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ABSTRACT

Aircraft agility is studied from an optimal control perspective. Maneuvers conventionaily used to
point an aircraft towards a target were compared to minimum-time maneuvers. Using the time-
optimal maneuvers trimmed up to 48% from the pointing times. The difference comes from
pitching and rolling simultaneously in a loaded roll. The nominal fighter model had limitations on
roll rate, pitch rate, and engine spool time. Each of these limits was removed in turn and
minimum-time pointing again conducted. Removing roll rate limits allowed the aircraft to point to
targets below it about 10 deg farther in the same time. Similar advantages are gained by removing
pitch rate limits. These improvements are independent of target position but are only for
trajectories of moderate length. Spool time limits had virtually no effect on pointing times,
although a small difference was noted for long trajectories. Finally, using an unloaded roll to
compare agility was shown to be deceiving. This maneuver masks performance capabilities and
makes the aircraft appear slower than it actually is.

Thesis Supervisor: Dr. Steven R. Hall
Title: Finmeccanica Assistant Professor of Aeronautics and Astronautics



Acknowledgments

I owe many debts for this thesis, and I would like to attempt to pay them here. I
owe my gratitude to my friends who are also struggling through graduate school for
understanding my frustrations in day-to-day life. Linda Abetz was a wonderful woman’s
voice in my mostly male world. Doug “Studs MacKenzie” MacMartin frequently saved my
hide when the computers went on the fritz and was also with me on trips to Stefani’s, the
movies, and outlet mall shopping. Narendra “Bhat-man” Bhat helped me conquer Word
4.0 and always stopped by my desk to check up on me. My best friend Adam Sawicki was
sometimes the only reason I went running when I felt like staying home and eating Ding-
Dongs. He shared my problems and my joys and was the main reason I didn’t lose my
mind at the ‘Tute.

There are several people I must thank for professional contributions to my thesis.
Jim Purdon of the MIT Supercomputer Facility showed me how to optimize my program to
run in 15 seconds instead of 15 hours. In fact, the whole Supercomputer staff were some
of the most helpful people I have ever encountered.

Captain Al Lawless at Edwards AFB gave me the pilot’s perspective on agility and
answered all of my sometimes silly questions on realistic performance limits and
maneuvers.

I will always be grateful to Dagfinn Gangsaas, my supervisor at Boeing Advanced
Systems, for allowing me to be on leave of absence for two years to finish my degree. He
was forever patient when I called to tell him there were more delays.

People always get schmaltzy at the end of the acknowledgments and thank their
families for all of the support. I will be no exception. My husband, Scott Gremmert, and
my dog, Belle, waited patiently for two years in Seattle for their wife and mom to come
home. I am humbled every time I think of their sacrifice and realize there is no way to
repay them. My father, mother, and sister also deserve my gratitude for their long-distance
support. Thank God it’s ending; I can’t afford the phone bills any longer.

This research was supported by Contracts DLH315256, DLH404167, and
DLH418482 from The Charles Stark Draper Laboratory, Inc. All of the simulations were
performed on the MIT Supercomputer Facility CRAY-2.

Vera Martinovich
Cambridge, MA
08 July 1990



Contents

4 (o Ta L1 T 1 (o) « N 13
1.1 MOtVALOM. ¢ ttieiteneieaiieeeiareeaerneenreraretanssrassesnsstnnresnansannneannns 13

1.2 Research SUmMmMATY.....ccoiiiiiiiiiiiaiieiiiieiiiiicirieretianeaennseeseasnnnns 14

1.3 Contributions of the Thesis .....ccviiiiiiieiiiiriereneiiietieriinteieerieaenaenens 15

1.4 Outling of the ThesiS ... .cueuriieeeeiaeiiieeiireenereraesteersraereeenenaenennnns 15

P11 ) o PP O OO OO PPPPRON 17
2.1 Numerical Optimization.......ccccoiiviieeciiiiiiinieiiiiiiiiiiiiiiiinine. 17

2.2 Agility Background .........cccoiiiiniiiiiiiiiiiiiiiiiieerieien e enanaas 25

3 Research Procedure .......ccoveiiiiiiiiiiiiiiiiiiiiiii e eeeee e ceeeeie e e an e enans 32
30 PlaAN Lo et e et e e e e e e e e e e e as 32

3.2 Aerodynamic Model......cciiiiiiiiiiiiiiiiiriereire et naes 35

3.3 Performance LimitationsS........cccceiiiiiuiiiienieriinnciniiieeenisnerenneneennns 39

4 RESUILS .. euiiiiiiiiiiiiiiiiiiiiiiieiieteieettrteteesentneataeeentnresaensacnentasnsnenensnensnens 43
4.1 INTOAUCHON ..vuutenirieeniieeiteertetreenseeneroressncaensesessensnssensasaensanns 43

4.2 Agility Differences due to Trajectory Optimization............cccceeennnannnn. 45

4.2.]1 Time MAatriCeS. ..uueuinenininireaeienenrneneareranearaeansenennnns 45

4.2.2 Polar contour PlotS.......ccceuveererninenineneneneninaeraenannns 46

4.2.3 Time HiStOmeSs. . ...iueuieiiniierieneieriieenenenenaeenanennns 46

4.3 Agility Differences due to Changes in Performance Limitations............... 49

4.3.1 Differences due to Removing Spool Time Limits..................... 49

4.3.1.1 Time MALTiX ..euiiininiiiiiiiiiaeaaieereriensnensacanensnnnnns 49

4.3.1.2 Polar contour plotS........ccvueeieeeniiieninininiieininenen. 49

4.3.1.3 Time hiStOries. ...c.cuverriererineeneieieiieniiniieneenenenens 50

4.3.2 Differences due to Removing Pitch Rate Limits...................... 51

4.3.2.1 Time MAtTiX .eeirninrerrnenerineeneieriuienrnenenineeneeenens 51

4.3.2.2 Polar contour plotS........ceuvueeireniiieniniinineenenenen. 51

4.3.2.3 Time hiStories.....ccoiuiriiiiiineriiieiiiiiiienineeeeenen. 52

4.3.3 Differences due to Removing Roll Rate Limits....................... 55

4.3.3.1 Time MatTiX ..uoviininirerniinineiiieenieeeeeeeneneeanaennns 55

4.3.3.2 Polar contour PIotS.........vueiirniiiiiiiiiininieeeeenenennns 56

4.3.3.3 Time hiStOries. .. ccuiuiunrnininieiiiniiiiienenenrenreenans 56



4.4 Agility Comparison Using Standard Maneuvers ...........cc..cceevnvevnennnn.. 58

4.4.1 TIME MAMIX ..euiuitiiieiiiiiitiieeieteeearneeseesaeseaenesnrnenesernens 58
4.4.2 Polar plot.......ooiiuiiiiiiiiiiiiiiiie e, 58
5 Conclusions and Recommendations...........coccuvuvvererrurieereeeeeereeereereenesssnnnes 122
5.1 CONCIUSIONS. ... uuiiiuiiiieiietiiieeeie e et ee s eteseeseeneaeseraserneneneanes 122
5.2 ReCOMMENAAtONS. ...tuitninetinerinereeenirereresernenenesenreesernsnenseeseenns 124
G (2 (1 U 125



List of Figures

2.1.
2.2.
2.3.
2.4.
2.5.
2.6.

2.7.
2.8.
2.9.
2.10.

2.11.
2.12,

3.1
3.2.
3.3.
3.4.
3.5.
3.6.
3.7.

4.1.
4.2.
4.3.
4.4.
4.5.
4.6.
4.7.
4.8.

Linear search for the function minimum along the descent direction................. 19
Quadratic programming solution in two steps for a truly quadratic function........ 20
Tangent hyperplanes for linear and nonlinear constraints. ............cceeeeieeeianns 22
Demonstration of the SQP solution technique.........cccceviviniiiniiiiiiiieininienn, 24
Typical V-n dIagram......ciuiiiiiiiiiiiiiiiiiiiniiiiiiinn et e e eanen 25
Typical energy-maneuverability comparison for two different aircraft for a

given Mach number and altitude.......cccooiriiiiiiiiiiiiiiiiniiiiccec s 26
Typical dOghoUSE PlOt....uiviriiiiiiiiiiiiiiiiiiiiiiirrrreretiearrarieieeenrnaanas 27
Extended E-M format. ... ..ociiniiiiiiiiiiiiiiiiiriiiiicieirc i cien e eeee 28
Dynamic speed turm PIOtS ....coueiiiuiniieiiiiiieiiiiiieieeiieceeaienaentaaeaaanaanens 29
The energy-agility metric is the integrated product of specific energy and

BINIE & eeitininetetetteeeteatereeeetoretasarnranetaternsesnsssnsnsnseseesraranseseesannnnsns 30
The DT Parameter .....ouiviuieiniiiiiiieiiiieieitteieseetereseceenrasecneneneesornsossas 30
Transient dynamics form a large part of aircraft combat maneuvers................ 31
Coefficient of lift as a function of angle of attack and Mach number ................ 36
Coefficient of drag as a function of Mach number and coefficient of lift............ 37
Thrust as a function of Mach number and altitude ..........cccoeiviiniiiniiininann.. 38
Roll rate limit as a function of angle of attack........cccccceeireeeiveciienninnennnnens 39
Angle of attack rate limit as a function of angle of attack.............ccceeeveenennnn.. 40
Thrust available as a function of time starting from idle att=0....................... 40
Limits placed on roll rate as a function of load factor to simulate standard

IOAN UV ETS . tuiuitiniuiiitetueieetteneestueinssessreasesesraesssassssnsnssnsnssesnsnnsnees 42
Typical CONtOUr PlOt..cieuiiiiiiiiiiiiiiriiiiiiiiieeeeie e cee et e eaaa s 44
Contour plot of standard vs. optimal trajectories of nominal model ................. 60
Standard vs. optimal trajectories for nominal model to (179,45).....cccccvvevurunne. 61
Standard vs. optimal trajectories for nominal model to (135,45)....ccccveeuunn.... 63
Three-dimensional trajectories t0 (135,45) . uuuiiiecceeeeeeecrreeeesesereeeesssness 65
Standard vs. optimal trajectories for nominal model to (90,0).......cccceeremene.. 66
Standard vs. optimal trajectories for nominal model to (135,-20)..........c.ou...... 68
Standard vs. optimal trajectories for nominal model to (15,-88) ..........cuv........ 70



4.9.
4.10

4.11.

4.12.

4.13.

4.14.

4.15.

4.16.

4.17.

4.18.

4.19.

4.20.

4.21.

4.22.

4.23.

4.24.

4.25.

4.26.

Optimal trajectories for nominal model to (179,45) and (179,20).....cccccceeneeen. 72
. Contour plot of optimal trajectories of nominal model vs. unlimited spool
130413 1007 L) TSP 74
Optimal trajectories for nominal model vs. unlimited spool time model to
O T2 ) PPN 75
Optimal trajectories for nominal model vs. unlimited spool time model to
QTR . OIS 77
Optimal trajectories for nominal model vs. unlimited spool time model to
(90,0 ittt e ettt e et a e et et et et e a e et e tn e an 79
Optimal trajectories for nominal model vs. unlimited spool time model to
e 3 L 81
Optimal trajectories for nominal model vs. unlimited spool time model to
(5,45 ittt s e e et e ettt et e te e e anaas 83
Optimal trajectories for nominal model vs. unlimited spool time model to
(165,45) . cuueniiniiniiiiiii ettt e et et s s et een s snenseaceataanstanaranansnnans 85
Contour plot of optimal trajectories of nominal model vs. unlimited pitch rate
MOGEL..eu ittt e iee et e e reeee e eteteenseasatatasantnsasnsnsnsnerasnsnnns 87
Optimal trajectories for nominal model vs. unlimited pitch rate model to
(45,0) it et ree e e e e ea e ae e e e aanas 88
Optimal trajectories for nominal model vs. unlimited pitch rate model to
(90,0) . cen it et e et e et e e ea et taaa e a e annans 90
Optimal trajectories for nominal model vs. unlimited pitch rate model to
(135,0) cuneniiitiiiitieiir et ieter e ere s tie e ete et et e et eaeaterasnenasnrasrnsnnsns 92
Optimal trajectories for nominal model vs. unlimited pitch rate model to
(45,-20) cuniiniiiiiii i ettt e e e ea st et e e e e an e nn e a e aas 94
Optimal trajectories for nominal model vs. unlimited pitch rate model to
(90,745) o et a e b e 96
Optimal trajectories for nominal model vs. unlimited pitch rate model to
G R ) P 98
Optimal trajectories for nominal model vs. unlimited pitch rate model to
(15,m88) e e e e e e e aan 100
Optimal trajectories for nominal model vs. unlimited pitch rate model to
(15,45 i e e e vt ce e eaas 102
Optimal trajectories in 19 segments for nominal model vs. unlimited pitch
1ate MOAEL 10 (15,45) .. .unininiiiiiii ittt e e ee e et e e e e e e aeneneanns 104



4.27.

