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ABSTRACT

Agility research has been ongoing at
McDonnell Aircraft Company for many years.
The objective of this research has been to
develop advanced capabilities that enhance
the tactical effectiveness of fighter air-
craft. Recent agility research, reported
herein, has focused on defining the regions
of the flight envelope where airframe
agility requires improvement and deter-
mining the required level of agility to
give pilots a significant tactical advan-
tage. Flying qualities criteria have been
developed and different command systems
have been investigated for high angle of
attack maneuvering. Ways to attain in-
creased agility have been studied, along
with studies of the pilot's ability to
perform effectively in an agile motion
environment. An agility working group has
been formed at McDonnell Aircraft Company
which has created a beneficial synergy and
accelerated research efforts.

NOMENCLATURE

Ny, - Normal load factor, g's

N, /o - Body axis normal load factor
change per O change,g/rad

Prax - Maximum stability axis roll rate,
deg/sec '

Psp - Probability of survival for Blue
aircraft

Psg - Probability of survival for Red

- aircraft

a - Dynamic pressure, 1lb/ft2

—1978== - F-15 IFFC (Integrated Flight/Fire Control)

- AFTi-15 and NATO-90/Vectored Lift Fighter
(Direct Force Modes, Pitch/Yaw Vectoring,
and Drag Modulation)

- Advanced Nozzie Concepts (2-D Nozzles)

- Supersonic Persistence Fighter
(Novel Control Effectors)

- Cooperative Propulsion integration Program (High
AOA Capability for Supercruise Configurations)

- F-15 STOL/Maneuver Technology Demonstrator
(2-D Vectoring/Reversing Nozzles)

MO 63166

tRre90 - Time-to-roll and capture a 90
degree bank angle change, sec

trrg0 - Time-to-roll through a 90 degree

B bank angle change, sec

o - Angle of attack, deg

ATA - Increment in Torsional Agility
metric, deg/sec?

Cop -~ Short period damping

TR ~ Roll mode time constant, sec

Wgp - Short period frequency, rad/sec

INTRODUCTION

Total aircraft agility is a function
of the airframe, avionics, weapons, and the
pilot.l Agility research at McDonnell
Aircraft Company (MCAIR) has focused on
airframe agility and the man/machine dynam-
ics and the use of avionics, sensors, data
processing, and displays to increase
agility. This paper will review the re-
sults from the airframe and man/machine dy-
namics agility studies and discuss the ma-
jor findings, new agility crite-
ria/concepts, and conclusions to date.

MCAIR has been researching fighter
agility for many years to develop advanced
capabilities that enhance the tactical
effectiveness of fighter aircraft, Figure
1. Recently, government and industry
researchers in the United States and Europe
have increased their agility research
efforts to keep pace with the need to
achieve high levels of agility for future
survivable aircraft. MCAIR's researchers

~ Exhaust Nozzles for Aeracontrol (Pitch/Yaw Thrust Vectoring
Nozzles With Reversing)

- F-18 High AOA Research Vehicle/Thrust Vectoring Control
System (High AOA Pitch/Yaw Thrust Vectoring Control)

- Integrated Controls and Avionics for Air-to-Air Superiority

(Integrated Flight/Fire and Missile Evasion)

- Aircraft and Spacecraft Guidance and Control Contract (High AOA
Flying Quaiities Criteria)

~ Propulsion Integration for Aero Control Nozzle
(Low Signature Pitch/Yaw Vectoring Nozzles)

- F-15 STOU/Maneuver Technology Demonstrator
Muiti-SystemIntegrated Control (Pitch/Yaw Vectoring and
Thrust Reversing)

Key: Program (Technology)
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Figure 1. Agility Research and Development Programs at McDonnell Aircraft Company
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have: investigated measures of merit, Several agility metrics have been

called metrics; studied relationships studied to determine if they do a better
between agility metrics and flying quality job of capturing an aircraft's transient
parameters; researched unconventional aero- maneuverability than traditional measures.
dynamic and propulsion control effectors Metrics for the roll and pitch axes have
for increased control power; enhanced off- been investigated through analytical stud-
line air battle simulation programs to ies and manned simulation. This research
model agility; and studied the effect of has concentrated on determining which
pilot disorientation in an agile environ- agility metrics are tactically relevant and
ment . what level of agility is required to give
the pilot a significant tactical advantage
MCAIR airframe agility research is in Within Visual Range (WVR), air-to-air
focused on the regions of the flight enve- combat .
lope where airframe agility requires
improvement. Analytical studies and com- Axial Agility
ments from tactical pilots suggest that

most fighter aircraft have sufficient air- H = Constant
frame agility in the heart of the flight
envelope, Figure 2. However, more pitch,
roll, and axial agility are needed at the

edges of the envelope. For example, Turn DeAg:lZ‘rJ:t‘;n

increased nose down pitch authority is Rate Capability

needed at high load factors and high angles - Speed Brake
of attack. Enhanced roll capability is Low Drag :‘:\%2 gﬁ;"“:{)"
needed at low and high speeds and for high Region High G, Engine
load factors. Increased axial Lockup for
(deceleration) capability is needed in the Magch >1.0

high and low speed regions. This research Mach
is defining the required level of agility

to give the pilot a significant tactical

advantage, and finding ways to attain Pitch Agilty
increased agility.

