk Sens!tivity
Longitudicat Stek Shaping

Lon. Commend Type

CG Locaton

Thrust Vectoring EngagesDisengeged
Vectaring Rate Limits

Longltudinel Dynamics?

2. < 2 < |Maximum Roll Rate
FRol Accelerstion Limiter

Maximum ADA
Lstera) Dynamicst
Engine Time Conatant
Tire Delsy

Guentitative
<. <. < 2 |Quelitative

Manmsuver Numbaer and Name

1. Tracking During High AOA Sweep
2. High AOA Tracking

3. High AQA Lateral Gross Acquisition
4. Dual Atack

5. Rolling Defenss
6

7

8

9

< «.|Short Pariod Freq. (includes CAP)
<_ <_|Short Period Demping

£_ 2 <_{Rol! Tima Constant
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Maximum Pitch Pull
Nosa-Up Pitch Angle Capture
Crassing Target Acq. and Tracking
. Pitch Rate Reserve
19. High AOA Longitudinal Gross Acq.
11. Sharkenhaussn
12. High AOA Rall Revarsal
13. High AQA Roll and Capture
14. Minimu:n Speed Full Stick Loop
15. Minimum Time 180° Heading Change
16. 1-g Stabikzed Pushover v
17. J-Tum
18. Tanker Boom Tracking
19. Tracking in Powsr Approach
20. Oftfset Approach to Landing
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Design Parameter Successiully Tested

Design Parameier Not Successfully Tested

Longitudinal Dynamizs indicates a Combination of Freguency and Damping Tested, Lateral Dynamics
Indicates @ Combination ot Roll Mode Time Consiant ar«d Maximum Roll Rate

Figure 42. Design Par~matarg Eveluated With initiai STEMS Manouvers

STEEM 1: Trackir.g During High AOA Sweep

This maneuver is initiated with the evaluation pilot in trail of a cooperative target aircraft.
The target encers a turn and the evajuation pilot evaluates his ability to track the target. The
manzuver is designed such that the evaluation pilot must gradually increase AOA until tracking
can no longer be conducted. This maneuver has a strong link 1o operational requirements and
is a direct extension of the HQDT! technique to high AOA. It can be used to quickly evaluate
iongituginal, lateral, and directional precision flying qualities over a wide AOA range and
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identify potential problem areas. If any problems are uncoverad, then the High AOA Tracking
maneuver (STEM 2) can be used to isolate an AOA for closer investigation. Variations in shont
period frequency, short period damping, maximum roll rate (roll sensitivity), and roll mode
time constant were tested to establish a sensitivity to design parameter modifications.
Quantitative measures of merit were calculated but the results were so dominated by pilot
variability that none were successful. The measures of merit are not shown here but are fully
documented in Reference 4. Additional measures of merit could be investigated, but this
maneuver appears to be best suited for qualitative data. The pilot comments and Cooper-
Harper Ratings were of good quality and are shown in Reference 4.

STEM 2: High AOA Tracking

During this task, the evaluation pilot tracks a cooperative target aircraft in a turn. The
maneuver is set up such that the evaluator can maintain a relativcly constant AOA t. thoroughly
evaluate the rracking at that AOA. This maneuver is intended to expose air-t air tracking
flying qualities characteristics at high ACA for a single axis. A combisuton of precise tracking
and smal} aim point corrections are used to evaluate tracking at a specific AOA. This mancuver
was developed and tested under MDA Internal Research and Development20.32.34 (MRAD) and
NASA sponsorcd!8.32 high ACA flying quaiiiies criteria deveiopment efforts. 1t is included as
one of tie initial STEMS maneuvers because of its applicability to high AOA and the fact that it
is areiatively newly develop.d maneuver. This task has been used to develop longitudinal and
lateral tracking criteria for variations in short period frequency, short period damping,
maximum roll rate (roll sensitivity), and roil mode ime censtant at 30%, 45°, and 60° AOA.
Design parameter variations were not conducted under the STEMS contract. References 18,
20, 33, and 34 should be consulted for specific pilot commy ats and ratings obtained tvith this
task. In general, this task appears to be best suited for quah.ative flying qualities data.

STEM 3: High AOA Lateral Gross Acquisition

This maneuver is ser up such that the evaluation pilot can pull to a desired AQA, stabiiize,
and then roli to acquire a target aircraft. It was dzaveiopcd to help isolate the lateral axis for
flying qualities evaluations at high ACA. Specifically, the controllability of the capture and the
roll rate achieved can be evaluated. This mancuver was developed and extens.vely tested under
MDA20.32,34 and NASA sponscred18.33 research. It is included as one of the initial STEMS
maneuvers because of its applicability to high AOA and the fact that it is a relatively newly
developed mancuver, This task has been used to aevelop lateral acquisition criteria for
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variations in maximum roll rate (roll sensitivity) and roll mode time constant for 30°, 45°, and
60° AOA. Design parameter variations were not conducted under the STEMS contract.
References 18, 20, and 33 should be consulted for specific pilot comments, ratings, and
criteria obtained with this task. Reference 33 also includes measure of merit analyses
conducted with this task. This task produces good flying qualitics comments and data as well
as providing some reasonably good quantitative information.