4.28.

4.29.

4.30.

4.31.

4.32.

4.33.

4.34.
4.35.

Contour plot of optimal trajectories of nominal model vs. unlimited roll rate

Optimal trajectories for nominal model vs. unlimited roll rate model to
(B5,-45) ittt ettt e s e e e
Optimal trajectories for nominal model vs. unlimited roll rate model to
QL T = ) T O OO PP
Optimal trajectories for nominal model vs. unlimited roll rate model to
(15,788 ettt et et et e re e sa s et r et ettt e st e st aeanans
Optimal trajectories for unlimited roll rate model to (45,45) in 9 and 19
SEEIMENES . eueriunteneuentururteeerntorasesnrassonsssssasnsasuessasernsnsncsssssssasasnnns
Optimal trajectories for nominal model vs. unlimited roll rate model to
(15,85) eniiii it ie et st s et st e e et a e s e e e ane
Optimal trajectories for nominal model vs. unlimited roll rate model to

(165,45) .. cuiuiiiiiiiiii i ettt e st et e st e e s e a e
Optimal trajectories for nominal model vs. unlimited roll rate model to (90,0).....
Agility comparison using standard maneuvers ...........c.cceeeeeeniieninieeeienennnnn.



List of Tables

3.1.
3.2.
3.3.
3.4.
3.5.

4.1.
4.2.
4.3.
4.4.
4.5.
4.6.
4.7.

Initial CONAItIONS...ivuiiiuiiiiiiieiiiiii it ee et et s e e eneanens 33
Coefficient of lift as a function of angle of attack and Mach number ................. 36
Coefficient of drag as a function of Mach number and coefficient of lift............. 37
Afterburner thrust in pounds as a function of Mach number and altitude ............ 38
Model names, limits, and run tyPes.....ccccccviceciiiiniiinmeneciieieteneetranneeeaenas 42
Pointing times for optimal trajectories of nominal model.........cccecceerurirerinecas 45
Pointing times for standard trajectories of nominal model ............cccceveiiiinni. 46
Pointing times for optimal trajectories of unlimited spool time model................. 50
Pointing times for optimal trajectories of unlimited pitch rate model.................. 52
Time differences between runs using nine equal and 19 unequal segments.......... 55
Pointing times for optimal trajectories of unlimited roll rate model ................... 56
Pointing times for standard trajectories of unlimited pitch rate model ................ 59



Nomenclature

L__Q__EE[M_TL)_

matrix the columns of which are the linear constraint gradients in an

optimization problem

A/B afterburner thrust, lbs

B vector containing functions of x and u to be bounded

b vector containing functions of z to be bounded; vector of constant constraints
placed on z

Cp drag coefficient, dimensionless

CL coefficient of lift, dimensionless

CLmax maximum coefficient of lift, dimensionless

c constraints placed on z. May be inequality, equality, linear, or nonlinear
constraints

D crossrange needed to execute a 180 deg heading change

product of crossrange and time to make a 180 deg heading change

f equations describing the dynamics of x

g gradient (vector of first derivatives) of the cost function

€max maximum load factor, g’s

H Hessian matrix (matrix of second derivatives) of the cost function

he specific energy, ft. Sum of potential and total energy divided by aircraft
weight

J cost or objective function to optimize

L Lagrangian function formed by augmenting the integral cost with the inner
product of the Lagrange multipliers and the constraints

L constant lower bound on B

Lmax maximum lift, 1bs

1 constant lower bound on b

Nx axial load factor, g’s
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Al

longitudinal load factor, g’s
integral cost, function of x, u, and t

specific excess power, ft/s. Time rate of change of he

stability axis load acceleration, g’s
integral cost, function of zand t
wing planform area, ft2

total angle through which the aircraft nose sweeps as it points to reach a
target, deg. Second rotation in a 1-2-3 Euler system

time, s

final time, s

time to achieve first firing opportunity or time to kill, s

time to kill and recover lost speed, s

time to roll and capture a 90 deg bank angle change, s

initial time, s

constant upper bound on B

control vector; constant upper bound on b

state variable vector

airspeed, kts or ft/s

corner or maneuver speed, kts or ft/s

aircraft weight, lbs

one component of z

vector of independent variables including the states and controls at each
segment endpoint of a trajectory, times at each endpoint, and any special user-
defined parameters

value of z yielding the minimum cost

angle of attack, deg; linear search distance in a quadratic programming
problem
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Omax

linear search distance minimizing the quadraticized cost in a quadratic
programming problem

maximum angle of attack, deg

vector containing the difference of the state derivatives specified in f and the
state derivatives found from a cubic spline interpolation of the states and
controls within trajectory segments

terminal cost as a function of x and t¢

bank angle about aircraft longitudinal axis, deg. Third rotation in a
conventional 3-2-1 Euler system. Also terminal cost as a function of z and t¢

flight path angle, deg
Lagrange multiplier vector

vector which converges to the Lagrange multipliers as the cost minimum is
approached

elevation angle between velocity vector and aircraft longitudinal axis, deg.
Second rotation in a conventional 3-2-1 Euler system

air density, slugs/ft3

maneuver plane or bank angle about the velocity vector, deg. First rotation in
a 1-2-3 Euler system

azimuth angle from true north, deg. East is 90 deg. First rotationin a
conventional 3-2-1 Euler system

turn rate, deg/s
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1 Introduction

1.1 Motivation

Agility is one of the most important new areas of flight dynamics research. The
focus is shifting to agility because new technologies are changing combat strategies. For
instance, all-aspect missiles are eliminating the traditional tail chase and thrust vectoring and
vortex management allow a fighter to operate at angles of attack well above stall.

These and other technologies are greatly shortening battle times. In the Vietnam
era, for example, fighters maneuvered for long periods to get the positional advantage
necessary to fire rear-aspect infrared missiles. In contrast, a future supermaneuverable
fighter may be able to pull to 70 deg angle of attack, change heading 180 deg, and shoot the
enemy in about 5 s [1]. This shifts the design emphasis from steady aircraft performance
to dynamic, unsteady, agile performance. Thus airframe designers and tacticians are forced
to rethink old ways of quantifying aircraft performance.

The early quantifiers described a fighter’s point and sustained performances.
Maximum load factor, maximum sustained turn rate, and thrust-to-weight ratio are all
common examples. Energy-maneuverability (E-M) evolved next. E-M plots show specific
excess power as a function of turn rate and can be easily used to compare aircraft. [2]
gives a good description of these and other performance metrics.

None of these metrics is much good at predicting the transient maneuverability
characteristic of modern and future combat aircraft. In some cases, they may be entirely
misleading [2]. In short, these metrics do not quantify agility.

To quantify agility, one must first define it; and this has been done in many ways.
[3] gives a good summary of four definitions. What they all boil down to is the “ability to
carry out more state change activity per unit time” [4]. The Air Force Flight Test Center
qualifies this definition by the phrase “with precision and control” [3]. Thus what is needed
are new parameters describing the ability to change state rapidly and precisely.

Current agility research seems to be focused on heuristically proposing new agility
metrics and then validating them by simulation. The following are three examples of such
research:

1. Riley and Drajeske [5] have shown that Eidetics’ torsional agility metric predicts the
exchange ratio, that is, the number of blue kills for every red kill. Torsional agility is
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defined as turn rate divided by the time to roll 90 deg and capture a given bank angle
while turning at the given rate.

2. McAtee’s dynamic speed turn plots [6] display airspeed bleed rate at each turn rate and
acceleration capability at each airspeed. This information is more useful than that
contained in “doghouse plots” showing turn rate vs. airspeed and makes it easier to
compare aircraft. Dynamic speed turn plots show how much energy is left at the end of
a maneuver to accelerate away or to trade for a positional advantage if returning to
combat.

3. Cannon [7] makes use of the DT parameter, where DT is the product of crossrange and
time needed to complete a 180 deg heading change. He uses trajectory optimization to
show that aircraft on a minimum-DT, 180-deg-heading-change trajectory acquire the
first shooting opportunity over aircraft on a minimum-time trajectory.

1.2 Research Summary

The drawback of propose-and-validate approaches to agility is that they presuppose
a maneuver and do not allow one to distill new, possibly superior, metrics. Therefore, in
this thesis, optimal control is used to find trajectories and no a priori agility metrics are
used. A pilot’s goal is assumed to be to point the fuselage at a target and remain there long
enough to shoot, all in minimum time. This minimum time is taken as the measure of
agility.

The point-and-shoot maneuver was chosen for its importance even without the new
technologies discussed earlier. For instance, although we now have beyond-visual-range
missiles, combat often degenerates into close-in dogfighting. In such tight battles, guns
remain one of a pilot’s most important weapons [8]. So close-in gun combat certainly
makes good point-and-shoot capability valuable [6].

This research seeks the optimal trajectories to point the nose in minimum time to
targets in the upper, lower, forward, and rear hemispheres. This was done by imagining
the airplane to be in the center of a sphere and using a numerical trajectory optimization
code to point its nose to a series of 108 test targets all over the sphere. The aerodynamic
model used was that of a high-performance fighter similar to the F-15 with three
performance limitations: roll rate, angle of attack rate, and engine spool time. The model
and limitations are discussed more fully in Chapter 3.

The optimal maneuvers found were compared to the standard maneuvers taught to
pilots as the best way to acquire the same 108 targets. The comparisons were done in two
ways. First, time histories of important state variables such as speed and angle of attack
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were kept for each run. Second, the optimal times and the standard times to complete each
target acquisition were displayed together on a polar contour plot as functions of maneuver
plane and total angle through which the nose sweeps. The overlaid curves allow easy
determination of the time advantages of optimal flight.

Agility can be resolved into components of pitch, roll, and longitudinal agility [3].
To investigate fighter agility further, the baseline model with performance limitations was
modified three times. One of the limitations was removed in each new version, making one
agility component infinite in each new model. Again the models were tested in the 108
point-and-shoot trials. Time histories were kept and contour plots constructed. Of course
it is unrealistic to expect an aircraft to have instantaneous engine spool time or
undiminished roll and pitch capability as modeled, but the results for the three new cases
bound the performance enhancements possible from improvements in each agility
component.

Finally it is shown that using a priori maneuvers to test agility may hide real agility
advantages. The model with unlimited pitch rate capability was tested again, this time
using standard maneuvers. The results showed that the standard maneuvers concealed the
true pitch capability of the model.

1.3 Contributions of the Thesis

This thesis provides four main contributions to the field of agility research:
Changes to standard maneuvers to achieve faster pointing times are discussed.
The relative importance of the three agility components is shown.
A method of displaying time-to-point data for easy aircraft comparison is provided.
Optimal control is promoted as a way of studying agility.

LW N =

1.4 Outline of the Thesis

Chapter 1 contains the introduction, which gives the motivation for this research,
outlines the research plan, and lists the contributions the thesis makes to the study of
agility.

Chapter 2 discusses the trajectory optimization code by outlining the algorithm used
and the program features. It also gives a brief history of agility metrics.

Chapter 3 discusses the research plan in greater depth, describing the aerodynamic
model used and explaining the time contour plots more fully.
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Results, including time histories, polar plots, and the actual time data, are in
Chapter 4.
Chapter 5 ends the thesis with conclusions and recommendations.

16



2 Theory

This chapter discusses the theory behind the numerical optimization technique used
to find the minimum-time trajectories. It also gives a history of agility measurement from
the World Wars to the present and describes proposed metrics for future fighters.

2.1 Numerical Optimization

The trajectory optimizations were performed using a program called Optimal
Trajectories by Implicit Simulation (OTIS) developed by the Air Force Flight Dynamics
Laboratory. An overview of the optimization procedure used is given below.