Reduced Nose
Down Control

ELIGHT DYNAMICS, FLYING QUALITIES, H = Cons
D ILITY R ARCH

Flight dynamics, flying qualities, and
agility are being researched through ongo- Turn
ing Independent Research and Development Rate
work at MCAIR. Flight dynamics research
has shown that an aircraft's maneuverabil-
ity can be determined with conventional
flight mechanics analysis methods, but fly-
ing qualities criteria must be used to
determine the aircraft's controllability. Mach
Since an aircraft must be both maneuverable
and controllable to be agile,! flight
mechanics and flying qualities must be con-
sidered when determining an aircraft's Roll Agility
agility.

Post Stall Adequate
Region Nose Down
Authority

Reduced Yaw Control
Power to Coordinate Roll

Flying qualities research has concen- H = Constant
trated on criteria development for superag-
ile aircraft maneuvering at high angles of
attack (AOA). Manned simulations have been Post Stall
conducted to determine what response char- Turn ] Region
acteristics a pilot needs to attain desired Rate
performance with minimal compensation
(Level 1 flying gualities) at high AOAs.

(Level 1 flying gqualities are most desir-

able and are clearly adequate for the mis-

sion flight phase.) This research has
demonstrated that high AOA flying qualities Mach

tasks can be developed, and the high AOA PZA Regions Deficient in Airframe Agility
Level 1 response characteristics differ

Aeroelastic
Effects Reduce
Roll Control

Adequate Roll Power

Capability

significantly from the low AQA Level 1 cri~- GP03-0816-2-D
teria in the flying qualities specifica-

tion.2 (A comparison between high and low Figure 2. Regions of the Flight Envelope

AOA Level 1 response characteristics will That Are Deficient in Airframe Agility

be shown below.)
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We have found strong correlations
between proposed agility metrics and stan-
dard flying qualities parameters (as have
other agility researchers).3/4 The results
from a manned simulation suggest that roll
axis agility can be defined by standard
flying qualities parameters. These results
indicate that flight dynamics, flying qual-
ities, and agility are all interrelated.

HIGH ANGLE OF ATTACK FLYING QUALITIES
RESEARCH

High angle of attack flying qualities
research has been ongoing for over four
years at MCAIR to determine what aircraft
dynamics are required by pilots for good
maneuverability and controllability at high
AOAs. Previous high AOA flying qualities
research? dealt primarily with depar-
ture/spin resistance, stalls, and departure
cues, because low pitch and yaw control
power at high AOA precluded high maneuver-
ability. With the introduction of new con-
trol effectors, such as deflectable fore-
body strakes® and thrust vectoring$,
increased maneuverability and therefore
increased agility at high A0OA is now possi-
ble. However, to fully utilize this
increased high AOA agility, flying quali-
ties criteria are needed to ensure that
good controllability is maintained as
maneuverability is increased.

MCAIR has been developing moderate to
high AOA flying qualities criteria using
fixed-base simulators. Multiple simula-
tions have been conducted to investigate
longitudinal and lateral flying qualities
for high gain tasks with highly
maneuverable aircraft, in the moderate to
high AQA flight regime. Flying gualities
associated with gross acquisition to fine
tracking tasks have been studied.

High AOA Task Development

High AQA tasks were developed to
assess flying qualities for transient
point-and-shoot type maneuvers. The tasks
were structured to maximize the test
pilot's evaluation time, to isolate the
axis being evaluated, and to minimize
changes in flight condition. The point-
and-shoot maneuver was broken down into
four subtasks: longitudinal gross acquisi-
tion and fine tracking and lateral gross
acquisition and fine tracking. Gross
acquisition is the initial large amplitude
maneuver the pilot performs to acquire the
target followed by fine tracking to fire
the gun or a missile.

Figure. 3 shows the longitudinal and
lateral gross acquisition and fine tracking
tasks and performance standards that were
used successfully for the 30 degree ACA
range.’ These air-to-air tasks gave the

High Angle of Attack Maneuvering Broken Into 4 Subtasks

| 1. Longitudinal Gross Acquisition J

2. Longitudinal Fine Tracking
3. Lateral Fine Tracking
4. Lateral Gross Acquisition

. NL=2g

o - Line-of-Sight

a=10"
NL=1g
% o =30

Next Acquisition

Aircraft is Aligned With Canopy Bow

2. Pilot Rolls and Then Pulls to Acquire Target

3. Pilot Rolls Back to Wings Level Flight for

—

; a=30"
Np=2¢g

(Random Reversals

. P d Every 5-10 Seconds)
o=20" =
Ni-2g 1. Pilot Flies Wings Level Until Target Ni=29