STEM 4: Dual Attack

This maneuver consists of the evaluation aircraft and two target aircraft. The targets fly
straight and level with 2 90" heading diffevence and the evaluation aircraft maneuvers between
them to alternately acquire each target. The pilot ¢z 11 evaluate loaded roll capabilities as well as
the ability to unload, roll, and pull to transition between the targets. This maneuver is an
operationally relevant task that highlights the ability to reach high AOA and subsequently
control the aircraft. The advantages of good high AOA roll performance can be demonstrated
through this maneuver. Vanations in longitudinal dynamics, lateral dynamics, and maximum
AQA were evaluated with the generic fighter simulation model. The MuSIC model was also
used to compare PST on and PST off modes. A typical summary of the measure of merit
results from the generic fighter testing are shown in Figure 43. The variation in longitudinal
dynamics (LONDYN) consisted of simultaneous variaticais in short period frequency and
damping, and the variations in lateral dynamics (LATDYN) were tested by simultancously
varying maximsun roll rate and roll mode time constant. Maximum angle of attack (AGAMAX) (o
was varied between 40" and 60° to produce the results in Figure 43. Additional statistical tests
were conducted to determine the significance of flying a loaded roll versus an unlvaded roll
technique (LOAD) and calcuiating the measures of merit relative to the first or second target
(TARGET). Only a few measures of merit were found 10 measure the variation in design
parameters successtully while being insensitive to pilot variability. dowever, pilot comments
indicate that this is a very good maneuver to evaluaie and demonstrate the benefits of high AOA
pitch and roll capabilities.




Strong
Potentialiy Strong
Potentially Poor
Poor

YN LOAD TARGET

TCLMAX | Time of Max Lift Coefficient
QDMAX | Max Pitch Acceleration
QMAX Max Pitch Rate
AFOADMX Mex Angle of Attack Rate
AOAMAX _ Maximum Argle of Attack

] TCAFTR B Time to Capiure
PMAXACT Max Stability Axis Roll Rate
FDMAX |- oo Max Stability Axis Roll Accel

FS [ o BT Final Time Specific Excess Power

ENERGY Change in Specific Energy
YDOTMX Max Acceieraticn/Deceleration
DELV § Change in Equivalent Airspeed
LATRMS | RM3S of Lateral Stick Faosition
AZIMRMS RMS of Azimuth Tracking Error

Figure 43. Overall Sensitivitles for Dual Attack (STEM 4 TEST 1 ANALYSIS G)

STEM §: Rolling Defense

‘To set up this maneuver, the pilot establishes a turn at the desired test conditions (AOA and
airspeed, or load factor) and inidates a full stick roll over the top. The data taking portion of
the maneuver begins when the pilot reaches the opposite 90° bank angle and applies a full
forward stick input while maintaining lateral stick. The mancuver is terminated when the
aircraft has univaded. This mancuver is primarily intended as a contrel law evaluation
mancuver io verify the nose-down pitch authority remaining while in a rolling condition.
Additional informaticn about roll coordination and maximum roll rate may also be obtained.
Variations in reaximuin roll rate, center of gravity location, and pitch vectoring were tested
using this maneuver. Figure 44 shows a summary of the measurc of merit 1csults from the

maximum roll rate (PMAX) and center of gravity (DCOG) variations. Several measures of merit
were found to be sensitive to each of these design parameters. This irulicates good repeatability
in the maneuver and indicates that numerical data from this maneuver can be used to modify the
design. Some pilot comments were also generated from this maneuver, but it tended 10 be very
dynamic in nature and somewhat difficult to comment on. '




QDOAVG Avg Initial Pitch Accel Over 1.0 sec

QDXSEC Pitch Acceleration at 1.0 sec
QDMAX Max Pitch Acceleration
TQDRMAX Time of Max Pitch Acceleration
QMAX Max Pitch Rate

TQMAX Time of Max Pitch Rate
QXSEC Pitch Rate at 1.5 se¢

AOADMX Max Angle of Attack Rate
TADMAX Time of Max AQA Rate
ADXSEC Angle of Attack Rate at 1.5 sec
TCMPLT Time to Complete Maneuver
PMAXACT g Max Stability Axis Roll Rate
PXSEC ' Roli Rate at 0.0 sec

Figure 44. Overall Sensitivities for Rolling Defense (STEM 5 TEST 2)

STEM 6: Maximum Pitch Pull

This maneuver is very simple in that the pilot establishes the desired trim tes: puint and then
applies an aggressive full aft stick input and holds it until the pitch rate had stopped. This
maneuver represents a fundamenial element of several maneuvers by isolating an aggressive,
open-loop longitudinal input. Testing was conducted at very low speed (Vpyin) and at comer
aixspoed (V). Variatiors in short period frequency (WSP), short period damping (ZSP), and
maximum . ngle of attack (AOAMAX) were tested for the low specd case. Figures 45 and 46
show typical results for this testing and illustrate an imporiant consideration when conducting
measure of imerit screening. Different indications of the sensitivity to design parameiers were
obtained berween these figures because of the different range of AOAMAX tested. The range
of WSP and Z3P for these tvo tests was identical, but the results in Figure 45 occurred when
AOAMAX was varied betweer. 40° and 70" whereas the results in Figure 46 are based on a
variation between 40° and 55°. The large variation in ACAMAX used to produce Figure 45
tended to deminate the results. It resulted in a large number of black regions for the AGAMAX
design parameter and reduced the strength of correlation for the other two design parameters.
This example. illustrates the fact that the measure of merit findings are dependent upon the
ranges tested and that care must be taken when using DOE techniques so that the test matrix is
balanced. Eowever in general, the maximum pitch pull maneuver was uscful in gathering
quantitative dat: because it is a very simple, repeatable rmaneuver that isolates the pitch axis.
Some pilot comments can also be obitained but it ts not useful for flying qualitics development
because itis an open-loop maneuver.