An optimization problem is one in which a cost function is to be minimized subject
to certain constraints. Mathematically it is written as

t
min J =®(x(tg),te) + jtcf) P(x(t),u (t),t)dt

subject to: x =f(x(t),u(t),t)
L <B(x(t)u(t)sU 2.1)

The same formulation can be used to maximize a function by minimizing its negative.

The OTIS user begins by choosing a cost function. The easiest cost
computationally is the terminal value of a state, control, or the time. For example, in this
research, the final time to complete a pointing maneuver is the cost function. Other costs
might be final weight or reentry vehicle surface temperature. A typical function to be
maximized is range.

Next the constraints must be chosen. Some of these constraints, such as Omax.,
will be discussed in Section 3.3, “Performance Limitations.” More important constraints
are the equations of motion. OTIS is a three-degree-of-freedom program, meaning only the
three force equations that define the movement of the aircraft center of gravity are used
[9,10]. The OTIS user must choose an appropriate reference frame in which to integrate
these three equations. The possible choices are Cartesian, flight path, and body
coordinates. Next initial conditions corresponding to the chosen frame are selected.
Additional constraints not specifically listed by the user will be discussed later.
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Attitude controls are selected next. These need not necessarily be in the same
reference frame as the equations of motion. For instance, in this research flight path
equations, written in terms of airspeed (V), heading (y), and flight path angle (y), were
used. The controls, angle of attack () and bank angle (¢), are in the body frame. Forces
corresponding to these controls are found through user-input tables that give force
coefficients as functions of the controls and the flight condition. It is these forces that must
be transferred to the flight path frame, and this is easily done with transformation matrices
[11]. Once the transformation is complete, the equations can be integrated.

Rather than integrating the equations explicitly as is customary, implicit integration
is performed [12,13]. To use this method, one first divides the trajectory into any number
of equal or unequal segments. Nine equal segments were used in this research. Next
“defect equations” are written for each segment center. A defect is the difference between
the state derivative found from Equation (2.1) and the state derivative found from a cubic
spline interpolation of the states and controls within segments. When these defects are set
equal to zero, they form the additional non-user-written constraints mentioned earlier in this
section.

The optimization problem is slightly modified from the form in Equation (2.1). Itis
now:

t
f

min J=¢(z(t)te) + [ pa(t)e) dt
(o)

subject to: x =f(x(t)u(t),t)
1<b@())<u
A=0 2.2)

where z is a vector of independent variables, including the states and controls at each
segment endpoint, the time of each segment endpoint, and any special user-defined design
parameters. The bounds and the integrand are now written in lower case to signify that
they are functions of z, not x and u. To the user, the cost function appears as in Equation
(2.1).

After posing the optimization problem as in Equation (2.2), the actual numerical
solution can begin. This is done in an OTIS subprogram called NPSOL written by the
Systems Optimization Laboratory at Stanford University [14,15]. This subprogram uses a
sequential quadratic programming (SQP) algorithm to solve (2.2) [16]. The user first
guesses an initial trajectory, which could be quite different from the optimal trajectory
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depending on the specific problem. The corresponding nominal control history is found
from the initial guess, and the nominal control and state yield the nominal cost.

The solution proceeds differently depending on the presence and character of the
constraints. The case of no constraints will be discussed first. This situation is usually
handled by reducing the solution procedure to a quadratic programming (QP) problem.
The first QP step is to find a suitable descent direction, that is, a z vector which provides a
lower cost than the nominal. The negative gradient direction is a possible choice. The QP
method approximates the cost as a quadratic, an especially good assumption as the
minimum is approached. This quadratic approximation allows the use of a quasi-Newton
search for a descent direction. Using this search, an approximation of the cost Hessian is
formed and is updated at every iteration. This means problems can occur if positive-
definiteness of the Hessian cannot be maintained [17,18].

During the second step of the QP method, the algorithm searches for a minimum
along the descent direction found previously. This is an example of univariate
minimization. Suppose the distance along this descent vector is called a. J(o) is
approximated as a quadratic cost and the QP method tries to find the minimum cost J{
located at o, Jg is the current best guess of the optimal cost. This QP step is illustrated in
Figure 2.1.

4

J(a)

» o

a *
Figure 2.1. Linear search for the function minimum along the descent direction
Once J1 is found, it becomes the current best guess of the optimal cost. Then a

new descent direction for this new Jg is found. The process terminates when a suitably
small cost gradient is found.
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Now the QP process can be illustrated for a fictitious problem in two dimensions
with no constraints. This is shown in Figure 2.2 for a truly quadratic function. The curves
shown are contours of constant cost. The independent variables are z] and z3. J1 and J *

are the results of two QP iterations to find the minimum along the two search directions

shown.

1.0 %
0.5
-0.5
1.0\

-1.0 -0.5 0 0. 1.0
Z4

Figure 2.2. Quadratic programming solution in two steps for a truly quadratic function

The situation is considerably more complicated when constraints are present. There
are two types of constraints, equality and inequality, with mixtures of both types allowed.
These two classifications can be further divided into linear and nonlinear constraints. The
worst case is nonlinear inequality constraints, which are dominant in flight dynamics. For
example, limits on the roll rate as a function of angle of attack are usually nonlinear (see
Section 3.3). Fortunately NPSOL and the SQP method are particularly suited for handling
such constraints.

Inequality constraints are either active or passive: the minimum lies either on the
constraint or off it on the appropriate side. Active constraints can therefore be treated as
equality constraints. The problem is that the active constraints are not known a priori, and
some sort of strategy to decide whether a particular constraint is active must be developed.
For the immediately following paragraphs, it is assumed that an active set of constraints has
been found; so all discussion holds for equality constraints. Later an active set strategy will
be discussed.
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We will first consider linear equality constraints of the form
c(z)=ATz-b=0 ' (2.3)

with the columns of A linearly independent. Any feasible direction Az from a stationary
point must be tangent to the constraints, that is, it must lie in the tangent hyperplane formed
by the intersection of all constraints (Figure 2.3(a)). Since the m columns of A are the
gradients of each of the m constraints, the feasible direction must be orthogonal to the
columns of A. Mathematically this is written as

ATAz=0 (2.4)
Next we expand the cost J about the minimum point z*:
J(z*+Az) = J(z*) + AzTg(z*) + 1/2AzTH(z*)Az + H.O.T. (2.5)

where g(z*) is the cost gradient evaluated at the minimum, H(z*) is its Hessian matrix,
and the higher-order terms (H.O.T.) are neglected. As long as the Hessian is positive-
definite, a higher cost in the chosen Az direction is assured if

AzTg(z*) =0 (2.6)

Otherwise there are possible choices of Az which let J(z*) > J(z*+Az) and z* is no longer
a minimum [17].

Comparing (2.4) and (2.6) we see that g(z*) is a linear combination of the columns
of A. This can be expressed as

g(z*) = A\
or

g(z*) - AA=0 2.7)

where A is the vector of Lagrange multipliers.
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Tangent hyperplane

/> |

(@ (b)
Figure 2.3. Tangent hyperplanes for (a) linear constraints and (b) nonlinear constraints

Now we have a system of simultaneous linear equations to be solved:
g(z)-Ap=0 2.7)
cz)=ATz-b=0 (23)

The solution (z,t) of this system is not guaranteed to be the local minimum (z*,A), only a
stationary point. _

To combat this difficulty, we try a different approach: minimize the Lagrangian
function in the hyperspace in which the second-order sufficient conditions for a strong
minimum hold. The Lagrangian function is defined as

L(z) = p(z) - MTc(2) (2.8)

where p(z) is the integrand of (2.2) and A is the Lagrange multiplier vector as before. The
gradient of this Lagrangian function is the left-hand side of (2.7). This means the
Lagrangian function has an unconstrained stationary point where the cost function has a
constrained stationary point. Thus, finding a stationary point of (2.8) is the same as
solving (2.7). The second-order sufficient condition is that the Hessian matrix of the
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Lagrangian function must be positive-definite in all planes except that orthogonal to the
tangent hyperplane formed by the intersection of the constraints at the minimum [16]. The
orthogonal hyperplane is excluded because a feasible direction cannot lie in it.

The situation is not much more difficult for nonlinear equality constraints. Again
the feasible directions must lie initially along the tangent hyperplane at the optimum as
shown in Figure 2.3(b). Therefore the necessary conditions for a minimum are the same as
in (2.7) and a Lagrangian minimization solution method can be used.

Projected Lagrangian methods, of which SQP is a subset, are designed to handle
such nonlinear constraints in the manner just described. The idea here is to solve a series
of minimization subproblems subject to linear constraints gradually approaching the tangent
hyperplane that the nonlinear constraints form. After the initial guesses of z* and A have
been made, the constraints are linearized about this guessed optimum and the Lagrangian
function is minimized subject to these linear constraints. In this way, the subproblem
solution is projected into the tangent hyperplane formed by the constraint approximations.
The subproblem solution is the new guess of z* and A. The process repeats until the true
solution is found. As the optimization progresses, the linear approximations become more
accurate and eventually lie in the tangent hyperplane formed by the nonlinear constraints at
the true minimum.

SQP simplifies the problem further by approximating the Lagrangian function as a
quadratic, as well as linearizing the constraints, at every new guess of the optimal z* and
A. Thus SQP is a series of QP problems described earlier. The SQP method is illustrated
for a fictitious problem in Figure 2.4.

Until now we have assumed the absence of inequality constraints or the knowledge
of which inequality constraints are active. However, most practical engineering problems
have a mixture of equality and inequality constraints; and we do not know beforehand
which inequality constraints affect the solution of the problem. There are several ways to
deal with this difficulty, but the easiest is to choose a set of inequality constraints believed
active and solve the subproblem using this set. The Lagrange multipliers of active
constraints must be positive or zero [17] if the constraints are written as

c(z)=0 (2.9)

This fact can be used to check the validity of the active set choice.
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Quadratic
Approximation
z to Lagrangian

Linear
Approximation

z to Constraints

z* C=0

(a)

Figure 2.4.

(b)

Demonstration of the SQP solution technique. (a) shows the first QP
subproblem. The constraints are linearized and the function quadraticized
about the initial guess zo. The minimum of this subproblem is z1. In (b) the
new initial guess is z1, about which approximations of the constraints and
function are found. The minimum of this subproblem is z2, which
approaches the actual minimum at z*.
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2.2 Agility Background

This section provides a more in-depth view of the history behind agility metrics
than that given in the introduction. There really is not a unified “theory of agility” yet
because the topic has only recently received much emphasis. Every researcher seems to
have his or her own pet theory. So instead of a theoretical discussion, this section briefly
describes specific metrics used throughout the history of aviation, from the early sustained
or point performance metrics to the more complicated ones of today.

The so-called point metrics have always been popular, in the past for their accuracy
in predicting battle outcomes [2] and today for their simplicity. They are designated “point”
because they describe aircraft static performance at a given flight condition. Combat in
World Wars I and II was characterized by dogfights involving multiple slow-moving, fast-
turning aircraft [19]. Two valid point metrics were therefore the maximum turn rate and
minimum turn radius.

By the Korean era, aircraft cruised and climbed faster. The thrust-to-weight ratio
(T/W) reflected an aircraft’s ability to accelerate in a climb or on a straightaway.

The V-n diagram provided an early graphical comparison of aircraft. A typical V-n
diagram is shown in Figure 2.5. Much important information comes from such a plot.
The maximum speed and load factor are easily understood. The curved lines on the left
represent the stall speed at each load factor. The corner speed is the speed at which the stall
line intersects the structural load limit line. It is at this airspeed that the maximum turn rate
and minimum turn radius are achieved [20].
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ft/s

Figure 2.5. Typical V-n diagram [20]
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One of the chief disadvantages of the V-n diagram is that it holds only for an aircraft
in a constant altitude, constant airspeed coordinated turn {20]. With the emphasis shifting
towards dynamic maneuvers, this graphical agility comparison is losing its validity.

To make up for some of the V-n diagram deficiencies, the energy-maneuverability
(E-M) concept was introduced in the 1960s. E-M refers to the ability of an aircraft to
change the potential and kinetic energies which comprise its energy state. Thus it accounts
for changing speed and altitude. If the energy in ft-1bs is divided by the aircraft weight, a
measurement called the specific energy results. The rate of change of this specific energy is
called specific power, Ps. When Pg > 0 the aircraft can accelerate or climb. Steady, level
flight occurs at Ps = 0. A negative Pg means deceleration or a loss in altitude [20].