/ 1. Pilot Evaluates Fine Tracking by
Moving Pipper Nose to Tail and
Wingtip to Wingtip

2. Pilot Evaluates Lateral Gross
Acquisition During Reversals

Evaluation Task

Desired Performance
Standards

Adequate Performance
Standards

Gross Acquisition

Performance
Standards

Fine Tracking

Aggressively Acquire Aim Point Within
25 mils of the Pipper With No
Overshoot

Aggressively Acquire Aim Point Within
25 mils of the Pipper With No More
than One Overshoot

No PIO
Pipper Within £ 5 mils of Aim Point,
50% of Task, Within + 25 mils

Pipper Within + 5 mils of Aim Point,
10% of Task, Within + 25 mils

Remainder of Task Remainder of Task

GP03-0316-6-D

Figure 3. High Angle-of-Attack Flying Qualities Tasks and Performance Standards
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pilot adequate evaluation time and mini-
mized changes in flight condition. The
pilots were given the performance standards
for each task and asked to use these stan-
dards in assigning a Cooper-Harper Rating®
(CHR) for each configuration.

Flying Qualities Criteria for 30 Degrees
AOA

Longitudinal criteria® for the gross
acquisition and tracking tasks were devel-
oped using an angle of attack command sys-
tem with a longitudinal stick sensitivity
of 8.0 deg/in. Pilot comments and CHR from
three simulations were used to determine
the desired response characteristics.
Lateral and directional dynamics were held
fixed throughout the longitudinal
variations.

The 30 degree AOA Level 1 regions are
plotted against the MIL-STD-1797A2 and
Moorhouse-Moranl® Level 1 regions in Figure
4. Note that an upper limit on damping
ratio for Level 1 tracking was not identi-
fied. With the exception of the low fre-
guency boundary of 1 rad/sec, the 30 degree
AOA data does not correlate with the low
AOA criteria. 1In Reference 9, the 30 deg
AQOA data are compared to other "second
tier" criteria. These criteria show that
at high AOA, pilots prefer configurations
for which the combination of short period
frequency and damping ratio minimized the
open and closed loop resonance of the pitch
rate frequency response.

The lateral criteria? for the gross
acqulsition and tracking tasks were devel-
oped using a stability axis roll rate com-
mand system. The rudder pedals were not

used in general because of the good roll
coordination with lateral stick. A lateral
stick with a maximum displacement of 4.0 in
and a stick gradient of 4.0 1b/in was used
for this testing. Again, pilot comments
and CHR from three simulations were used to
determine the desired response characteris-
tics. Longitudinal and directional dynam-
ics were held fixed throughout the lateral
evaluations.

The 30 degree AOQOA Level 1 regions are
plotted against the MIL-STD-17972% and
Moorhouse-Moranl® Level 1 regions in Figure
5. The 30 deg AOA lateral tracking crite-
ria, MIL-STD-1797A, and Moorhouse-Moran do
not correlate well. At 30 deg AOA, the
Level 1 region from MIL-STD-1797A was too
sensitive for tracking and prone to Pilot
Induced Oscillations (PIO). A slower roll
response may be required at high AOA
because of the coning motion resulting from
a velocity vector roll response.'7 The
gross acquisition Level 1 region is shifted
to slightly lower roll rates compared to
MIL-STD-1797A requirements and the more
restrictive Moorhouse-Moran requirements.

The differences in the 30 degree AQA
data and the flying qualities specifica-
tion, MIL-STD-1797A, illustrate the need
for high AOA flying qualities research.
Designers need flying qualities criteria to
design control laws for superagile aircraft
maneuvering at high A0A to ensure that they
are maneuverable and controllable.

Criteria for higher angles of attack are
being investigated under a NASA Langley
Research Center task order contract to
determine how the desired response charac-
teristics shift with increasing angle of
attack.!!

Tracking Acquisition
1.8
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Figure 4. Comparison of Longitudinal High Angle-of-Attack Criteria to Low Angle-of-Attack Criteria
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Figure 5. Comparison of Lateral High Angle-of-Attack Criteria to
Low Angle of Attack Criteria

AGILITY RESEARCH

Aerodynamics Department agility
research has primarily focused on the study
of agility metrics to determine which met-
rics are tactically relevant and what level
of agility gives the pilot a significant
tactical advantage. Initial agility stud-
ies focused on the roll response. This
research showed that a pilot can use only a
limited amount of maneuverability for
closed loop tasks, which confirmed the
importance of controllability in executing
air combat maneuvers. This research is
leading us to the study of minimum agility
requirements rather than maximum agility
capabilities.

Torsional Agility Metric

A metric entitled Torsional Agilityl2
(TA) is the ratio of the aircraft's hori-
zontal turn rate to the time-to-roll and
capture a 90 degree bank angle change.
(The time-to-roll and capture a 90 degree
bank angle will be referred to as tgegg.)
The TA metric measures how well the air-
craft rolls while loaded. The turn rate is

a function of normal load factor and true
airspeed, while tgegg 1S a function of the
aircraft's lateral dynamics.