WSP Z3P  ADAMAX

TP15DEG ¢ Time to Pitch Through 15 deg
QDMAX E Max Pitch Acceleration
QMAX i Max Pitch Rate
Q1SEC | Pitch Rate at 1.0 sec
AOADMX | § Max Angle of Attack Rate
AD1SEC § Angle of Attack Rate at 1.0 sec
THIMAX | Max Incremental Pitch Attitude
TTHTMX Time of Max Pitch Attitude
AOQAMAX Maximum Angle of Attack
TAOAMX Time of Max Angle uf Atiack

N AQA3SEC Angle of Attack at 3.0 sec
VDOTMX d Max Acceleration/Deceleration

Figure 45. Ovarall Sensgltivitias for Max Pitch Pull (STEM 6 TEST 1 ANALYSIS A)

~ AOAMAX.
TP15DEG : Time to Pitch Through 15 deg
QDMAX | Max Pitch Acceleration
QMAX | Max Pitch Rate
TOMAX Time of Max Pitch Rate
Q1SEC Pitch Rate at 1.0 sec
ACADMX =p2l (Vidx Angie of Attack Raie
TADMAX Time of Max AOA Rate
AD1SEC Angle of Attack Rate at 1.0 sec
THTMAX 4 Max Incremental Pitch Attitude
TTHTMX Time of Max Pitch Atlitude
AOAMAX Maximum Angle of Attack
TAOAMX Time of Max Angle of Attack
AOA3SEC Angle of Attack at 3.0 sec
VDOTMX Max Acceleration/Deceleration

Figure 46. Overall Sensitivities for Max Pitch Pull (STEM 6 TEST 1 ANALYSIS B}

The maximum pitch pull maneuver was tested at corner airspeed also. The mancuver was
initiated from a dive to allow a greater pitch angle change to be tested. Variations in Control
Anticipation Parameter (CAP), short period dampiing (ZSF), and maximmum attainable load
factor (NZMAX) were tested for the comer airspeed conditio:  Figure 47 shows typical
measure of merit resuits for the higher speed case. Just as with the low speed version,
quantitative data could be used 10 tie measures of nrerit back to design parameters, and some
pilot comments were obtained.




CAP ZsP

TP45DEG Time to Pitch Through 45 deg
TP120 Time to Pitch Through 120 deg
TCLMAX Time of Max Lift Coefficient
QDISEC Pitch Acceleration at 1.0 sec
QDMAX Max Pitch Acceleration

QMAX Max Pitch Rate

AOADMX Max Angle of Attack Rate
NZDMAX Max Load Factor Rate
TTHTMX Time of Max Pitch Attitude
AOAMAX Maximum Angle of Attack
TAOAMX Time of Max Angle of Attack
VDOTMX Max Acceleration/Deceieration
TGAMD Time of Max Flight Path Rate

Figure 47. Overall Sensitivities for Maximum Pitch Puil (STEM € TEST 3)
STEM 7: Nose-Up Pitch Angle Capture

This maneuver setup is the same as STEM 6 and the maximum pitch attisude that can be
capwured is determined from STEM 6. A target aircraft is positioned ahead of and above the
evaluation aircraft to provide a reference to capture. This maneuver represents a fundamental
clemeni of several maneuvers dy isoiating an aggressive longitudinal caprure task. Testing was
conducied at very low sp 1 (Vpin) and at comner airspeed (V). The low airspeed setup was
tested with variations ir: s..ort period frequency (WSP), short period damping (ZSP),
longitudinal stick sensitivity (LONSNS), time delay (TIMDEL), and nonlinear stick shaping
(LONSHP). 'The few measures of merit and design parameters that resulted in successful
correlation are shown in Figure 48. Most of the measures of merit were dorninated by pilot
variability because of the closed-loop nature of the task. Time to capture was also calculated,
but it was not effective because of the large amount of pilot technique required in this
maneuver. The LONSHP design parameter did not generate any successful measure of merit
correlations so it is not shown in Figure 48. However, this maneuver did generate very
effective pilot comment data and Cooper-Harper ratings. All of the design parameters except
for TIMDEL vould be evaluated using piiot comment data. Historically it has been difficult to
determine accurately the effects of moderate ime delays in a fixed-base simulation.

The nose-up pitch angle capiure maneuver was tested at comer airspeed also. The

maneuver was initiated from a dive to allow a greater pitch angle change to be tested.
Variations in Control Anticipation Parameter (CAP), short period damping (ZSP), and
longitudinal stick shaping (LONSHP) were tested for the comer airspeed condition. Figure 49

70




shows typical measure of «.-erit resuits for the higher speed case. Jusi as with the low speed
versinn, very little quantitative data could be used to de measures of merit back to desiga
paramneters. However, the time to captuie metric proved more reliable for the higher speed test
condition. Pilot comments and ratings were again very valuable for the comer airspeed iest
cendition.

wsp ZSP  LONSNS TitaheL

QDOAVG SRR Avg Initia! Pitch Accel Gver .25 sec
QD.25SEC B ) Pitch Acceleration at 0.25 sec
QDMAX sMax Pitch Acceleraticn

TQDMAX _ szed  Time of Max Pitch Acceleration
QMAX e Max Pitch Rate

TQMAX S Time of Max Pitch Rate

TADMAX Time of Max AOA Rate

LONRMS RMS of Longitudinal Stick Position

Figure 48. Overall Sensltivities for Nose-Up Pitch Angie Capture (STEM 7 TEST ?
ANALYSIS D)

CAP ZSP  LONSHP
s Time of Max Lift Coetficient
Time of Max Pitch Acceleration
Change in AOA
4 Time to Capture
Final Tirne Specific Excess Power

TCLMAX
TQDMAX
UELAOA
TCAPTR
PS

|

Flgure 49. Ovarali Senslilvities for Nose-Up Pitch Angle Capture (STEM 7 TEST 6)
STEM 8: Crossing Targat Acquisition and Tracking

This mancuver is conducted by seiting up a target aircraft above the evaluation aircraft with
a 90" heading offset, and the target immediately enters a turn toward thie evaluation aircraft.
The evaluation pilot tries to acquire rapidly and then continue tracking the target as it crosses in
front. This maneuver allows the acquisition and tracking capabilities of an aircraft to be
exercised through the multiple-axis acquisition of a target aircraft. The maneuver requires the
test aircraft to generate and stop a pitch rate to capture the target, as well as perform a multiple

axis tracking task on a crossing targel. The ability to pull to moderately high AOA, stop the
pitch rate, laterally track a target while unloading in AOA, and then transition to longitudinal
tracking are tested. This mancuve: was used to test variations in short period trequency,
maximum roll rate, and roll mode time constant. Valuable pilot comenents on longitudinal
flying qualities, lateral flying qualities, and control harmony were obtained from this
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maneuver. However, quantitative measures of rcrit were not calculated because of the
freestyle nature of the task.