One of the most common ways of displaying Pg information is in a plot such as
Figure 2.6, in which the Pg of two competing aircraft are plotted against their turn rates at a
given flight condition [2]. This gives a quick, uncluttered comparison of the relative
strengths of each opponent.

‘ - Aircraft 1
--------- Aircraft 2
® I Acceleration Margin
ol Sustained Turn
g Rate Margin
o
Turn Rate
2 ’
S > deg/s
a
z f
Deceleration Margin

Maximum
Instantaneous —p
Turn Rate Margin

Figure 2.6. Typical energy-maneuverability comparison for two different aircraft for a
given Mach number and altitude [2]
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Another common E-M plot is the so-called “doghouse plot,” shown in Figure 2.7.
All of the V-n diagram information (maximum g, corner speed, and maximum speed) is
available here, too. The constant Pg lines provide additional information about dynamic

maneuvers. The peak in the Pg = 0 contour tells us the maximum sustained g. The other
Pg contours tell us how fast the aircraft is losing or gaining energy for a specific condition.
The doghouse does not tell a pilot how long he can maintain his Pg advantage as his flight

condition changes.
Corner Speed
_ Lines of Constant Pg
Lift '
Limit

Max g Line

Lines of
Constant g

1 g Line

Turn Rate, deg/s

Airspeed, kts

Figure 2.7. Typical doghouse plot [19]

The E-M plots predict engagement outcomes well when sustained maneuvers are
involved. Their chief deficiency arises when a pilot is willing to give up speed for a quick
position advantage. In this case, the aircraft with the Ps advantage will not necessarily win
[19].

There have been several proposed extensions to the E-M format to improve its
usefulness. The first discussed here is what Skow calls the extended E-M format [2]. The
E-M plot of Figure 2.6 is simply stretched as in Figure 2.8 to include 0 g maneuvers and
extremely high angles of attack. The 0 g condition is important because pilots can minimize
their induced drag by unloading to 0 g. The Py is therefore at a maximum here. Some
aircraft can trim at angles of attack greater than that at maximum lift. It is useful then to plot
the E-M characteristics at such extreme conditions because the maximum deceleration
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potential occurs at maximum o. This extension gains even more importance as aircraft
designs move into the post-stall regime.

Og
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|

1 g Acceleration
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(/)] I
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“max

Figure 2.8. Extended E-M format. The maximum turn rate occurs at CLy 4, but the
maximum deceleration potential is at max [2].

The second proposed modification to the E-M format is the dynamic speed turn
(DST) plot, an extension of the doghouse plot [6,19,21]. The important parts of the
doghouse are the maximum lift line, the maximum g line, and the 1 g line. Accordingly,
the rate of change of airspeed is calculated for each point on the boundary of the doghouse.
Two plots can then be constructed as shown in Figure 2.9.

Figure 2.9(a) contains points from the maximum lift and load factor lines. Using
this plot, a pilot can calculate roughly his airspeed loss and average turn rate during a
maneuver. In the example from [19], suppose a pilot begins a maximum maneuver at 500
kts. The estimated average deceleration is 20 kts/s, and the average turn rate is about 18
deg/s. Over the course of a 10 s maneuver, the aircraft will lose roughly 200 kts airspeed
and will turn about 180 deg.
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Figure 2.9. Dynamic speed turn plots. (a) shows turn rate and airspeed bleed rate for a
maximum maneuver. (b) shows acceleration potential for a 1-g maneuver.
The lines with arrows refer to examples discussed in the text [19].

Performance at 1 g is seen from Figure 2.9(b). In another example from [19], an
aircraft initially at 200 kts has an average acceleration of approximately 10 kts/s over 30 s.
The final airspeed is 500 kts.

The last E-M metric we will examine is also concerned with the time effects of
combat maneuvering. In an m vs. n scenario, it is foolhardy to trade all of the energy
advantage for a position advantage because once a kill is made there are other threats to
worry about. The time necessary to regain the lost energy becomes critical. Dorn [4]
proposes an energy-agility metric which accounts for both the time needed to kill and
recover and the energy changes associated with the task. The metric is derived from the
sample plot shown in Figure 2.10 and is defined as the shaded area:

E Agility = [ </Tan_d
nergy - Agi 1ty--_"to o dt

where tk/ is the time to kill and recover and he is the specific energy.
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Figure 2.10. The energy-agility metric is the integrated product of specific energy and time

[4]

There are ways to examine sustainéd performance other than through the E-M
format. The DT parameter considers turn radius and turn rate simultaneously in evaluating
agility. DT is defined as the product of crossrange needed to effect a horizontal turn
through 180 deg and the time needed for such a turn [22,23]. An aircraft with a smaller DT
achieves the first firing opportunity in a horizontal turn, that is, its tk is smaller (Figure
2.11). The aircraft on the left has the smaller DT. Cannon [7] has used trajectory

optimization to show aircraft on a minimum-DT trajectory can outperform the same aircraft
on a minimum-time trajectory.

3
ty
3
0,
D,
4 \ 4

Figure 2.11. The DT parameter is the product of crossrange traveled in a 180 deg turn and
the time to complete the turn. The aircraft on the left has a smaller DT and

therefore the first firing opportunity. The squares are spaced an equal time
apart [4].
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Now we turn away from sustained performance to look at a performance measure
used to quantify agility for shorter maneuvers. Torsional Agility accounts for an aircraft’s
ability to roll while loaded [5] and is defined as:

Torsional Agility =y/ tRC90

where V is the aircraft turn rate and tRC9( is the time to roll and capture a 90 deg bank

angle change at the given turn rate. Manned simulations [5] have suggested that differences
in roll agility are apparent only after a few seconds. Thus Torsional Agility may be more
appropriate for maneuvers of moderate duration than in point-and-shoot scenarios.

The final metrics to be examined focus more on instantaneous dynamics. They
were proposed by Herbst [3] and approach agility mathematically rather than graphically.
Second derivatives of the velocity vector are combined in various ways to form the agility
vector. This vector can be resolved into three components: longitudinal, curvature, and
torsional agility. It turns out these agility components are very similar to the time rates of
change of Nx, Nz, and Pgtab, respectively. An advantage to this approach is that the
components are easily translatable to design quantities such as high pitch rate and roll
accelerations and rapid engine spool times. These metrics help fill a void in agility research
by quantifying transient agility, which is becoming more important as combat time scales
shrink. For example, in the maneuver of Figure 2.12, much of the time is spent in
transition rather than steady state.

Transient

Steady State

Aircraft State

Transient

Time

Figure 2.12. Transient dynamics form a large part of aircraft combat maneuvers [3]
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| 3 Research Procedure

3.1 Plan

The object of the research was threefold. The first objective was to compare
minimum-time and standard pointing maneuvers to see what time advantages could be
realized merely by using optimal trajectories. The second objective was to see the effects of
performance changes on aircraft agility by examining the new optimal trajectories and
minimum times. The third goal was to demonstrate that agility comparisons based on a
particular maneuver instead of optimal maneuvers may ignore important performance
differences.

The pointing simulations began by imagining an aircraft to be in the center of a
sphere, flying at the initial conditions given in Table 3.1. Next a matrix of 6 azimuth angle
and 9 elevation angle pairs designating 54 targets was constructed. The azimuth angles
were 15, 45, 90, 135, 165, and 179 deg; while the elevation angles were 188, 260, +45,
120, and 0 deg. The azimuth of 179 deg and the elevation of +88 deg were chosen instead
of 180 deg and +90 deg to avoid singularities. The azimuth/elevation pairs define points
only in the right half of the imaginary sphere in which the aircraft flies because symmetry
was assumed. A few targets in the left hemisphere were tested to check this assumption.

In each of 54 test runs, the aircraft was made to acquire and stabilize on one of
these attitudes in minimum time. Stabilization meant that each of the control variable rates
was zero at the final time. This is not the same as pointing at a non-moving target because
downrange and crossrange traveled was not considered. Rather, the maneuvers resemble
the pitch angle capture tests run by the Air Force Flight Test Center and NASA for agility
metrics data gathering [24].

The first 54 test runs were made using standard maneuvers taught to pilots as the
best way to point the aircraft [25]. For the upper hemisphere, the standard maneuver is an
unloaded roll in which the pilot banks to rotate the lift vector to the desired maneuver plane
and then pulls up in that plane until the target is reached. The maneuver is called unloaded
because the roll occurs at a load factor of one. For targets more than 15 deg below the
horizon, the maneuver is the same, with the roll angle greater than 90 deg. This is because
pilots cannot see more than about 15 deg below the cockpit. If a pilot is pursuing a target
in this region, he would roll to see it before pointing the nose [25].
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Table 3.1. Initial conditions

Quantigl Value
Mach number 0.9
Altitude 20000 ft
Velocity 933.24 ft/s
Weight 40700 1b
Flight path angle Odeg
Azimuth 0 deg
Load factor 1g
Angle of attack 2.14 deg
Angle of attack rate 0 deg/s
Roll angle about velocity vector 0deg
Roll rate 0 deg/s
Thrust 45% of afterburner
Thrust rate 0 1b/sec

Because of the structure of the numerical optimization routine, it was easiest to
model the standard maneuver as a minimum-time problem using limits on roll rate to allow
rolling only at 1 g (see Section 3.3). Two alternate ways to formulate the problem are to
specify a roll to the given maneuver plane and then a pull-up to the target in minimum time
or to specify a roll angle and angle of attack history that the aircraft must follow regardless
of time.

Once the 54 standard test runs were completed, the 54 corresponding optimal
trajectories were found. Time histories of important state variables were kept so that
differences from the standard maneuvers could be noted.

The next goal was to show the standard and optimal pointing times for any point on
the sphere. This required a contour plot of pointing time as a function of attitude. It is
easier to show time in a polar contour plot with maneuver plane (o) as the angle coordinate
and the total angle (TA) through which the nose sweeps as the radius. The maneuver plane
and total angle are the first two rotations in a 1-2-3 Euler system. The azimuth/elevation
pairs are the first two rotations in the conventional 3-2-1 Euler system. Maneuver plane
and total angle could also be termed roll angle and pitch angle but are not to avoid
confusion with the conventional Euler angles.
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To get an accurate contour plot, many data points are needed. Unfortunately, only
108 were available, and it was not possible to perform more pointing trials because of the
computational time involved. The problem was solved by using a standard multi-
dimensional interpolation program [26]. Using this code, the pointing times for 550
attitudes were interpolated. There were 22 total angles in the interpolation matrix (from 15
deg to 172.5 deg in increments of 7.5 deg) and 25 maneuver planes (from -180 deg to
+180 deg in increments of 15 deg). This assures complete coverage of the polar contour
plot. Within the interpolation program, these attitudes were converted to azimuth/elevation
form. Using the 108 test points, also in azimuth/elevation form, the interpolation was next
performed. The attitudes were then converted back to 6/TA form, and the polar contour
plots were constructed.

The o/TA pairs and the corresponding times appear as in Figure 4.1. This plot is
how the imaginary sphere looks to the pilot at its center, facing into the page. The dashed
radial lines represent the maneuver plane, and the circular dashed lines represent the total
angle through which the aircraft turns. For example, a pull-up maneuver follows the radial
at 90 deg, and a 30 deg bank and total angle sweep of 150 deg lies at the intersection of the
60 deg radial and the third concentric circle.

The standard and optimal plots were overlaid to see the time advantages gained by
performing the optimal maneuvers. The plots may also be used to see the maneuver planes
in which aircraft are most agile. For example, the contours in Figure 4.1 indicate the
aircraft can reach a point in the lower, forward quadrant quicker than one in the upper, rear
quadrant.

As mentioned in the introduction, the nominal model had roll rate, angle-of-attack
rate, and engine spool time limitations, discussed more fully in Section 3.3. Three new
models were obtained by removing each of the three performance limits in turn. The
trial/interpolation/plot sequence was repeated for each of the three models. The resulting
contour plots were overlaid in turn with the optimal plot for the limited model to see how
much the time improved. The state variable histories were also compared to each other and
that of the limited model.