Figure 6 shows how TA wvaries with nor-
mal load factor and tgregpo for a constant
Mach and altitude.l3 Note that the same
level of TA can be obtained for two dissim-
ilar flight conditions: A) low load factor
and small tgcgp value; and B) high load fac-
tor and large tpegq value. In example A, an
outside observer would see an aircraft
rolling rapidly about the velocity vector
without making a significant change in
heading. 1In example B, an outside observer
would see an aircraft turning sharply while
rolling very slowly. This example shows
that the TA metric does not differentiate
between dissimilar flight conditions and
indicates that TA may not be a tactically
relevant metric.

20
Structural Hv’: 3:
Limit
TA Nomal Load
10 Factor Lines
deg/sec2 r .
8 I
6 Constant TA
¢ _\__
A
[ '4§\~

0 5 10
trc o0 —s6c

® Low load factor, quick ¢ gg

High load factor, long tpc go
CAE0316-4D

Figure 6. Torsional Agility Metric Measures an Aircraft's
Ability to Roll While Loaded

One of our first tasks in studying the
TA metric was to determine the relationship
between the tgegq metric and lateral dynam-
ics. To establish this relationship, we
gathered tgegg values in a fixed-base, domed
cockpit using MCAIR's Generic Aircraft sim-
ulation program (GENAIR) .14 We took tgcgg
data for multiple pilots over a wide range
of maximum roll rate (Ppsx) and roll mode
time constant (%z) valués.

The average tgcgp values are presented
in Figure 7 as a 3-D plot for varying lat-
eral dynamics.l3 The regions where
decreased maneuverability or decreased con-
trollability increase the piloted tgegg val-
ues are noted on the surface. A lack of
maneuverability increases the tppgg at low
roll rates, while at high roll rates, the
aircraft is very maneuverable but control-
lability suffers. An increase in roll mode
time constant reduces maneuverability at
low roll rates and contributes to the loss
of controllability at high roll rates. The
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minimum tgpcgp occurs around 200 deg/sec roll
rate for a fast roll mode time constant.
This was the optimum point for our model
where the best balance between maneuver-
ability and controllability was achieved.
Previous roll rate studies have shown that
roll rates around 200 deg/sec are most
desirable for fighter aircraft in air-to-
air combat.l® This gave us confidence that
our model was valid and properly reflects
the pilot's ability to maneuver and control
the aircraft.

Y Low Maneuverability

Y¥ Good Maneuverability and
Good Controllability

© Excelient Maneuverability

But Poor Controllability

sec

300 200 100 20
Prax-deg/sec

GP03-0316-5-D

Figure 7. tacop and tpyq, Vary Differently With Poax @nd g

Roll Agility Simulations to Study TA Metric

A manned simulation was conducted in
October 1988 to see if the TA metric is
tactically relevant and what level of
incremental TA (ATA) is required to give
the pilot a significant tactical advantage.
The simulation setup is discussed in detail
in Reference 13. The results from this
initial simulation showed an increase in
exchange ratio with increased ATA for 1 vs

Jest 1 - Vary Torsional Agility Metric

Test 2 - Vary Maximum Roll Rate and
Roli Mode Time Constant

1, WVR, air-to-air combat.l3 However, a
large amount of variability in the data
reduced our confidence in the result, so a
second simulation was conducted to try and
obtain a more statistically significant
result.

The second simulation was conducted in
March 1989 to: 1) better define the effect
of ATA by gathering more data; 2) study
variations in Pp,x and 1z; and 3) compare
the relative effects of ATA and increased
specific excess power, Pg. Two of the
three tests and experimental variables are
shown in Figure 8. The simulation and
experimental setups and run procedures are
discussed in detail in Reference 16.

The results from the second roll
agility simulation are shown in Figure 9.
The statistical significance levels for
seventeen combat performance measures are
shown for the first two tests. The change
in combat performance measures was calcu-
lated along with an associated significance
level. The significance level indicates if
the change in combat performance was due to
the change in the experimental variables or
if the change was due to chance alone.l? at
the 95% significance level, the probability
of chance alone generating this effect is
only 1 in 20. A measurand change is con-
sidered to be statistically significant if
it shows up at the 95% significance level
or greater.l?7 Therefore, the effects at the
90% level are marginally significant and
the effects below the 90% level are not
significant.