+TEM 9: Pitch Rate Reserve

This mancuver is conducted by estadlishing a level turn at che desired test conditions and
applying a full aft stick input. The input is maintained until the nose rate drops below its initial
stabilized value. This maneuver is intervld to demonstrare the reserve pitch authority available
from a loaded condition. This maneuver was defined from the "Angular Reserve"” maneuver
tested ir: Reference 6. Design parameter variations ir short period frequency (WSP), shoit
period damping (ZSP), and longiwdinal stick sensitivity (LONSNS) were tested. Figure 50
shows resuits of the nv. isure of merit analysis conducted for this maneuver. Several measures
of merit successially correlated he siiaulation data indicating the ability to use quantitasive data
for this maneuver. The design pararreter LONSNS did not generate significant changes in any
cf the calculated measures of merit. Sora: valuable nilot comment data was obtained vsing this
maneuver, but it was limited because of the open-loop nature of the maneuver.

ZSP

QLOAYG Avg Initial Pitch Accel Over 0.25 sac
QD.25SEC | Pitch Acceleration at 0.25 sec
QDMAX Max Pitch Acceleration

QMAX Max Pitch Rate

TQMAX Time uf Max Pitch Rate

1 SEC Pitch Rate at 1.0 sec
AOADMX Max Angie of Attack Rate
TADMAX Time of Max AOA Rate
AD1SEC Angle of Attack Rate at 1.0 sec
NELAOA Change in AOA

VOO TMX Max Acceleration/Deceluration

Figure 5C. Overnil Sensitivitios for Pitch Rate Rogarve (STEM & TEST 2)
3>TEM 10: High AOQOA Longitudinal Gross Acqguisition

This inaneuver is initiaied with the evaluation aircreft in trail of a target aircraft. The target
eniers a turn und the evaluation pilut performs a sequence of longitudinal acquisitions of the
target zircraft, With some praciice, the pilot can perform the captures so that they occur around
a test AOA. This maneuver is designes to isolate the flying qualities characteristics of an
aircraft during a hugh AQA longitudinal capture task. It was doveloped and tested under MDA
IRAD20.32.34 and NASA sponsored!8.32 high AOA fiying qualities critesi:: develonme itt
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efforts. Itis included as one of the initial STEMS mancuvers because of its applicability o
high AOA and the fact that it is a relatively newly developed maicuvsr. This task has been
used to develop lengitudinal acquisition critesia for variations in shori period frequency (WSP)
and short p:riod daimnping (ZSP) for severai angles of anack. A minimal amount of data was
taken under the STEMS contraci. References 18, 20, 33, and 34 should be consulted for
additional pilot coinments. ratings, and {lying qualities criteria obtained from this maneuver.
Reference 33 also includes measure of merit analyses conducted with daia from this mancuver.
A summary of the measure of menit analysis conducted under the STEMS contract is shown in
Figure 51. The few number of successful correlations in Figure 51 may be due to the minimal
amount of data collected; Reference 33 was more successful at extracting meaningful measuze
of merit data from this maneuver. Overall, this tasi produces good flying qualities comments
and data as well as providing some reasonably good quantitative information.

TCLMAX Time of Max Lift Coetficient
QDMAX Max Pitch Acceleration
TQMAX Time of Max Pitch Rate
AQADMX P w5 Max Angle of Attach Rate
TADMAX = | Time of Max AOX Rate
Figure 51. Overali Sensitivities for High AQA Longitudinal Gross Acqguisition

{STEM 10)

STEM 11: Sharkenhausen

This task is initiated with a head-on target aireraft that is downrange, offset, and higher than
the evaluation aircraft. The evaluation pilot attempts to capture the target as rapidly as possible
and then track the target. This maneuver 2low: the acquisition capabilities of an aircraft to be
exercised through a multiple-axis acquisition of a target aircraft. The ability to pull 10
inoderately high AOA and maintain good lateral control on a crossing tazgei is crnphasized.
This mancuver vas evaluated at a low speed condition (Vmin) and at comer airspeed (V).
Design parameters variations in longitudinal dynamics (LONDYN), lateral dynamics
(LATDYN), and maximum angle of attack (AOAMAX) were tested for the low speed
condition. The variatica in longitudinal Gyaamics consisted of simultancous variations in shornt
peniod frequency and damping, and the variations in lateral dynarmics were tested by
sumultaneously varyirg maximum ioll rate and roll mode time constant. A quick investigation
of initial range to target was also tested. A typical summary of the measure of merit data is
shown in Figure 52. Some measures of ment were found to corrclate to these design
parameters; however, the data is very dependent upon initial range. This implies that the task
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may be limited tn simulation use. It does appear to be a valuable evaluation and demonstration
maneuver however. The initial dovmrange could also be varied to determine the minimum
range at which the task could be performed. Design parameters could then be varied to
determine their influence on this minimum range.