As will be discussed in Chapter 4, the results of these new simulations demonstrate
that pitch rate limits significantly degrade performance. This fact was used to meet the third
objective: show that comparing agility using standard maneuvers may mislead one to
believe there are no agility differences in two quite different aircraft. The nominal model
modified to have unlimited pitch rate was again used, this time in standard maneuvers.
These standard runs of the nominal and unlimited models were compared on a polar plot.
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Then the standard and optimal runs of the unlimited model were compared to show what
performance capability the standard maneuver was concealing.

3.2 Aerodynamic Model

As was discussed in Chapter 2, only the force equations of motion are integrated in
the simulations; the three moment equations are neglected. Roll angle and angle of attack
are commanded directly, without regard to control surface deflections. This greatly
simplifies computation because the tables needed to store aecrodynamic data are smaller
[27]. Lift and drag coefficients are functions of Mach number and angle of attack only,
while thrust is a function of Mach number and altitude. These three forces, gravity, the
equations of motion, and the commanded attitude variables completely define the aircraft
position and velocity.

The acrodynamic model used was that of a high-performance fighter resembling the
F-15 [27]. Lift, drag, and thrust as functions of flight condition were included in the
model and are shown in Tables 3.2 - 3.4, OTIS fits a surface to these data, so it is
important that they contain no sharp discontinuities. This is demonstrated in the carpet
plots of Figures 3.1 - 3.3.

Weight, planform area, and specific fuel consumption were also needed. The
values used were 40,700 1b, 608 ft2, and 30,000 Ib/hr. Constant specific fuel
consumption was used for simplicity even though it changes with flight condition. The
short maneuver times involved (less than 15 s) diminished the importance of this variable
anyway.
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Table 3.2. Coefficient of lift as a function of angle of attack and Mach number

Mach Angle of Attack (deg)

8 12 16

0.6 “-0.89 -0.611 -0.33]-0.05§0.23 10.52 ] 0.78 {1.00 |1.19 }1.30 }1.36 J1.41 11.43 ]1.45
-0.981-0.65] -0.361-0.05}0.25 {0.56 §0.80 }1.02 11.20 1.32 {1.38 |1.43 {1.45 |1.45

0.9 §1-1.07} -0.73}-0.38}-0.05]0.27 | 0.61 ] 0.82 §}1.03 |]1.20 | 1.33 |1.40 |1.44 |1.46 ] 1.45

1.0 §}-1.10]-0.80] -0.43] -0.07{0.29 ] 0.63 }0.88 §1.10 §1.27 |1.42 ]1.51 §1.53 |1.53 ]1.53

1.1 {-1.00§-0.731-0.391-0.07{0.28 |0.59 |0.89 §1.16 |1.37 }1.37 |1.37 11.37 §1.37 11.37

1.2 ]1-0.90] -0.66] -0.34] -0.0610.25 0.54 10.82 }1.07 }]1.33 $11.33 1.33 11.33 11.33 }]1.33

1.4 1-0.801-0.56] -0.281-0.0310.22 10.47 |0.70 §0.93 §1.13 }1.13 J1.13 J1.13 |1.13 ]1.13

1.6 11-0.701-0.491-0.24]-0.02{0.20 | 0.41 | 0.61 10.81 {0.99 {0.99 {0.99 {0.99 {0.99 |0.99

Angle of
Attack, deg.

Figure 3.1. Coefficient of lift as a function of angle of attack and Mach number
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Table 3.3. Coefficient of dragLas a function of Mach number and coefficient of lift

L " Mach

0.0 10.0196 | 0.0196 ]0.0196 ] 0.0201 ] 0.0204 ] 0.0261 | 0.0396 } 0.0466 | 0.0449 ] 0.0430

0.2 110.0218 ]0.0218 | 0.0218 ] 0.0218 ] 0.0227 | 0.0321 | 0.0462 | 0.0523 | 0.0525 ] 0.0525

0.4 110.0376 |0.0376 {0.0376 {0.0370 ]0.0380 | 0.0554 | 0.0772 | 0.0860 |0.0912 |0.0967

0.6 j10.0778 10.0778 ]0.0768 {0.0745 ] 0.0753 ] 0.1037 ] 0.1340 | 0.1496 ] 0.1698 ] 0.1906

{
0.8 I0.1517 0.1517 10.1545 }0.1583 ]0.1582 | 0.1809 | 0.2136 | 0.2420 | 0.3000 | 0.3600

1.0 110.2582 ]0.2582 10.2691 §0.2862 ]0.2993 | 0.3166 | 0.3379 ] 0.3711 | 0.4000 | 0.5000

1.2 110.4438 ]0.4438 10.4663 ]0.5092 | 0.5275 }0.5370 ] 0.5400 } 0.5500 | 0.5600 | 0.5800

1.4 J10.8559 |0.8559 ]0.8774 |0.9000 ] 0.9050 | 0.8787 | 1.0000 }1.1000 | 1.2000 ] 1.4000

1.6 [11.2873 }1.2873 |1.3118 }1.3222 | 1.3230 | 1.5000 | 1.6000 | 1.7000 | 1.8000 }2.0000

Figure 3.2. Coefficient of drag as a function of Mach number and coefficient of lift
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Table 3.4. Afterburner thrust in pounds as a function of Mach number and altitude

Altitude “ Mach

51000 ft!! 0.0 0.2 0.4 0.6 0.8 0.9 1.0 1.2 1.4 1.6
0 18587 20022 212881 22814| 24270) 25355] 27001} 30219] 35414 35414
10 13008| 14190 15865] 18258] 20207| 21283| 22488] 25103} 29156 33724
20 9033| 10145] 11222] 12804 15817 16631| 17945] 20083 23212] 26734
30 6452 6452 7218 8532] 10464] 11863| 13283] 15657] 17898| 20569
35 4802 4802 5385 6401 7867 8921 10103} 13055} 15029 17277
40 3829 3829 4313 5144 6359 7211 8226 10606 12260| 14179
45 3156 3156 3156 3835 4784 5456 6342 8045 9306] 10944
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(1000 ft)

Figure 3.3. Thrust as a function of Mach number and altitude
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3.3 Performance Limitations

Three performance limitations—roll rate, angle-of-attack rate, and engine spool
time—were added to the model. Graphical representations of these limits are shown in
Figures 3.4 - 3.6. The plane was also limited to an angle-of-attack range of -12 deg to 40
deg and a normal load factor range of -3 to +9. These values are representative of a
modern fighter [25]. No lower bound was placed on airspeed.

200

deg/s

Roll Rate,

0 5 10 15 2 ) 0 35 40
Angle of Attack, deg

Figure 3.4. Roll rate limit as a function of angle of attack

Figure 3.4 shows that there is a significant reduction in roll rate at high angles of
attack from the maximum of 180 deg/s available in straight and level flight. The three main
reasons for this are reduced control surface effectiveness, adverse yaw, and roll coupling.
Reduced control surface effectiveness simply means that the ailerons are less effective at the
low speeds typically encountered at high angle of attack and may be completely useless
after stall. There simply is not enough dynamic pressure to react against the ailerons.
Adverse yaw occurs because of the aileron configuration during roll. If a plane is banking
to the right, the left aileron deflects down, increasing left wing lift. The lift increase causes
a corresponding increase in induced drag on the left side of the airplane, yawing the nose to
the left and away from the bank direction [10]. The yawing motion may even cause flow
past the vertical tail to induce a roll in the direction opposite the commanded roll. This is
called roll reversal. Roll coupling is a result of adverse yaw. The commanded roll and the
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adverse yaw combine to produce nose-up moments so strong that stall may result [2]. For
this reason, fighters may have limiters in their control systems to prevent large roll rates at
high angle of attack.
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Angle-of-attack rate capability (Figure 3.5) decreases linearly from a maximum of
25 deg/s at 0 deg angle of attack to 0 deg/s at 40 deg. This is due to decreased control
surface effectiveness and to longitudinal stability. For a longitudinally stable aircraft,
increasing the angle of attack (and therefore the lift) increases the nose-down pitching
moment, tending to return the aircraft to level flight. The effect is more pronounced at
angles of attack near stall because the lift force is so great [10].

Pilots have three thrust settings from which to choose: idle, military power, and
afterburner [25]. Military power is defined as the maximum thrust available with
afterburners off and is about 45% of afterburner thrust at the initial flight condition of Table
3.1. Mainly because of turbine and compressor inertias, the thrust change between
neighboring settings takes at least four seconds [28]. This means the pilot must wait eight
seconds for the engine to spool up from idle to afterburner and eight more seconds to spool
back down to idle. Thrust limits are shown in Figure 3.6.

The additional limit placed on roll rate for modeling standard maneuvers is shown
in Figure 3.7. This limit constrains rolling to occur nominally at or below a 1.2 g load
factor. The numerical optimization routine fits a cubic spline to these data, so it was
necessary to add a gradual slope from the maximum roll rate at 1.2 g’s to the minimum rate
at 1.25 g’s to eliminate spiking in the curve-fit. It was also necessary to allow a 10 deg/s
roll rate at higher g's because the routine could not keep the roll rate at zero. That is nota
severe weakness in the standard maneuver modeling: 10 deg/s is practically zero for a high-
performance fighter.

The unlimited pitch rate model was also used to meet the third objective. For the
standard maneuver, the load factor limit shown in Figure 3.7 was added simultaneously.
The engine spool time and pitch rate limits were the same as previously discussed.

To help the reader keep all the models straight, Table 3.5 lists the limits used for
each model, the types of runs performed with each model, and the name by which the
model is referred in this thesis.
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Figure 3.7. Limits placed on roll rate as a function of load factor to simulate standard
maneuvers

Table 3.5. Model names, limits, and run types

Model Name Figures Containing Type of Runs Performed Using
Model Performance this Model
Limits
Standard Optimal

Nominal 3.4, 3.5, 3.6, 3.7* p X
Unlimited roll rate 3.5, 3.6 X
Unlimited pitch rate 34, 3.6, 3.7* X X
Unlimited spool time 34,35 X

* Used only for standard maneuvers
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4 Results

4.1 Introduction

Chapter 3 discussed the research procedure in depth. Four models, one nominal
and three unlimited, were to be tested using optimal and standard pointing maneuvers to 54
targets. The time histories would reveal the advantages gained by switching to optimal
trajectories and the relative importance of different performance limitations. This chapter
provides the simulation results in the form of tables of the pointing times, polar contour
plots, and time histories of selected runs. Obviously not all 54 runs for each model could
be included in a finite document, so runs representing targets in different locations about
the imaginary sphere were chosen to give the reader a feel for the aircraft dynamics.

Some points concerning the time history plots need to be mentioned. Each state
variable is scaled consistently among the plots to allow easier comparisons. For example,
the drag coefficient scale always runs from 0 to 1.5. The first exception to this is altitude
which is auto-scaled in each plot according to the minimum and maximum altitudes shown.
The second exception is that the load factor scale in the optimal vs. standard plots runs
from -5 to 10 instead of O to 10 as in all the other runs. The independent variable time is
auto-scaled in each plot because of the wide time difference among runs. Acceleration,
shown in the seventh plot of each time history set, refers to the time rate of change of speed
at the center of gravity.

For brevity, targets are written as (135,45), where the first number stands for the
azimuth and the second number stands for the elevation.

Figure 4.1 shows how a typical polar contour plot appears. The optimal trajectories
of the nominal model are depicted in this figure. The plot is a two-dimensional mapping of
the imaginary sphere in which the aircraft is flying. The airplane is flying into the paper at
the center of the dotted concentric circles. The sphere is then unfolded such that the point
directly behind the aircraft in the sphere is mapped into a concentric circle at 180 deg.
These concentric circles represent the total angle the nose sweeps through to reach a target.
The radial lines are maneuver plane or bank angle, the vertical radial representing straight
up or down. In all the plots to come, contours of 2, 4, 6, and 8 seconds are drawn to
show how far the aircraft can point in these specific times.
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Figure 4.1. Typical contour plot. The solid lines represent time contours of 2, 4, 6, and
8 s. The curves become more egg-shaped as time progresses because of
gravity. The slight bump at the top of the 8 s contour represents the switch
to a split-S from a bank-and-pull.

Notice that the 2 s contour is nearly circular, while the 8 s contour is more egg-
shaped. This is due to gravity. The longer the trajectory, the more important gravity
becomes, either as a help or a hindrance. With the plot in Figure 4.1 as an example, we see
that in 8 s the aircraft can travel about 20 deg farther straight down than it can straight up.
Later contour plots are not so neatly explained because of the various limits on the models,
but gravity always helps in lower hemisphere pointing.