The increase in exchange ratio with
increased ATA from the first simulation was
not supported by this simulation, as can be
seen in Figure 10. Time to first weapon
hit for Red was the only measurand that was
significant at the 95% level or better, but
the data did not show a consistent trend
with increasing ATA. More combat perfor-—
mance measures were significantly affected
by Ppax and Tg than by ATA. Increased Ppgay
and decreased 1Tz led to earlier Short Range
Missile (SRM) and gun shot opportunities
for the Blue aircraft. See Figure 11. Two
measurands each were significant for

Initlal Conditions

—— Neutral Start
’
', Baseline Dynamics for
Improved ] 12 Given o [XI] e 4,000 ft —[{1]
Combat R 150% P,
Performance max
sec L
| ] Both
0 Y 15 0% o Mach = 0.69 Mach = 0.69
ATA - deg/sec 2 Py - dog/sec Altitude = 15,000 ft Aftitude = 15,000 ft

GP03-0007-299-D

Figure 8. The March 1989 Roll Agility Simulation Evaluated the Torsional Agility Metric, Maximum
Roll Rate, Roll Mode Time Constant, and Pg ina1v 1, WVR, Gun and SRM Scenario
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variations in Pg,, and 17z. Even though more
combat performance measures were signifi-
cantly affected by variations in P, ., and Ty
than by ATA, these variations did not give
the pilot a significant tactical advantage
for a 1 vs 1, WVR scenario.

Test1 Tost2
Combat Performance Measures ATA g:,",'ﬂ‘g‘,J 5,::‘"“. P"'Q’:‘.M
0.9.8.\and 150% and 50% | ntaraction
Basaline | Baseline| Effects
Exchangs Ratio
Probability Biue Wins

Probability of Survival for Blue

Probabiiity of Survival for Red

Survival Ratio (Ps Bive 7 Ps Red)

Survival Advantage (Ps Blue - Ps Red)

Time to 18t Weapon Hit for Blus

Time to st Weapon Hit for Red

Time 18t Weapon Hit Advartage: tysuyrrep - 1siTeLue
Probability 18t SRM Shot Available to Blue

Total Gun Envalope Time for Biue

Total Gun Envelope Time for Red

Gun Envelope Time Advantage: {¢unaLUE - | GUNRED
Probability 18t SRM Shot Available to Blue

Total SRM Envelope Time for Blue

Total SRM Envelope Tims for Red

SAM Envalope Time Advartage: tepue: e - teaumen |
] Not significant B 90% to 95% 5% 1090% [ 99% or better

GP03-0316-8-D

Figure 9. Statistical Significance Levels for Combat
Performance Measurands
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Figure 10. Exchange Ratio and Time to First Weapon Hit
for Red and Blue vs ATA
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Figure 11. Blue Aircraft's First SRM Shot Opportunity and First
Gun Shot Opportunity for Roll Rate and Roll Mode Time
Constant Varlations

Flying Qualities as an Agility Metric

Flying qualities is defined by George
Cooper and Robert Harper® as "those guali-
ties or characteristics of an aircraft that
govern the ease and precision with which a
pilot is able to perform the tasks required
in support of an aircraft role.” To quan-
tify flying qualities, Cooper and Harper
jointly developed the Cooper-Harper Rating
(CHR) scale shown in Figure 12. Three
levels were later assigned to the CHR scale
where Level 1 is most desirable and Level 3
is least desirable. The CHR associated
with each level is shown in Pigure 12 and
general flying qualities level descriptions
are given in Figure 13.

The pilot is able to achieve desired
task performance with minimal compensation
in a Level 1 aircraft, and adequate task
performance with an increase in workload in
a nominal Level 2 aircraft. Therefore, a
Level 2 aircraft has lower agility than a
Level 1 aircraft, but the agility is not
seriously degraded. A pilot flying a Level
3 aircraft cannot achieve adequate task
performance, even through maximum workload
compensation, due to poor controllability
and poor maneuverability. This means the



degradation in agility between Levels 2 and
3 is much more severe than between Levels 1
and 2.

ADEQUACY FOR SELECTED
ARCRAFT DEMANDS ON THE PILOT 1N PLOT
ﬂ%ggﬁw@ CHARACTERISTICS | SELECT TASKOROPERATION' | RATING
Level
{ Excaliont Highty ﬁwmumb 1
2| Good; Negighis Pilat compeneation not a factor for 2 1
1 Deficioncies desired pectormance
Falr; Some Midly Un | Minimal piiot compensation
Deficencies | required for desired performancs 3
Wircr Bt Anroyig | Doeired rocuton
Defidencies moderate pllot compensation ‘
Waren - {—{ el e | Kbt prerrcrruabes | ¢ | 2
v Vory Obj Bur | Adoquats requies
-.ta"i.u. plot o :
ate porformancs not attainable with
Major Doliciancios mmrnm 2 ] 7
Cortroflablity not in question
Roqure el C ik 3
v Major Dy 8 required for corrol 8
[ntorse
Major mmkmmmu ¢
Fnprovernant Control wii be lost during soms
ey [t Dt | e [»]>-
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Figure 12. The Cooper-Harper Rating Scale

Pilot Can Attain Desired Performance
Minimal Pilot Compensation

No PIO

Satisfactory Without Improvement

Level 1

Level 2 |+ Pilot Can Attain Adequate/Satisfactory
Performance

Increase in Pilot Workload
Degradation in Mission Effectiveness
Deficiencies Warrant improvement

.