LONDYN ADAMAX LATDYN RANGE

TCLMAX Timo of Max Lift Coefficient
QDMAX Max Pitch Acceleraticn

TQDMAX | Time of Max Pitch Acceleration
QMAX S Max Pitch Rate

ACADMX Max Angle of Attack Rate
ACAMAX Maximum Angle of Attack
TAOAMX ) Time of Max Angle of Altack
DELACA | Change in ACA

DELHDG }oisi Change in Heading

PMAYXACT Max Stahility Axis Roll Rate
POMAX — o Max Stabiiity Axis Rotl Accel

PS Final Time Specific Excess Power
ENERQGY Change in Spacific Energy
VDOTMX Max Acreleration/Deceleration
DELV Change in Equivalent Airspeed
LONDMS b e , | RMS o Longhudinal Stick Position
LATRMS A RAR RMS of Lateral Sick Position

Figure 32. Overall Sensitivities ic7 Sharkenhausen (STEM 11 TEST §)

Variations in LONDYN, LATDYN, and AOAMAX were aiso tested with the
Sharkenheusen at corner airspeed. A summary of the ineasure ot merit analysis is shown in
Figure 53. The high speed test condition seemed to be more dependent upon pilot technique
because of the greater load factor capability. Very few strong correlations were observed and
LONDYN resulted in no successful correiations. Overall, the initiel range to target had a
stronger influence on the measures of merit than did any of the design parameters tested. Asa
resclt, poor quantitative data resulted from this maneaver. However, this maneuver produced
qualitative data that caa he uscd as an overall check of ihe aircraft's ability to point at and track
a crossing target rapidly.




AQAMAX LATOYN RANGE

TQMAX e A - Time of 'Aax Pitch Rate

AQAMAX | taximum Angle of Attack
TAOAMX ¢ Timg of Max Angle of Attack
DELAOA Change in AOA

TPMAX Time of Max Rall Rate

ENERGY Change in Specific Energy
VDOTMX Max Accelerztion/l«celeration
LONRMS RMS of Longitudinal Stick Position

Figura §3. Overall Sensitivitieg for Sharkenhaugen (STEM 11 TEST 4)
STEM 12: High AOA Roll Reversat

Setup for this maneuver is accomplished by performing a split-S, then pulling to the test
AOA. The data gathering portion of the maneuver begins after the pitch attitude ircreases to the
point that the velocity vector is pointed directly downward. At that time, the pilot applies a full
roll control input and holds it until the heading has changed by the desired amount. The pilot
thea applies full opposite roll controls until returning through the initial heading. This
mancuver allows the investigation of high AOA roll performanc,: in a relatively siabilized flight
condition. Roll onset as well as the 2ircraft response to a large cross-check input can be
evaluated. This maneuver was origirally suggested in Reference 6 and developed and tested
under this research. This maneuver was flown usinz 90" and 180" heading changes.
Variations in roll mode time constant (TR}, maximum roll rate (PMAX). and whether or not a
roll acceleration limiter existed (PDLIM) werc tested. Figure 54 includes a summary of the
overall measure of merit results for the 180" heading change. Maximuia roli rate was the
predominant design parameter in this case and PDLIM did not preduce any stong correlation.
Roll mode time constant and the roll acceleration limit were nore important when the mancuver
was flown through only a 90° heading change as scen in Figure 55. Maxumum roll rate is siiil
a stronger design parameter, but roll mode time constant and the mll acceleration limit are now
significani. This may be attribuied to the fact that the initial response is a much larger portion
of the 90" maneuver than the 180° maneuver. Therefore, parameters that mest affect the initial
response become more of an influence. Overall, this maneuver was more effective at

generating numerical data than pilot comments, but some useful comments were obtained.




TR PMAX

TCMPLY Time to Complete Maneuver
PMAXACT Max Stability Axis Roll Rate
TPMAX Time of Max Roll Rate

POMAX Max Stability Axis Roll Accel
PDMAXN Max Rali Deceleration

P3.0SEC Stanility Axis Ro!l Rate at 3.0 sec
PDO.SSEC Stability Axis Roll Acce!l at 0.5 sec

Figure 54. Overall Sensktivities for High ACA Roll Reversal (STEM 12 TEST 1)

POLIM -
e Time to Complete Maneuver

Change in Heading

B | max Stability Axis Roll Rate

TR __PMAX

TCMPLT
DELHDG
PMAXACT

PDMAX Max Stability Axis Roll Accel
TPDMAX Time of Max Roll Acceleration
PDMAXN Max Roll Deceleration

PHIOVR wind Axis Bank Angle Overshoot
PDO.5SSEC | BE | Stavilty Axis Roll Accel at 0.5 sec

Figure 55. Overali Sensitivitles for Highh AOA Roll Reversal (STEM 12 TEST 2)
STEM 13: High AOA Roll snd C: pture

This maneuver is initiated similarly to STEM 12, but the pilot performs a lateral capture
instead of using full opposite roll controls to reverse the roll. The pilot can capture a heading
because of the velocity vector is criented straight down during this maneuver. This maneuver
is dssigned to isolate the flying qualities characteristics of an airaft during a high AOA lateral
capture task. Ifigure 56 shows the meuasure of merit analysis {or variations in roll mode time
constant (TR) and maximum roll rate (PMAX). Data is only available for one pilot, so the
correlations on this figure do not factor ir pilot variability. As a result, & final conclusion on
the strength of measures of mecit cannot be determined yet, but the initial indications look

promising. The pilot comment und rating data received from this maneuver appear to be
valuable.




TCAPTR Tirne to Capture

PMAXACT Max Stability Axis Roll Rate

PDMAX Max Stability Axis Roll Accel

TPDMAX Time of Max Rol! Acceleration

LATRMS RMS of Lateral Stick Position

P2.0SEC Stability Axis Roll Rate at 2.0 sec
PD0.SSEC Stability Axis Roll Acceleration at 0.5 sec

Note: Pilot Variability Not Included Because Data Available from Only One Pilot
Figure §6. Sensitivities to Design Parameters for High AOA Roll and Capture

(STEM 13)
STEM 14: Minimum Speed Full Stick Loop

This maneuver is flown iteratively in a build-up fashion to identify an airspeed band in
which a full-stick loop cannot be completed. The maneuver is started at a low spied and a
maximum piich pull is performed. The start speed is successively increased until an 80° pitch
attitude is attained. The maneuver is then attempted at 100 knots; faster than the speed required
to reach 80° pitch atiitude. This start speed is then succy:ssively reduced until the minimum
pitch rate drops below 5 deg/sec or lateral controi becomes deficient. Informatior: on pitch
authority at low speeds in the vertical as well as roll stability information riay be obtaingd. It
does not represent the minimum airspeed at which a loop can be flown using energy-
maneuverability principles. This maneuver tends t¢ be more of a demonstation and enveiope
expansion maneuver rather than a design evaluation maneaver. Therefoie, the only variation
tested was with the MeSIC aircrait with PST on and PST off. No quantitative data is iriended
to be calculated for this maneuver other than the minimim speed tor a {ull stick loop. Itdid
result in pilot commenis about low speed contrvaiability.

