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ENERGY-BASED METRICS FOR FIGHTER AIRCRAFT ASSESSMENT

SUMMARY

Aerial combat is the cornerstone of military operations. One of the seminal elements
that determine its outcome is aircraft maneuver. It is not easy to decide how fighter
aircrafts will perform in combat, since reliable data regarding them are not usually
available. Aircraft manufacturers and air forces frequently assert that their fighters
are more superior than other equivalent fighters. However, they do not provide the
real capabilities information of their fighters due to confidentiality reason. This study
focuses on using existing flight envelopes and energy-maneuverability metrics for
fighter aircraft assessment. The flight envelopes will be used to evaluate and compare
fighter capabilities while the metrics will be applied to a decision process used to
determine the best input strategy for various combat maneuvers.

A fighter aircraft is hardly more superior than its adversary at every altitude and at
all speeds. A well experienced pilot knows how to benefit from the weak points of
the adversary. He/she may force the adversary at the points where his/her aircraft
possesses obvious advantages and launches offensive actions. Pilot, who enjoys and
can maintain this advantage, may not only control the combat but also determine its
outcome. In this study, three diagrams that can be used to assess aircraft performance
and maneuverability during combat will be discussed. They are V-n diagram,
Specific Excess Power (P;) diagram, and Energy-Maneuverability (E-M) diagram.
V-n diagram shows the instantaneous maneuvering capability of an aircraft while P
diagram displays its sustained maneuvering capability. E-M diagram shows both the
instantaneous and sustained maneuvering capabilities. Three comparison techniques
using these envelopes, will be presented. They are V-n overlay, Py overlay, and E-M
overlay.

The fundamental rules for a successful aerial combat are quick kill, energy
management, and assessment of transient characteristics. During combat, pilot must
continuously evaluate his/her energy while at the same time assess the energy of the
enemy. In an effort to gain energy advantage, both opponents will trade altitude for
airspeed or airspeed for altitude many times. Energy should not be expended either too
fast or too large. The assessment of aircraft transient characteristics allows us to give
a final remark in determining the best input strategy for fighter maneuvers.
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SAVAS UCAGI DEGERLENDIRMESI iCIN ENERJI TABANLI METRIKLER

OZET

Hava savag1 askeri operasyonlarin temeli haline geldi. Savas boyunca, ucgak
manevralari, savagin sonucunu belirleyen temel faktorlerden biridir. Savas ugaklarinin
savasta nasil bir performans gosterecegine karar vermek kolay degildir, clinkii
bunlarla ilgili giivenilir veriler genellikle mevcut degildir. Ucak iireticileri ve hava
kuvvetleri siklikla ugaklarinin diger esdeger ucaklardan daha iistiin oldugunu iddia
ediyorlar. Ancak, gizlilik sebebi nedeniyle ucaklarmin gercek yetenek bilgilerini
vermezler. Bu tez, savas ucagi degerlendirmesi i¢in mevcut ugus zarflarinin ve enerji
manevra kabiliyet metriklerinin kullanilmasina odaklanmaktadir. Ugus zarflar1, ucagin
yeteneklerini degerlendirmek ve karsilagtirmak icin kullanilirken, metrikler gesitli
savag manevralar icin en iyi girig stratejisini belirlemek icin kullanilan bir karar
siirecine uygulanacaktir.

Bu caligma bir point-mass u¢cak modeli kullanmaktadir. Bu modelde, kuvvetlerin agir-
lik merkezi iizerinde hareket ettigi varsayilmaktadir. John Boyd ve Thomas Christie
tarafindan gelistirilen Energy-Maneuverability (E-M) teorisi de uygulanmaktadir. Bu
analiz, ugagin kinetik ve potansiyel enerjisinin degisimi, yakittan enerji ve siirtiinme
ile yayilan enerji arasindaki dengeyi kullanir. Bilgisayar simiilasyonunu kullanmanin
yanisira, bu ¢calisma Endonezya Ulusal Silahli Kuvvetleri’nin hava kuvvetleri kolu olan
Endonezya Hava Kuvvetleri (TNI AU) F-16 pilotu ile yapilan tartismalarin sonuglarini
icermektedir. Gercek¢i hava muharebesi ve savas manevralari tizerine bir¢cok bakis
acis1 verir. Bakis agisi, ucagi degerlendirmesi i¢in uygun karsilastirma tekniklerinin
secilmesinde ve karar siirecinin yeniden sekillendirilmesinde kullanilir.