Level 3 | » Pilot Cannot Achieve Adequate /
Satisfactory Performance

« Pilot Workload Excessive

» Controllability Problems

« Mission Effectiveness is inadequate

« Deficiencies Require Improvement

Figure 13. General Flying Quailties Level Descriptions

Tactical Relevance of Flying Qualities
Levels

Figure 14 shows the hypothetical
increase in combat effectiveness with lat-
eral flying qualities variationsl® using the
Figure 13 flying qualities level descrip-
tions. This hypothetical result is for two
aircraft that are identical except for roll
axis flying qualities. Note that the
increase in effectiveness is greatest
between Levels 2 and 3 because of the large
change in workload and performance between
these levels. The change in effectiveness
between Levels 2 and 1 is minimal because a

pilot with a Level 2 aircraft can almost
achieve Level 1 performance with a moderate
increase in workload. The hypothetical
combat effectiveness trend with flying
qualities was substantiated in a January
1990 roll agility simulation and has been
duplicated with an off-line fighter battle
simulation program.

Increasing
Combat
Effectiveness
for the
Blue Aircraft

] ] I ]
1 2 2/3 3
Flying Qualities Level for the Blue Aircraft

Figure 14. Hypothesized Combat Effectiveness for Blue
Aircraft Flying Against Level 3 Adversary

The January 1990 roll agility simula-
tion investigated the tactical relevance of
lateral flying quality level variations.
The lateral gross acquisition dynamics for
the Red aircraft were varied from Level 3
to Level 1 and the Blue aircraft's lateral
gross acquisition dynamics were fixed at
Level 1. See Figure 15, Four initial con~
ditions were tested: 1 vs 1, neutral head-
on; 1 vs 1, neutral abeam, 1 vs 1, Blue
defensive; and 1 vs 2, neutral head-on.

The pilots had the same weapons as for the
March 1989 roll agility simulation which
are discussed in Reference 16. Six pilots
with varied experience were grouped into
four pilot pairs. Approximately 160
engagements were flown for each initial
condition with each pilot flying both the
Red and Blue aircraft against his paired
opponent.

The composite probabilities of sur-
vival for the Blue (Psp) and Red (Psg) air-
craft are shown in Figure 16 with 95% con-
fidence intervals for the four initial con-
ditions. The variation in composite proba-
bility of survival was significant at the
99% level for both the Blue and Red air-
craft. The Psp is essentially constant
between Levels 1 and 2 while the Psp
increases slightly between Levels 1 and 2.
The Level 1 dynamics may have given the
pilot too much maneuverability and caused
the increase in Psr between Levels 1 and 2.
However, the average Psr between Levels 1
and 2 is within the 95% confidence inter-
vals so this shift may not be significant.
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Figure 15. Dynamic Variations for January 1980
Roll Agliity Simulation

The general shape of the probability
of survival plots is similar to the hypo-
thetical exchange ratio curve in Figure 14.
The change in probability of survival
between Levels 1 and 2 is minimal compared
to the change between Levels 2 and 3 in
Figure 16. This supports our hypothesis
about the relationships between flying
qualities, pilot performance, and agility
for the roll axis.

Figure 16 shows that tactical effec~
tiveness only degrades for very low agility
levels. This preliminary result suggests
that minimum agility guidelines rather than
maximum agility levels are needed to help
designers weigh the increased cost and com-
plexity of enhanced agility against the
increase in tactical effectiveness. This
is especially important for modern fighter
aircraft for which numerous design
tradeoffs must be made.

IOOLS TO EVALUATE OPERATIONAL EFFECTIVENESS
DIGITAL FIGHTER BATTLE SIMULATION PROGRAM

The Advanced Air-to-Air System
Performance Evaluation Model (AASPEM), an
off-line fighter battle simulation pro-
gram,1? has been modified at MCAIR to accu-
rately model a pilot's ability to control
the roll axis. Aerodynamics engineers

(Fully Alive) 1.0
0.9 - 95% Confidence Intervals
Red 087 RN
Probability 0.7 - ,_—~‘\\\
of Survival - N\
0.6 1 .
0.5
0.4 1
{Dead) 0.3
(Fully Alive) 1.0
0.9 95% Confidence Intervals
0.8 1
Blue
Probability 0.7
of Survival -
0.6 1
0.5
0.4 1
(Dead) 0.3 T T T T

1 2 28 3
Red Lateral Flying Qualities Level

Note: Blue Lateral Flying Qualities Held Fixed at Lavel 1

Figure 16. Average Red and Blue Probabilities of Survival
for All Initial Conditions

worked closely with operations analysis
engineers to enhance the program. The
AASPEM program now accurately predicts an
aircraft's achievable roll dynamics with
varying flight conditions. Data from
manned simulation agility testing was used
to model the pilot's ability to maneuver
and control varying levels of roll agility
in the program. This improved prediction
tool will allow us to study the effect of
roll agility on different engagement sce-
narios at a considerable cost and time sav-
ings compared to manned simulation studies.