STEM 15: Minimum Time 166° Heading Change

Th’s maneuver is in*ernded o demonstrat: the pessible options that a pidot has availzble w
cliange the airavaft heading by 180°. It shoaid include *esting of conveniional meihods such as
level tumms, tne split-S, slices, as well as technigues such as the I-Tumn. Only the initid and
fina! concitions are specified for this mancaver. {1 is a freescyle maneuver because tho pilot is
encouraged to oy vanious techniques to perform a 1807 iieading change. Thas mancuver was
flown with the MuSIC siraulation medel using the PST on and oft modes to demonstrote the
addidional options nrovided to a pilot through thvust vectonng. Thic maneuver ig not intended

for gquantitaive data cxcept for a ongh cetimate of tizr: reguired o change heading by 18(F.
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STEM 16 1-g Stabilized Pushover

To perform this maneuver, the pilot establishes a stabilized, wings level high AOA
condition and aggressively applies full forward stick. The pilot continues to hold forward stick
until the AQA drops below 10°. This maneuver allows a stabilized evaluation of the nose-
down pitch authority at high AOA. This maneuver was developed and tested under
NASA/Navy research30. It is included as one of the initizl STEMS maneuvers because of its
applicability to high AOA and the fact that it is z relaiively newly developed maneuver. This
maneuver was used to test vanations in cenier of gravity location (DCG) and pitch vectoring
(TV). Figure 57 shows measure of merit results from the DCG testing. Four center of gravity
locations were tested. The column labeled DCGA compares the most forward cg location to
the second most forward. The DCGB column compares the most forward cg to the third most
forward, and the DCGC column compares the forward-most and aft-most cg locations. The
measures of merit are quite good for the DCGA variation and continue to become stronger as
the center of gravity location moves furt'.er aft. This maneuver generates very consistent
guantitative data because of its simple, repeatable technique. Pilot comments and Pitch
Recovery Ratings can also be used from this maneuver.

TF3ISDEG Time to Pitch Through 35 deg
TCILLMAX Time of Max Lift Coefficient
QDOAVG Avg Initial Pitch Accel Cver 1.0 sec
QDISEC Pitch Acceleration at 1.0 sec
QDMAX Max Pitch Acceleration
TQDMAX Time of M « Pitch Acceleration.
CMAX Max Pitch Rate

TAOMAX Time of Max Pitch Rate
Q28EC Pitch Rate at 2.0 sec

AQADMX Max Angle ot Attack Rate
TADBMAX Time of Max AQOA Rate
AD2SEC Angle of Attack Rate at 2.0 sec
AOA2SEC Angle of Attack at 2.0 sec
TCMPLT Time to Complete Maneuver
ENERGY Change in Specific Energy
vDOTMX Max Acceleration/Deceleration
DELV Change in Equivalent Airspeed
TGAMD

Time of Max Flight Path Rate
Figure A7. Overall Sensitivitiog for 1y Stabllized Pugshover {STEM 16 TEST 2)




STEM 17 J-1..vn

To perform this maneuver, the pilot apr:lies full pitch and roll control inputs simultaneously
urtil the aircraft has completed a 180° turn or reaches a wings-level inverted position,
whichever occurs first. Then the pilot removes the roil control input and continues to pitch the
r.ose back up to the horizon. This maneuver requires the simu'taneous use of high AOA pitch
and roll authority and serves as a good demonstration maneuver for high AOA
maneuverability. The j-Turn is intended to emulate the maneuvering requirements of a tactic
developed during the MuSIC thrust vectorisig tacocal utility studies.23 This maneuver was
used to investigate variations in short perioq freguency (WSP), ma-imum: roll rate (PMAX),
and longitudinal command types (CMDTYP). AOA and AOA rate longitudinal command types
were compared. It was also used to compare the PST on and PST off modes of the MuSIC
simulation model. Figure 58 shows a summary of the WSP, PMAX, and CMDTYP tesiing.
For the measures of merit calculated, the vaniation in WSP resulted in the most correlations.
However, both CMDTYF and PMAX resuited in several successtul correlations. This
mazneuver also resulted in some pilot commnents but seems to be best suited as a maneuver to
demonstrate high AOA ruil and pitch authosity.

STEM 18: Tanker Boom Tracking

This maneuver consists of tracking the refueling probe of a tanker from a pre-contact
posidon. The 2valuation pilot can try tracking a stecady probe or the boom operator can move
the probe io create tracking =rrors. This mareuver is intended to evaluate high gain flying
qualities. It will highlight high gair/high sensidvity flight control system deficiencies and
possibly uncover low phase and gain margins. Thig is an existing maneuver but was further
tested here for validation and because it may not be a well recognized evaluation maneuver.
This maneuver is used at the Air Force Flight Test Center and in particular was recently used
on the C-17 program.33 Variations ir Control Anticipation Paramelter (therefore short period
frequency), sho:t period damping, and roll mode ture constant were tested with the generic
fighter and transport models. The variatons in dynamics were discernible to the pilots and
resulted in goed commenis. Cooper-Harper and 210 ratings are also applicatle for this
mancuver. This task was mor: difficult to fly in the fixed-base simulator than might be

expected i flight. Jt appeared that PIO tendencies were exaggera’ed and it was more difficult
to controi the range to prove. These characteristics are attributed to the reduced pilot cues as
compared to fiight. Itis sall believed to be a valuable task; however, fixed-base simulation




may resuli in an overly pessimistic evaluation. Numerical measure of merit analyses were not
atternpted becars= of the tight closed-loop nature of this task.