In the 8 s contour there is a very slight bump near the 0 deg maneuver plane. It is
more noticeable in other plots, especially Figure 4.2. This area of the plot represents
heading angles of about 180 deg and elevation angles of 45 to 90 deg. Normally for rear
hemisphere pointing the aircraft banks to the appropriate plane and pulls within the plane
until the target is reached. But for some targets near the bump it is quicker to pull straight
up and over in a split-S. The bank-and-pull maneuver in these cases is a local minimum,
but the split-S is the global minimum.

44



The final general trend to mention is the slight cusps in the contours at the 180 deg
maneuver plane. Recall that the interpolation program interpolated from the -180 deg to
+180 deg maneuver planes. Thus the heading angle at the cusps falls right at the edge of
the interpolation, and the algorithm does not produce smooth results at this point.

4.2 Agility Differences due to Trajectory Optimization

4.2.1 Time matrices
Tables 4.1 and 4.2 contain the final times for each of the 54 targets tested. In all
cases save one, the optimal maneuver times are less than or equal to the standard maneuver
times. The exception is for (135,88), in which the optimal time is 0.01 s slower than the
standard time. This is attributable to finite tolerances in the digital computer performing the
simulations. Practically, the two times are identical. The most significant time difference
was for the target (15,0). The optimal time is 48% faster than the standard time.

Table 4.1. Pointing times for optimal trajectories of nominal model

Angle Pitch Angle (deg)

20
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Table 4.2. Pointing times for standard trajectories of nominal model

Angle Pitch Angle (deg)

135 J14.94 5.55 16.13 7.07 | 7.67 | 801 | 7.61 | 6.95 | 4.55
165 ||4.98 6.16 17.21 8.69 | 9.90 | 10.89 | 8.35 | 6.84 | 4.59
179 |15.01 6.39 17.65 9.46 | 10.85 | 12.13 | 8.35 | 6.77 | 4.60

422 Pol ntour pl

Figure 4.2 contains the polar contour plot comparing the two types of maneuvers.
Almost everywhere the optimal maneuver is superior to the standard maneuver. The strong
exception occurs along the vertical radial in the upper hemisphere where the two exhibit the
same performance. This region represents a near pull-up with no bank angle. Recall that
the standard maneuver constrains the aircraft to roll at 1 g. Because no bank angle is
required for these targets, there is no penalty on the standard maneuver.

This figure clearly shows the effect of local vs. global maxima. The pronounced
bumps near the upper hemisphere vertical radial come from the transition to split-S
maneuvers from bank-and-pull maneuvers. The bumps are more noticeable than in Figure
4.1 because a bank-and-pull maneuver at 1 g is much slower than a loaded roll. The time
difference between a split-S and a bank-and-pull is therefore magnified.

4 ime Hi

The time histories in Figures 4.3 through 4.8 show that a loaded roll is much more
effective than a roll at 1 g for rapid pointing. In all of the plots except Figure 4.3, the
optimal maneuver is to roll and pull simultaneously. In Figure 4.3, the bank angle for
(179,45) is zero, so there is no difference between the optimal and standard trajectories.

The maneuver for pointing to (179,45) is a split-S. The aircraft pulls up until it
reaches an angle of attack of about 18 deg. This corresponds to the load factor limit of 9
g's. The load factor depends most heavily on speed and angle of attack. Thus the airplane
waits at 18 deg until enough airspeed is bled off that it can continue pulling without
violating the 9 g constraint. After the aircraft begins falling from the gmax limit, o is free
to increase again and does do until it reaches the imposed limit of 40 deg.
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Thrust increases almost immediately until A/B. The time delay of 4 s from 50%
thrust to 100% thrust clearly appears in the thrust history.

There are two observations from Figure 4.3 that hold for all the time histories in
this chapter. The altitude depends on which way the lift vector is oriented and not very
much on speed. In this example, the lift vector is oriented up from the pilot's perspective,
so the aircraft climbs. This is consistent with the dropping speed, but in some future cases
we will see a drop in both altitude and speed. The second observation concerns the drag
coefficient history: it closely follows angle of attack. The angle of attack plateau mentioned
was seen in most other time histories, too, but there are additional causes for it depending
on the particular model.

Figure 4.4 is for the target (135,45) in the upper right quadrant of the polar contour
plot. The transformation to maneuver plane/total angle yields a 35 deg bank followed by a
pull through 120 deg. However, the figuré exhibits an increasing bank angle because G is
the bank about the velocity vector, not the aircraft longitudinal axis.

We see here a dramatic difference in the load factor history between standard and
optimal trajectories and a correspondingly large difference in the final times. The bank
angle histories are nearly the same, but the standard maneuver is to wait until the bank is
essentially completed before beginning the pull. The optimal maneuver is a simultaneous
roll and pull. Consequently the shapes of each plot are the same with the optimal plots
shifted back in time about 1 s.

Again the thrust increases immediately to A/B with the spool time limits in effect.
The speed loss slows after the thrust increase is well underway. The angle of attack plateau
corresponds roughly with the acquisition of gmax, but & soon starts up again and
eventually reaches the mgax of 40 deg. Drag closely follows a.

Figure 4.5 compares the two trajectories to (135,45) in a three-dimensional manner.
The airplanes are drawn every 0.8 s. The path taken by the center of gravity is traced and
projected onto the ground plane. The airplanes in a given trajectory become closer as time
progresses, demonstrating the slow-down as angle-of-attack increases. The optimal
maneuver is to bank and pitch simultaneously, pulling the aircraft center of gravity in the
bank direction almost immediately. The standard trajectory center of gravity tracks straight
for about 2 s, corresponding to the pitch onset. As lift increases ,the center of gravity is
pulled right. The standard downrange is about 1000 ft more than optimal. The
crossranges traveled and the final altitudes are almost identical.

Figure 4.6 contains histories for a horizontal turn to a heading of 90 deg. Again the
delay in angle of attack until the appropriate bank angle is reached is evident in the standard
trajectory, as is the time shift for the optimal trajectory.
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As before, the thrust history is not shifted. New for this target, though, is the
noticeable difference in the thrust histories. Also in contrast to the previous figures, neither
thrust reaches A/B. We will see in Figure 4.13 that with no spool time limits, the thrust
will throttle down to idle and then up to A/B. However, with the imposed spool-time
limits, this is impossible. Instead what happens is that the thrust stays at the average of idle
and A/B, or nearly at military power. The two thrusts increase at approximately the same
slope. The standard maneuver is longer, so the final thrust is higher.

The angle of attack reaches a maximum of about 30 deg, well below the maximum
allowable of 40 deg. The reason is the limit placed on pitch rate. This limit is a linear
decrease from 25 deg/s at o = 0 deg to 0 deg/s at & = 40 deg. Accordingly, we can see the
slope lessen as o increases. The slope flattens out completely at the end, a consequence of
the restriction that control rates be zero at the end of the trajectory.

The airplane climbs slightly in the optimal trajectory because there is no waiting for
the lift vector to orient itself before the angle of attack rise begins.

We now look at a lower hemisphere target, as shown in Figure 4.7. This depicts a
point to a heading angle of 135 deg and an elevation of -20 deg. We see all the same
phenomena discussed earlier except the thrust behavior. This time the optimal thrust is
noticeably higher than the standard thrust. This is because the immediate rise in & for the
optimal trajectory causes the speed to drop faster. The thrust goes towards A/B to keep the
speed up and the airplane at gmax as long as possible.

The last comparison in this section is between the standard and optimal trajectories
to (15,-88), a target almost directly beneath the initial position, and is shown in Figure 4.8.
Again the optimal o history is shifted. The standard o history dips to about -5 deg before
climbing. Remember that no penalty was placed on rolling at negative load factors or
negative angles of attack (Figure 3.7). A negative o with a dropping altitude means the
nose is starting to point downwards. This allows the aircraft to begin the point to the
elevation of -88 deg while still rolling. Remaining at the initial o while rolling would
eliminate this headstart. (This angle of attack dip was the reason the standard vs. optimal
plot load factor scale begins at -5 instead of 0.)

The optimal bank angle more closely approximates a step than the standard bank
angle does. The standard bank angle increases gradually after the large initial jump to 150
deg. This figure confirms that modern pilots adopt the correct strategy of rolling 180 deg
for lower hemisphere targets. Not only does this help the pilot see threats beneath him, it
improves his pointing time.

Both thrust histories slope downward initially. Then the optimal thrust starts back
upward, while the standard thrust continues towards idle without reaching it. The dptimal
thrust must increase because the much higher drag causes a large velocity drop. Speed
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must be high to stay on the gmax line. On the other hand, standard thrust drops because
the drag is so low that speed remains constant for quite awhile. Were thrust and speed to
increase, the load factor constraint would have been violated as o climbed.

This example points out how crucial drag is in slowing the airplane. Even though
the airplane is pointing nearly straight down, the total speed loss is about 300 ft/s. This is
because the high angles of attack contribute to the total drag by greatly increasing the
induced drag. Notice that the minimum Cp occurs at a load factor of 0 g. It was
mentioned in Section 2.2 that pilots often unload to 0 g to minimize induced drag and
maximize specific power.

The last set of plots in this section, Figure 4.9, was included to show how points
close together in the imaginary sphere might be reached by quite different optimal paths.
The figure depicts the targets (179,45) and (179,20) for the nominal optimal model. These
two targets are on the upper half of the vertical radial, separated by a total angle of only 25
deg. Yet there is a big difference in the optimal way to reach each point. (179,45) requires
a split-S: the bank angle is zero. The aircraft banks and pulls to reach (179,20): the bank
angle is not zero.

4.3 Agility Differences due to Changes in Performance Limitations

4.3.1 Differences due to Removing Spool Time Limits

4.3.1.1 Time matrix
Table 4.3 shows that the unlimited spool time model acquires targets faster or in at

least the same time as the nominal model of Table 4.1. The margin is very small, however.
The largest time difference is 0.2 s for the heading angle/pitch angle pairs of (179,20) and
(165,45).

4.3.1 1 r
Figure 4.10 confirms that there is not much advantage gained by removing spool-
time limits, at least for minimum-time pointing. The biggest time differential comes in the 8
s contour, with the differences slowly disappearing for close-in contours. This suggests
spool time may be more important for longer trajectories in which energy management
becomes critical.
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Table 4.3. Pointing times for optimal trajectories of unlimited spool time model

Angle Pitch Angle (deg)

4.3.1.3 Time hi

The thrust histories can vary greatly depending on the target. Figures 4.11 and
4.12 reveal that the optimal thrust strategy for targets at 0 = -90 deg is to pull to idle
immediately and then switch to A/B just before the load factor starts slipping from the
maximum of 9 g's. The load factor is dependent chiefly on angle of attack and speed. The
pull to idle slows the aircraft down to allow higher velocity vector turn rates (as corner
speed is approached) and to allow more angle of attack without violating load factor limits.
High angles of attack are important to allow the nose to point without changing the velocity
vector much; but they also create very high drag, slow the aircraft, and cause a drop from
the maximum load factor. This speed penalty is why the maximum angle of attack of 40
deg is not reached in these two cases.

Even with the greater spooling capability, there is not much of an effect on velocity
when the thrust is pulled back to idle (see the velocity portions of Figures 4.11 and 4.12).
This is because the tremendous inertia present at the initial condition of Mach 0.9. It takes
a long time to slow down an aircraft going this fast, but there is enough of a time savings to
warrant throttling between idle and A/B instead of just staying at military power as the
nominal model has done.

Similar results hold for trajectories of moderate duration such as that shown in
Figure 4.13. The maneuver time is similar (about 4 s), the angle of attack does not reach
maximum, and the load factor remains at the maximum for a fairly long time. The benefits
of the idle-to-A/B excursion are again slight but are present nonetheless.
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Targets in the forward hemisphere generally do not warrant such dramatic changes
in thrust. Figures 4.14 and 4.15 are good examples. In Figure 4.14 the thrust is near idle
for most of the trajectory and does not return to military power, much less full A/B. The
thrust does approach military power near the end of the trajectory in Figure 4.15, but is still
not the bang-bang control seen earlier. The reason can be seen in the load factor, velocity,
and drag coefficient plots of the figures. Compared to Figures 4.11 and 4.12, there is less
drag and a correspondingly smaller drop in velocity. Hence the load factor stays at
maximum for most of the trajectory. There is not a need to throttle to A/B to keep at gmax.
The maneuver times are much lower, so the angle of attack is not high for very long. The
drag coefficient cannot build to the levels seen in the previous cases.