The modifications to AASPEM were sub-
stantiated with the results from the Janu-
ary 1990 manned simulation. A baseline
Blue aircraft was flown in AASPEM against a
Red aircraft with varying flying qualities
levels. The initial condition was similar
to the 1 vs 1, neutral abeam starting con-
dition used in all three roll agility
manned simulations. The Psy for the AASPEM
study is shown in Figure 17 along with the
Psg from the January 1990 manned simula-
tion. The gun model in AASPEM was more
lethal than the gun model in the manned
simulation, which may account for the lower-
Psg from AASPEM compared to the manned
simulation Psg.

Note that the Psy from AASPEM fol-
lows the same trend as the Figure 14
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hypothetical curve and the manned simula-
tion results. This excellent result indi-
cates that MCAIR has developed a method to
properly model the pilot's ability to man-
euver and control varying levels of roll
agility.

(Fully Alive) 1.0
0.9 95% Confidence Intervals
0.8 e
Red TR g
Probability 0.7 4
of Survival =
0.6 ==
0.5
0.4 4 O Manned Simulation
© Enhanced AASPEM
(Dead) 0.3

T T 1 ]
1 2 2R3
Red Lateral Flying Qualities Level

Note: Blue Lateral Flying Qualities Held Fixed at Level 1

Figure 17. Modified AASPEM and Manned Simulation
Probability of Survival for Red Aircraft

COMBAT MONITOR PROGRAM

Our early attempts to analyze air com-
bat engagements from manned simulations
indicated the need for a tool that could
produce an animated, three-dimensional rep-
resentation of the engagements on a graph-
ics terminal. The Combat Monitor Program
(CBM), which runs on a color, Silicon
Graphics, IRIS-4D workstation, was devel-
oped to satisfy this need. See Figure 18.
The CBM allows the user to play back
engagements at various speeds (forward or
reverse), view the engagement from differ-
ent vantage points, and view weapon employ-
ment throughout the engagement. The CEM
has proved to be a useful tool in analyzing
tactics and maneuvers used during the
engagements.

EXTENSIONS TO CONVENTIONAL STABILITY AND
CONTROL CONCEPTS USING NEW EFFECTORS

Unconventional aerodynamic and propul-
sion control effectors are being researched
to determine their ability to provide
increased control power for superagile
fighters. Available yaw control power from
conventional aerodynamic surfaces falls
short of the yaw control power requirements
for maneuvering at high angles of attack.?(
Large amounts of nose down control power
are required to counteract the nose up
pitching moment from inertial coupling?!
during high angle of attack rolls.

Advanced flowfield control concepts, like
those discussed by Murri in Reference 5,
are being investigated to determine their
ability to provide increased yaw and nose
down control power for high angle of attack
maneuvering. Pitch and yaw thrust vector-
ing concepts?? are also being studied to
determine how well they meet the control
power, design, and cost requirements of
superagile fighters.

AGILE CONTROLLER AND COMMAND SYSTEM
REQUIREMENTS

The expansion of flight envelopes to
high AOA may require new control concepts
to avoid stick sensitivity problems and
provide the pilot with good flying quali-
ties while maneuvering in this dynamic
region. Angle of attack type command sys-
tems are the conventional response type at
high AOAs and directly relate to the flying
qualities specification, MIL-STD-1797A. i o
the commandable AOA range is increased for
a fixed stick throw, stick sensitivity may
be a problem for tasks that require fine
control, such as tracking. A larger stick
throw would allow an AOA control system to
distribute the large AOA range over a large
stick range. However, increasing the lon-
gitudinal stick throw may introduce harmony
problems between the longitudinal and
lateral axes.

Combat Monitor

God's Eye View

on IRIS @ Workstation

Top View

GP03-0316-13

Figure 18. Combat Monitor Program
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MCAIR has developed a hybrid longitu-
dinal command system which combines an AOA
command system and an AOA rate command sys-
tem for high AOA tasks. This system, enti-
tled High Alpha Command System (HACS), is
discussed in Reference 7. The HACS is
intended to allow rapid maneuvering at high
AOAs while maintaining the precision
required to capture and track a target.

Other response types, such as Rate
Command Attitude Hold (RCAH) or AOA rate,
may be better at high AOAs for specific
tasks. RCAH command systems, that decouple
the aircraft attitude from the flight path,
may provide the pilot with better control
for high AOA point-and-shoot type tasks. A
recent high AOA, air-to-air simulation
found a RCAH command system to be accept-
able for high AOA maneuvering. Other types
of command systems, such as angle of attack
rate command systems, may be acceptable for
some high AQA tasks. No matter what type
of command system is utilized, control law
designers must recognize that the flying
qualities of the aircraft will be a func-
tion of the specialized controllers or com-
mand systems being used.