CMDTYP PMAX  WSP
TP ODEG Time to Pitch Through 20°
TCLMAX Time of Max Lift Coefficient
QDOAVG Avg Initial Pitch Accel Over 0.25 sec
QD0.25SEC Pitch Acceleration at 0.25 sec
QDMAX Max Pitch Acceleration
QMAX Max Pitch Rate
TQMAX Time of Max Pitch Rate
Q0.58EC Pitch Rate at 0.5 sec
AQADMX Max Angle of Attack Rate
TADMAX Time of Max AQCA Rate
ADOQ.SSEC Angle of Attack Rate at 0.5 sec
TNZMAX Time of Max Load Facter
TNZDMX Time of Max Load Factor Rate
THTMAX Max Incremental Pitch Attitude
TTHTMX Time of Max Pitch Atiitude
AOCAMAX Maximurn Angle of Attack
TAOAMX Time of Max Angle of Attack
AOA1.0SEC Angle of Attack at 1.0 sec
TAQAS0 Time {0 50° Annle of Attack
TCMPLT Time 1o Complete Maneuver

PMAXACT — :

Max Stability Axis Roll Rate

PDMAX (o Max Stability Axis Roll Accel

TPDMAX Time of Max Roll Acceleration

PS Final Time Specific Excess Power
ENERGY Change in Specific Snergy

P1.0SEC Stability Axis Roll Rate at 1.0 sec
PDO.SSEC Stability Axis Roll Acceleration at 0.5 sec

Figure 58. Overall Sensitivities for J-Turn (STEM 17 ANALYSES A and B)

STEM 19: Tracking in PA

This maneuver consists of tracking a target aircraft from approximately 1500 ft range while
in a power approach mode and at an approach airspeed. It was valuable to have the terget
perform a sequence of heading changes 1o form a more demanding task. This maneuver is a
task that can be performed at a safe altitude before precision landings are attempted. This was
an existing maneuver but was further tested here for validation and because it may not be a well
recognized evaluation mancuver. In particular, this maneuver was used on the F-15 S/MID
program.36-40 Var:ations in Control Anticipation Parameter (therefore short period frequency),




short period damping, maximuin roil rate (roll sensitivity), and roll mode time coristant were
tested with the generic fighver and ransport models. The maneuver resulted in reasonably
valuable comments and ratngs from the fighter testing but the variations in dynamics were not
very discernible duning the transport testing. This may have been due to the design parameter
range tested or the small heading vanations of the target aircraft (15" neading changes for the
transport task versus 30" heading changes for the fighter testing). Measures of ment were not
calculated for this task becuuse of the closed loop .:ature of the task. Additional testing and
validation of the this maneuver is reccommended; however, it appears to be a promising
maneuver.

STEM 20 Offset Approach to Landing

This task 1s ininated with the aircraft on the correct glide slope, correct approach speed, and
parallel to the runway but offset to one side. At a specified position, the pilot corrects the
lateral offset and antempts a precisicn landing. This maneuver provides a demanding flying
qualities rask to test the ability to control flight path and speed while the aircraft 1s configured
for approach. This maneuver has been used extensively to evaluate aircraft approach to landing
flving qualiues. Preliminary testing was conducted as part of this contracrt tc investigate
variations in maximuna roll rate (PMAX), roil mode time constant (TR}, Control Antcipauon
Parameter (CAP), short period damping (ZSP), 2ngine response time constant (TAUENG),
ume delay (TIMDEL), and lift curve slope (LALPHA - pitch rate lead term). During testing,
the aircraft speed control was found inadequate and that tended to dominate the piiot comments.
At that point, testing was suspended because of the amount of data and testing that has already
been conducted with this task in other research. Measures of merit were calculated from the
limited testing conducted under the STEMS contract. Several measures of ment were
attempted, but Figure 59 shows that few resulied in any success. This figure also indicates that
only the PMAX, TR, and CAP design parameters resulted in any success. The nature of this
task is such that it may require significantly more samples 1o produce a reliabie statistical
analysis. The pilot comments were difficuli 1o analyze because of the speed cenurol deficiency
of the aircraft and the DOE test matrix chesen. (The seven factor test matrix shown in Figure
26 was used.) However, this maneuver is included in STEMS because it has proven 1o be o

valuable evaluation ol in several other researc™  id developinent programs.
PMAX TR ___ CAP

QDMAX
AMAX
DELHDG i

Max Pitch Accelgraton
Max Pitch Rate
Change in Headng

Figure 59. Overall Sensitivities tor Ofiset Approach to Landing (STEM 20)
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Chapter 6
Concluding Remarks

Three primary products resulted from this rescarch. A Standard Evaluation Maneuver Set
was initiated by developing and documenting several new maneuvers. These maneuvers are
designed to help evaluate an aircraft in an operationai environment and can be used to evaluate a
wide range of aircraft atiributes and capabilitics. As a result, the maneuvers can be used
throughout the design process to produce an operationally effective aircraft. These maneuvers
have been documented in a maneuver reference guide that is intended to become a "living”
reference source of useful evaluation maneuvers.3 The maneuvers have been written in a
somewhat generic form so that they can be altered as necessary to meet the specific test
objectives for any aircraft program.

The second major product of this research is a maneuver development process that can be
used to define additional evaluation maneuvers. The development of new maneuvers is
important because the initial entries into STEMS do not provide a comprehensive set of
evaluation maneuvers. The process documented within this report proved to be an effective
method to develop and evaluate maneuvers. The key principles required to develop
maneuvers, important characteristics of these maneuvers, and lessons learned are also
described. This maneuver development process can be uszd to generate additional STEMS as
new technologies emerge or new capabilitics are added.