For considerably longer trajectories like that shown in Figure 4.16, the angle of
attack must be at or close to the maximum to allow faster pointing. This means drag can be
significant over a long portion of the flight. Velocity drops rapidly, in this case to below
400 ft/s; and there is no danger of violating load factor constraints. In fact it is difficult to
remain at gmax. Thus to minimize the pointing time, it is necessary to throttle immediately
to A/B to keep the velocity as high as possible. The velocity loss is indeed less for the
unlimited spool time model.

One of the purposes of removing the spool time limits was to see how fast the
thrust would change given infinite capability. The fastest thrust change observed was
142% max thrust/s for the target (90,-45). This translates to a spool time of 0.7 s from idle
to A/B.

4.3.2 Differences due to Removing Pitch Rate Limits

(32.1Ti .
Table 4.4 shows that removing angle of attack rate limits consistently produces
lower pointing times (compare Table 4.1).

4 ) r pl
The contour plot of Figure 4.17 tells us the most significant advantages come for
total angles less than 100 deg. For example at 4 s, the unlimited model travels about 10
deg farther regardless of maneuver plane. There is practically no difference in the contours
at 8 s. This lends credence to the supposition of Section 4.3.1 that for long trajectories
energy management becomes more important. For such maneuvers, the model is not
taking all the pitch rate capability available because high angles of attack cause high drag.
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Table 4.4. Pointing times for optimal trajectories of unlimited pitch rate model

Heading
Angle Pitch Angle (deg)

4.3.2.3 Time histories

Four different groups of targets will be discussed in this section. The first group
consists of three horizontal turns of increasing total angle, and the second group consists of
three targets of differing total angle in the lower right quadrant of the contour plot, Figure
4.17. One target nearly straight down is examined in the third group. Group 4 contains
one target in the upper right quadrant of the contour plot. The first two groups were
chosen to explain how the differences between the nominal and unlimited model change as
the total angle increases. The last two groups were included to demonstrate how
trajectories in other areas of the contour plot look.

There are some observations which apply to all the plots. Often the unlimited
model was able to reach omax when the nominal model could not. If both models reached
Omax, the unlimited model acquired it first. The angle of attack plateau at about 18 deg
was achieved sooner and/or held longer for the unlimited model. Consequently gmax was
also reached sooner and held longer. The load factor at the end of the unlimited model
trajectories was higher.

Figures 4.18, 4.19, and 4.20 show how the trajectories change as the total angle
increases from 45 deg to 90 deg to 135 deg in a horizontal turn. In all instances, the
unlimited pitch rate model pops up to an angle of attack of roughly 18 deg, remains nearly
constant, and then pops up again at the end of the trajectory. We see that for (45,0) and
(90,0) the angle of attack plateau nearly coincides with the load factor limit of 9 g's. This
means any sharp increase in o will violate the load factor limit. A gradual increase is

allowed because the speed is dropping: a speed loss with no accompanying a rise would
lower the load factor.
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There is not such a clear correspondence between angle of attack and load factor for
the (135,0) case. We turn to the drag history for an explanation. Between 2 and 3.5 s the
speed is about 800 ft/s. At a 20,000 ft altitude, this gives a Mach number of just under
0.8. Table 3.2 shows that with the angle of attack of just under 20 deg in the same time
interval, the corresponding Cy, is 1.2. Therefore from Figure 3.2 we see a sharp increase
in drag at the given flight condition. Because drag is strongly tied to angle of attack, the
airplane does not continue its initial o rise to avoid this drag jump at Cp, = 1.2 and Mach =
0.8. An increase in drag would drop the speed and hence the load factor. Figure 4.20
shows CD is indeed lower for the unlimited model most of the time. The load factor
history shows the nominal model has a higher load factor for about 1 s because of the
higher o, but soon the higher speed loss overwhelms any advantage of the higher a.

The (45,0) trajectory is so short that oimax is never reached. If it were, the load
factor limit would be violated. For (90,0) and (135,0), however, the maneuver is long
enough to bleed off the airspeed necessary to allow the full o capability to be used. Only
for (135,0) does the nominal model also reach amax. This is because of the speed and
angle of attack tradeoff for load factor. By the time the angle of attack of 40 deg is reached
in the (90,0) case, the maneuver is essentially completed; so the resultant loss in airspeed
does not impact the load factor history. The quick pop-up to capture the target is more
important than any detrimental effects on speed. But for (135,0) energy must be more
carefully managed. The time history differences are a result of this management.

Both the nominal and unlimited model thrust histories in Figure 4.20 confirm that
for long trajectories, the optimal thrust strategy is to reach A/B as soon as possible. There
is a 4 s delay from military power to A/B imposed by the engine inertia that is clearly
evident from the thrust history.

We now look at targets in the lower right quadrant. The histories of interest are in
Figures 4.21, 4.22, and 4.23. The first detail of note is the different angle of attack
strategy compared to the horizontal turns. In that case, the unlimited model pulled up faster
than the nominal model. With the new figures, however, the reverse is true. This is
because the target is in the lower hemisphere. If the aircraft began pulling up immediately
before the roll through 90 deg was completed, the elevation angle would increase instead of
decrease. The nominal model pulls up sooner because its pitch rate is limited to 25 deg/s,
and it needs the extra time to reach the appropriate angle of attack. The bank angle for the
unlimited model leads the nominal model bank slightly because the sooner the bank angle
reaches the desired value, the sooner the extra pitch capability can be used.

In Figure 4.21 there is no sudden pop-up at the end of the trajectory. This is
because the load factor is at its limit until the end, so an o excursion would violate the
limits. The effect of waiting until the bank angle is completed before initiating the pitch is
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seen in the altitude plot: the nominal model climbs slightly away from the target elevation
before dropping.

The thrust differences are evident in Figure 4.22: the unlimited model thrust
decreases slightly, while the nominal model thrust increases. This difference is again due
to the angle of attack and speed tradeoff for load factor. Because the nominal trajectory is
longer, speed has more time to bleed off. In an attempt to keep speed as high as possible,
thrust kicks in as soon as the speed drops enough that no violation of load factor limits can
occur. This thrust increase can only occur as fast as the engine spool-up time allows. This
time is 4 s from military power to A/B, and Figure 4.22 shows that in the 2 s from throttle-
in, the thrust is about halfway to A/B.

This figure also demonstrates the quick o pop-up at the end of the maneuver for the
unlimited model.

Figure 4.23 is a target with approximately the same maneuver plane as the previous
two but a much higher total angle. Thus it is important to conserve energy by keeping the
angle of attack and hence drag as low as possible for as long as possible. The figure
shows that the drag coefficient for the unlimited model is lower than that for the nominal
model over most of the trajectory. As before the thrust tries to hit A/B immediately subject
to spool-time limits.

Figure 4.24 shows the history for (15,-88), pointing nearly straight down. The
trajectory is like (90,-45) in most ways: there is a period of constant angle of attack as bank
angle increases, an o plateau nearly coincident with the attainment of gmax, a pop-up at the
end of the trajectory to capture the target, and a significant time advantage for the unlimited
pitch rate model. The biggest difference is in thrust. The unlimited thrust for (15,-88)
reaches idle, while the (90,-45) thrust remains nearly constant. The reason is that the
additional altitude loss (about 400 ft) for (15,-88) is converted to kinetic energy that helps
keep the speed up. Less thrust is therefore needed.

The last group concerns a target in the upper right quadrant of the contour plot,
(15,45), shown in Figure 4.25. There is nothing special about this plot except for the
much higher initial angle of attack for the unlimited model. This is because the trajectory is
so short that the significantly higher drag does not have time to degrade the speed much.

This target was also chosen to demonstrate what happens when the trajectory is
divided into finer segments. Recall that OTIS allows the user to choose how many
segments will comprise the maneuver, and that 9 equal segments were used for this
research. The trajectory might change significantly if more segments were used. There
might, for example, be more step-like behavior in the unlimited model. Accordingly, the
(15,45) maneuver was divided into 19 segments, with the first five segments being three
times smaller than the last 14. This means the first 0.15 s was composed of five segments.
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The resulting histories are shown in Figure 4.26. Compared with Figure 4.25 there are
indeed important changes. The angle of attack history approaches a step and the load factor
history follows suit. The o pop-up at the end remains. Banking begins slightly faster.
The time for the unlimited model trajectory shortened from 1.73 s to 1.44 s. The nominal
model completed the run in 1.85 s, down from 2.07 s. The Atf between the unlimited and
nominal models climbed to 0.41 s from 0.34 s. Various other targets were also tested and
the results summarized in Table 4.5. In all cases the times were significantly reduced, but
the Atf's often were not. Because we are primarily interested in improvements resulting
from different models rather than the absolute times, the Atf's are more important. It was
this fact, coupled with the fact that runs using 19 unequal segments took over four times
more CPU to complete, that made the nine-segment choice a reasonable one.

Table 4.5. Time differences between runs using nine equal and 19 unequal segments

Nine Segments Nineteen Segments

16545 | 8.19 8.13 006 | 7.57 7.42 0.15
179,60) |  6.77 6.70 007 | 633 6.15 0.18
90,0) | 4.08 3.43 055 | 3.67 3.13 0.54
1545 | 2.07 1.73 0.34 1.85 1.4 0.41

The maximum pitch rate ever used was 57 deg/s. The maximum allowable for the
nominal model was 20 deg/s.

4.3.3 Differences due to Removing Roll Rate Limits

4 ime matrix
Table 4.6 shows that the pointing times for the unlimited roll rate model are always
less than or equal to those for the nominal model with one exception. The heading
angle/pitch angle pair of 179/45 is 0.01 s slower for the unlimited model. This is due to the
computer tolerances and is practically insignificant.
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Table 4.6. Pointing times for optimal trajectories of unlimited roll rate model

Pitch Angle (deg)

2.53
371 | 2.88 | 2.44 | 2.00 | 1.88 | 2.08 | 2.67 | 3.19 | 4.36
378 | 3.78 | 3.81 | 3.89 | 4.00 | 4.13 | 430 | 4.38 | 4.46
384 | 479 | 532 | 6.17 | 6.79 | 7.06 | 6.50 | 5.84 | 4.56
3.87 | 5.24 | 6.06 | 7.66 | 9.05 | 9.84 | 8.11 | 6.67 | 4.59
387 | 529 | 6.25 | 796 | 9.59 | 10.88 | 8.36 | 6.77 | 4.60

135
165
179

4,3.3.2 Polar r pl
Figure 4.27 demonstrates that the only advantage of the unlimited model comes in
lower hemisphere pointing where the aircraft must roll more than 90 deg. The unlimited
model is able to travel about 10 deg farther in the same time when the maneuver requires a
180 deg bank. This advantage occurs regardless of how long the trajectory lasts because
the aircraft cannot begin its o increase until the bank is at least 90 deg. If it did not wait,
the aircraft would pull into the upper hemisphere and away from its target.

4 i istori

For lower hemisphere pointing, bank angles greater than 90 deg are required, and
the unlimited roll rate model excels. This is because the aircraft cannot start using its angle-
of-attack capability until its lift vector is properly oriented. It would be counterproductive
to pull up immediately because the elevation angle is increasing instead of decreasing. So
the aircraft waits until the roll is substantially completed. This is demonstrated in all the
time histories of this section (Figures 4.28 through 4.34): angle of attack does not increase
much until the bank angle is near the maximum.

Figures 4.28, 4.29, and 4.30 specifically show lower hemisphere pointing.
Because the maximum bank angle is reached sooner, all the other action happens earlier,
too. The time histories of the two models (except for roll rate) have generally the same
shape for each target, but the unlimited model plots are compressed in time. In particular,
gmax is reached sooner.

One notable exception to the same-shape time histories is that of thrust in Figure
4.30. The nominal model thrust decreases to about 35% of A/B and then increases to over
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50% A/B. The unlimited roll rate model does not exhibit the increase. This is to keep the
speed from increasing enough to violate the gmax limit. It is the same trade-off between
angle of attack and speed we have seen earlier to optimize the load factor history. The
trajectory is short enough that the high angles of attack used will not increase drag to the
point that speed is lowered enough to degrade the load factor history.