HUMAN FACTORS RESEARCH

The multi-axis maneuvering potential
of agile aircraft can generate a motion
environment that could potentially cause
pilot disorientation and degrade mission
performance.23 Instantaneous and steady
state load factors at the pilot's head,
which are due to motion effects from maneu-
vering at 30 degrees AOA, are shown in
Figure 19. Human factors engineers have
been evaluating several agile maneuvers and
maneuver sequences to assess the probabil-
ity of disorientation occurring during
agile maneuvering. Vestibular stimulation,
the visual field, and the maneuvering force
field experienced by the pilot are being
analyzed. Means of improving a pilot's
tolerance to agile maneuvers are also being
studied.

MCAIR AGILITY WORKING GRQUP

The MCAIR agility working group has
been in place for over two years. It was
formed to promote agility research at
MCAIR, share technical information, provide
for interchange of ideas, and support
agility research in each technical area.
Technologies represented in the working
group include: Aerodynamics (flight dynam-
ics ‘and flying qualities), Guidance and
Control Mechanics, Propulsion, Operations
Analysis, Human Factors, plus representa-
tives from MCAIR's Test Pilot Office. The
group includes representatives from many
different disciplines because we recognize
that many technologies contribute to total
aircraft agility. Regular meetings are
held to share technical information and
stay attuned to recent agility developments

at MCAIR, and in Government and industry.
The exchange of technical information and
ideas, and mutual support has created a
beneficial synergy which has accelerated
MCAIR's agility research.
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at the Pilot’s Head

CONCLUSIONS

MCAIR has been researching fighter
agility for many years to develop advanced
capabilities that enhance the tactical
effectiveness of fighter aircraft. The
agility research has focused on: 1) defin-
ing the regions of the flight envelope
where alrframe agility requires improve-
ment; 2) determining the required level of
agility to give the pilot a significant
tactical advantage; and 3) studying ways to
attain increased agility. These studies
have primarily focused on airframe agility
and man/machine dynamics.

The high AOA flying qualities research
has demonstrated that flying gqualities
tasks can be developed for this dynamic
flight regime and used to generate flying
qualities criteria. These high AOA crite-
ria, for an angle of attack command system,
differ significantly from low angle of
attack criteria. This shift in Level 1
regions demonstrates the need for task ori-
ented flying qualities for all flight
phases to provide the pilot with the most
tactically effective aircraft.
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New agility metrics and flying quali-
ties levels have been researched using
manned simulation studies. Initial results
show that a proposed roll axis metric,
Torsional Agility, did not provide the
pilot with increased tactical effectiveness
for the scenarios that were investigated.
However, variations in lateral flying qual-
ities levels did provide the pilot with a
significant increase in tactical effective-
ness.

Recent agility research has led to the
study of minimum agility requirements
rather than maximum agility capabilities.
Manned simulation results showed that a
pilot can use only a limited amount of roll
rate (maneuverability) for closed loop
tasks. Providing the pilot with a high
level of maneuverability, without a high
level of controllability, will reduce
agility.

Recent roll axis, air-to-air combat,
manned simulation results showed that tac-
tical effectiveness only degrades signifi-
cantly for very low agility levels. This
preliminary result suggests that minirmum
agility guidelines rather than maximum
agility levels are needed to help designers
weigh the increased cost and complexity of
enhanced agility against the increase in
tactical effectiveness.

An off-line fighter battle simulation
program has been modified to accurately
model an aircraft's achievable roll dynam-
ics with varying flight conditions. The
enhanced program also models the pilot's
ability to maneuver and control varying
levels of roll agility. This improved pre-
diction tool will allow agility researchers
to study the effect of roll agility on dif-
ferent engagement scenarios at a considexr-
able cost and time savings compared to
manned simulation studies.

Unconventional aerodynamic and propul-
sion control effectors are being researched
to determine their ability to provide
increased control power for enhanced
agility. Advanced flowfield control con-
cepts and pitch and yaw thrust vectoring
concepts are being studied to determine how
well they meet the control power, design,
and cost requirements of superagile
fighters.

The expansion of flight envelopes to
high AOA may require new control concepts
to avoid sensitivity problems and provide
the pilot with good flying qualities while
maneuvering in this dynamic region. Angle
of attack type command systems are the con-
ventional response type at high AOAs, but
other response types, such as Rate Command
Attitude Hold (RCAH) or AOA rate, may be
better at high AOAs for specific tasks. No

matter what type of command system is uti-
lized: 1) control law designers must recog-
nize that the flying qualities of the air-
craft will be a function of the specialized
controllers or command systems being used;
and 2) the optimum command system needs to
be researched for each task and recommended
for future flying qualities specifications.

The multi-axis maneuvering potential
of agile aircraft can generate a motion
environment that could potentially cause
pilot disorientation and degrade mission
performance. Human factors engineers have
been evaluating agile maneuvers and maneu-
ver sequences to assess the probability of
the occurrence of disorientation during
agile maneuvering. These studies also
point the way to improved pilot tolerances.
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