The third product of this research is a set of guidelines to help select existing maneuvers. It
may not be necessary to test all of the STEMS maneuvers for a particular configuration or
design parameter trade-off study. So, a set of guidelines has been developed to help STEMS
users select the best subset of maneuvers for their particular test needs. These guidelines have
been included with the maneuver reference guide? to create a stand-alone working document.

There are several benefits that can be gained through the usc of these three products. High
quality evaluation manecuvers can be developed more efficiently. The time required to test an
aircraft can be reduced by using predefined, weli-documented evaluation mancuvers, The time
required to plan for a test can be reduced and the quality of the test can be improved by using
the maneuver selection guidelines. And rnost imporiantly, a more constructive evaluation can
be conducted by evaluating key aircraft attritutes in operationally representztive tasks.

Additonal data on each successful maneuver tested during this simulation is documented in
Reference 4. This data represents a large nunber of test points and may contain valuable
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informaton for those who want to investigate these maneuvers further. For example, the pilot
comments, ratings, and measure of merit data can be used to help develop inital test matrices
for flying qualities criteria development or tactical utlity studies. The daia may also provide
background data for the development and application of numerical measures of merit.




Chapter 7
Recommendations

The strongest recornmendation for future efforts is to continue the development of new
mancuvers for updates to the Standard Evaluation Mancuver Set. This research is just the first
step toward a maneuver reference guide for the evaluation of a wide range of aircraft
characteristics. STEMS will be an extremely valuable design tool if additional maneuvers
continue to be added. Evaluation maneuvers that are developed in the future for emerging
technologies should be inciuded in this "Bving" document. It is also recommended that
existing, well established maneuvers be included as part of STEMS so that they can be more
uniformly documented and become more: widely used. It is hoped that STEMS will be a
convenient, and therefore often used, scurce of mancuver descriptions and ideas that wiil be
uscd to improve an aircraft design from initial development in simulation to final flight test.
New maneuvers or experience in applying existing STEMS maneuvers should be sent to
Wright Laboratory/FIGC_2 for inclusion into STEMS.

The initial set of maneuvers was developed in a fixed-base simulation; therefore, it is
recominend ihai in-fiight testng be conducted to evaluase these manguvers in a flight test
environment. The maneuvers have aireac y been shown to be valuable i simulation, but they
need in-flight validation to determine if they can be used during flight test also. In particular,
attributes such as repeatability, difficulty to set up, measurability, and safety need o be
evaluated before these maneuvers can be used confidently. Some work has already been done
through Air Force Test Pilot School projects and generally favorable results have been
obtained. These projccts were limited to relatively low AOA because of the aircraft available
for testing. It would be beneficial to fly the high AGA evaluation maneuvers on the NASA
F-18 HARV, F-16 MATV, NASA F-15 S/MTD ACTIVE, or X-31 because of their high AGA
capabilides.

It would also be interesting to gather lessons leamed from early flight test programs and
determine if the STEMS maneuvers would have been abie to detect deficiencics that were
missed during design. If cases of PIO, roll ratcheting, or other deficiencivs were uncovered
during a flight test, it would be beneficia! to have an evaluation maneuver capable of
uncovering those deficiencies for future designs. If none of the current STEMS maneuvers can
isolate the problem, then it would be valuable to develop a new maneuver to expose that
deficiency and include it in STEMS.
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Additional Fotential Maneuvers

An enonnous number of potential taaneuvers were considered during this contract but only

¥ a few werc devzloped and tested in simulation. This appendix includes prefiminary maneuvsrs
from Phase I that were not tested during sizaulation because of tinie constraints. Some of these
Eﬂ manenvers may be valuable to further develop and add to STEMS. However, some of these

?1 maneuvers rmay duplicate other STEMS maneuvers o may not work well for evaluatioi:, so

H

they should be reviewed and compared to the current STEMS maneuvers before being
developed during simulation. They are included in this appendix as a source of 1deas for future
development of STEMS.
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{. Index of Additional Potential STEMS Maneuvers ¥ound in Appendix A

Maneuver Name - Page Maneuver Name Page
5: Definitions 93 Non-Precision Appr. and Landing 122
Straight and Level Accel 94 Visual Appr., Downwind & Base 123
Accel for Go-Arourd 95 Takeoff 124
; Optimum Acceleration 96 Min Cont. Speed - Climb £ Landing 125
" Straight and Level Decel 97 Scissors 126
Tuming Decel 98 High g Reversai 127

Axial Tracking 99 One-Circie Lead Tusn 128

B Axial Acquisition 100 Frecstyle Slow-Speed Tum 129
i Pitch Unload from Clmax 101 Aerizl Recovery 130

; Bank-to-Bank Roll 102 Air Do, 131
% Maximum Sideslip 193 Collision A voidance 132
4 Sideslip Tracking 104 Combat Descent 133
. Arrest High Sink Rate 105 Freestyle Mose-High Reversal 134
i Hammer Head 106 Slow Speed Attack 135
3 Frecstyle Low-Speed Accel 107 Guns Jink 136
i Dynamic Deceleration 108 Immclman 137
Precise Speed Control 109 Pitch Back 138
Precise Speed Control 110 Reattack 139
%; Guns Jink 11 Rolling Atack 146
3 Multipie Rolls 112 Snapshot 141
% Point Rolls 113 Split-S 142
b Defensive Spiral 114 Tracking 143
¢ Decel to Loaded Roll Undemeath 115 Transition from Defense to Attack 144
y Frecstyle Roll and Capture 116 Vertica! Leed Tumn 45
§ 90" Roll and Vertical Scan Track 117 Vertical Reverse 146
: Barrel Roll 118 Unnamed 147
Unnamed 119 Unnamed 148
3 Roll Agility Task 1.0 120 Unnamed 149

Circling Approach to Landing 121 TE/TA 150
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