In some of the runs, particularly to targets in the lower hemisphere, we see a strong
oscillation in the bank angle history. This is similar to the Gibbs phenomenon seen in
Fourier series [29]. It comes from the cubic spline fit of the control and state histories in
the 9 segments of the trajectory. Because the model has infinite roll rate capability, the
optimization is trying to bank to the necessary angle in zero time. This cannot be
accomplished because of the finite length segments. The bank angle therefore increases as
fast as it can with the cubic spline fit. In Figure 4.31, we see what happens when we
increase the number of segments to 19 in a trajectory to (45,45). The bank angle history
looks a bit more like a step, the oscillations decrease, and the final time is lowered from
2.67 s t0 2.47 s.

One of the goals of the research was to see how much roll rate the model would use
given an infinite capability. The two highest roll rates ever used were 739 deg/s for (15,0)
and 584 deg/s for (15,-45). The next highest rate was about 300 deg/s, exhibited in many
runs. This is almost twice the nominal limit of 180 deg/s. Because of the cubic spline fit,
we assume that the optimization is actually using less roll rate than it wants. Indeed the
maximum roll rate for (45,45) with 19 segments increased from 68.2 deg/s to 73.3 deg/s.
We would expect that in the limit as the segments became infinitely small, the roll rate
would approach infinity. (By the same token we would also expect that the spool time
would approach zero for the unlimited spool time cases as the trajectory was divided finer.
Pitch rate would not necessarily approach infinity because the resulting high angles of
attack carry drag and speed penalties)

Figures 4.32, 4.33, and 4.34 show cases in which infinite roll rate capability is not
of significant advantage. In fact, the histories displayed in Figure 4.32 are almost identical.
This is a short trajectory with little bank angle required (the target is (15,45)); so one would
expect the histories to be similar. The very short time to point is expected because about
half of the trajectory is spent at gmax. The thrust history was explained in Section 4.4.3.1.

(165,45) in Figure 4.33 also requires comparatively small bank angles, less than 90
deg; so the histories should be similar. The bank angle is actually less for the unlimited roll
rate model for most of the trajectory. The purpose of a bank is to reorient the lift vector, so
high bank angles increase the horizontal lift component. This requires a higher angle of
attack to maintain the vertical lift component needed to achieve the desired elevation angle
and to balance the weight. The higher angle of attack carries with it drag, speed, and load
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factor penalties. The longer the aircraft remains at high-a conditions, the more the load
factor is adversely affected. The bank angle for the unlimited model, therefore, nearly
steps at the end to acquire the desired target without the necessity of high-o. for a long time.

The bank angle required for (90,0) is about 90 deg, so the turn is nearly horizontal.
This suggests that the roll rate limits are not too important, and indeed Figure 4.34 shows
this. Aside from the bank angle, the chief difference in the histories is in the thrust plot.
The unlimited model thrust increases almost immediately, while the limited model thrust
remains nearly constant. This is due to the tradeoffs in angle of attack and speed to keep
the aircraft at gmax. One would not want too much angle of attack, or the nose would pull
up from a horizontal turn and away from the desired elevation. To allow a lower a., speed
must be increased to keep the lift and the load factor as high as possible. This is done by
throttling towards A/B. If the limited model thrust did the same, the lift would increase
enough to violate the load factor constraints. This run also exhibits the bank angle
oscillations described earlier.

The results for this model suggest that the simple metric of time to roll 180 deg may
be a valid measure of aircraft agility.

4.4 Agility Comparison Using Standard Maneuvers

4.4.1 Time matrix

Times for the unlimited pitch rate model performing standard maneuvers are shown
in Table 4.7. These times are all less than those for the nominal model performing standard
maneuvers (Table 4.2). With one exception the times are all greater than or equal to the
times for the unlimited pitch rate model performing optimal maneuvers (Table 4.4). (The
exception is for (15,60) where there is a 0.01 s difference attributable to the finite
tolerances of the digital computer.) Thus we would expect that using standard maneuvers
to compare agility actually disguises the true capability of the aircraft in some regions.

4.4.2 Polar plot
Two polar contour plots are given in Figure 4.35. The first plot (Figure 4.35(a))
shows the difference between the nominal and unlimited pitch rate models in standard
maneuvers. The second polar-plot (Figure 4.35(b)) compares the optimal and standard
maneuvers of the unlimited pitch rate model.
We can see that the standard maneuvers disguise much of the extra agility of the
unlimited pitch rate model. According to the 8 s contour of Figure 4.35(a), in fact,
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Table 4.7. Pointing times for standard trajectories of unlimited pitch rate model

Angle Pitch Angle (deg)

there is very little difference between the unlimited and nominal models. But Figure
4.35(b) shows we can achieve an extra 10 deg in the same time merely by switching to the
optimal trajectory. In the standard maneuver, the airplane is constrained to roll before
pitching regardless of the pitch rate limits. This takes away much of the advantages. The
only time the standard maneuver accurately displays agility is in the split-S where no roll is
required.

There is a curious effect in the 4 s contour of the unlimited standard maneuver.
Figure 4.35(b) shows that the contour approaches the unlimited optimal contour as the
maneuver plane approaches 180 deg, and Figure 4.35(a) shows that it quickly switches to
approach the nominal standard contour. The region in question surrounds the point directly
below the aircraft at an elevation angle of -90 deg. This point necessitates a full 180 deg
bank, and therefore the standard maneuver requires the aircraft to wait a long time before
pitching. The optimal trajectory places no such constraints on the model, so it is free to
pitch and roll simultaneously. This effect is not noticeable in the other contours because
roll angles much less than 180 deg are required.
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Figure 4.2. Contour plot of standard vs. optimal trajectories of nominal model. The only
region with no difference in pointing time is near the 0 deg maneuver plane
where no bank is required. The switch to the split-S is clear in the standard
contours.
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(@)

(b)

Figure 4.5. Three-dimensional trajectories to (135,45). The airplanes are drawn every
0.8 s. The optimal trajectory in (a) shows a simultaneous bank and pitch
The standard maneuver in (b) waits until the bank is essentially complete
before the pitch begins. Optimal downrange is much shorter than standard,
but crossranges and final altitudes are nearly the same.
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Figure 4.11. Optimal trajectories for nominal model vs. unlimited spool time model to

(15, -88). Unlimited thrust history is an idle-to-A/B excursion. The spool
limits of the nominal model do not allow such excursions, so the thrust stays
near military power.
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targets regardless of heading.
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Figure 4.14. Optimal trajectories for nominal model vs. unlimited spool time model to

(15, 45). Nominal thrust is near idle for most of the trajectory because the
bleed rate is less and gmax can be maintained.
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Figure 4.20. Optimal trajectories for nominal model vs. unlimited pitch rate model to
(135,0), a long horizontal turn. The o plateau and maximum load factor

correspondence is not good this time. The angle of attack stays low because
of the drag divergence at the flight condition (Figure 3.2).
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5 Conclusions and Recommendations

5.1 Conclusions

In this thesis, agility was studied using optimal control. The goals of the research

were to:

1. Demonstrate that faster pointing can be achieved by optimizing aircraft trajectories.

2. Discover the effects of performance limits on the optimal trajectories.

3. Demonstrate that using standard maneuvers to compare aircraft agility may hide true
performance capabilities.

These goals were met by simulating six sets of pointing maneuvers to various
heading and elevation angle combinations for a high-performance fighter model. Two sets
used a nominal model with three performance limitations in standard and time-optimal
maneuvers. Three more sets were the optimal trajectories for the model with a different
performance limitation removed in each set. The final set was for an unlimited pitch rate
model using standard maneuvers.

There is a significant time advantage, up to 48%, for the optimal trajectories to
targets requiring lift vector reorientation. The edge exists because rolling and pitching were
performed simultaneously in the optimal case. In the standard maneuvers, the aircraft can
roll only at 1 g. For targets not requiring lift vector reorientation, that is, those with an
elevation of 88 deg, there is no time advantage for the optimal case because no rolling is
required. Similarly, the aircraft performs a split-S to the targets with a heading of 179 deg
and an elevation of 60 deg or 45 deg instead of a bank-and-pull to eliminate the roll
disadvantage. In these two cases, the split-S is a global minimum while the bank-and-pull
is a local minimum.

Some of the performance limits are less detrimental than others in the pointing
maneuver. Engine spool time had virtually no effect on pointing time: the largest time
difference between the nominal and unlimited spool time runs was 0.2 s. The differences
are magnified slightly for longer trajectories, indicating that energy management becomes
more important for sustained maneuvers. As the maneuver length increases, the thrust
goes to afterburner as quickly as possible to keep the kinetic energy high. Even so, the
drag, and hence bleed rate, is so high that achieving afterburner faster does the unlimited
model little good. For short runs, the unlimited thrust history was bang-bang. The initial
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spool to idle was an attempt to slow the aircraft to approach corner speed and to allow more
angle of attack without violating load factor limits. The surge to afterburner was then an
effort to lessen the bleed rate as maximum angle of attack was neared. The nominal thrust
history remained nearly constant at an average of idle and afterburner thrust because the
engine could not spool fast enough for the optimal bang-bang. The bang-bang strategy did
not help much, though, because of the tremendous inertia present at the speeds involved

Roll and pitch agilities were much more important. Roll limits were most restrictive
in lower hemisphere pointing where fast reorientation of the lift vector is required. To
targets requiring a 90 deg bank, for example, the unlimited roll rate model was able to point
about 10 deg farther in the same time regardless of total angle traveled. This is because the
aircraft cannot start its pull-up until the bank is essentially completed.

Removing pitch rate limits produced much faster times only in trajectories of
moderate length (total angle less than 100 deg), in which quick pop-ups to maximum angle
of attack are not penalized by excessive speed loss. For example, in 4 s the unlimited pitch
rate model travels about 10 deg farther than nominal, regardless of maneuver plane. Over
longer maneuvers, energy-maneuverability necessitated conservative angles of attack to
keep the airspeed bleed rate low. In these cases, the unlimited angle of attack remained
lower than nominal until the end to avoid drag penalties. There was little advantage in the
advanced pitch capability here.

Standard maneuvers may conceal an aircraft’s true performance capability and
should not be used for agility comparison. In the case of an unlimited pitch rate model
performing standard maneuvers, the aircraft must roll at 1 g regardless of pitch rate limits.
The extra time spent waiting for the roll to complete before loading the aircraft annuls any
advantage from the enhanced pitch capability.

The research suggests some agility metrics for pointing maneuvers and discounts
others. The major trend from the time histories was that models acquiring gmax sooner
and holding it longer pointed faster. Thus time to acquire gmax and percentage of
maneuver time spent there might be valid new parameters. The unlimited roll rate studies
confirm that time to roll 180 deg is a good performance measure for some targets.

Maximum turn rate and minimum turn radius are not valid, however, for these very
dynamic maneuvers. They occur at the corner speed, the speed at which the lift limit and
8max lines intersect in a doghouse plot. For the aerodynamic model this speed is about
810 ft/s. There is no indication from the time histories that the aircraft tries to reach and
maintain 810 ft/s. It frequently flies far below this to 600 ft/s.

This research promotes optimal control as a way of studying agility. Constraints
can easily be added or removed and any quantifiable parameter(s) can be optimized. The
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most meaningful agility metrics can then present themselves through time histories and
contour plots.

5.2 Recommendations

There are four major recommendations for further research:

1. Because the time spent at maximum load factor was found to be so important, pointing
simulations for aircraft with different load factor limits should be performed.

2. Combat simulations involving the nominal model versus each of the unlimited models
should be performed. These should affirm that the unlimited models do indeed achieve
first firing opportunity because of their superior pointing capability. They would also
reveal weaknesses in the unlimited models, particularly if the first shot were to miss
and a sustained battle resulted. This is because the unlimited models tend to trade
energy for position. Combat simulations would show if additional constraints such as
minimum total energy or minimum airspeed needed to be placed on the nominal model.

3. Runs with a large number of nodes should be made to further quantify the effects of the
cubic spline fit. Switching to an algorithm that does not require trajectory segmentation
(such as successive sweep or differential dynamic programming) might also be tried.

4. The simulations were performed assuming angle of attack, bank angle, and thrust could
be directly controlled, ignoring actuator and control surface dynamics. The next step is
to design a control system taking these extra degrees of freedom into account.
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