Bir savas ucagi, her irtifada ve her hizda rakiplerinden daha iistiin olamaz. Iyi tecriibeli
bir pilot, rakibin zayif noktalarindan nasil yararlanacagini bilir. Diigmanini, ucaginin
bariz avantajlara sahip oldugu noktalarda zorlayabilir ve hiicum eylemlerini baglatir.
Bu avantaji sahiplenip koruyabilen pilot, sadece savasi kontrol etmekle kalmayip,
sonucunu da belirleyebilir. Bu calismada, savas sirasinda ugak performansini ve
manevra kabiliyetini degerlendirmek icin kullanilabilecek ii¢ diyagram ele alinacaktir.
Bunlar V-n diyagrami, Spesifik Asir1 Gii¢ () diyagrami, ve Enerji-Manevra kabiliyeti
(E-M) diyagramidir. V-n diyagrami bir ucagin anlik manevra kabiliyetini gosterirken
P diyagramu siirekli manevra kabiliyetini gosterir. E-M diyagrami hem anlik hem de
stirekli manevra kabiliyetlerini gosterir. Bu zarflar1 kullanan ii¢ karsilagtirma teknigi
sunulacaktir. Onlar V-n overlay, Py overlay, ve E-M overlay.

V-n diyagrami, bir ucagin anlik manevra kabiliyetini gostermektedir. Dikey eksende
yiik faktorii vardir ve hiz1 yatay eksendedir. Diyagramin seklini veren 6zel kosullar
sabit agirlik, sabit yiikseklik, sabit yapilandirma ve sabit itme veya gii¢ seviyesidir.
V-n diyagraminin sinirlari, sol taraftaki maksimum ve minimum tasima, sag taraftaki
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maksimum dinamik basing, {ist ve alt sinirlar1 ise maksimum ve minimum yiik faktorii
ile belirlenir.

P; diyagram dikey eksende irtifaya ve yatay eksende hiza sahiptir. P; diyagraminin
seklini belirleyen 6zel kosullar sabit agirlik, sabit yiik faktorii, sabit itme giicii veya gii¢
seviyesi ve sabit yapilandirmadir. Maksimum kararli durum performansi, bir ucagin
caligma zarf1 olarak bilinen P; = 0 kontur ile gosterilir. Zarfin icinde, P pozitiftir, yani
ucak, hizlanmak, tirmanmak veya her ikisini birden yapmak i¢in yeterli giice sahiptir.
Zarfin disinda, P negatiftir ve bu nedenle sadece enerji kaybetme pahasina, ucak bu
bolgede kisa bir siire ugabilir.

E-M diyagrami dikey eksende doniis oranina (@) ve yatay eksende hiza sahiptir. Savas
ucaklar1 i¢in yiiksek donme kabiliyetine sahip olmak Onemlidir, ciinkii bu yetenek
rakiplerine gore daha hizli atis pozisyonuna ulagmalarini saglar. E-M diyagraminin
seklini belirleyen 6zel kosullar sabit agirlik, sabit yiikseklik, sabit itme giicii veya
gii¢ seviyesi ve sabit yapilandirmadir. E-M diyagrami ii¢ limite sahiptir: sol tarafta
maksimum tagima, iist tarafta maksimum yiik faktorii ve sag tarafta maksimum
dinamik basin¢. Enerji kazanma ve kaybetme bolgesinin sinirimi igaretlemek igin,
P; = 0 kontur da verilir. Diyagram, sabit yiik faktorii ve doniis yaricap: (R) konturlari
da igerir.

Bu calismada, savas ucagi kabiliyet degerlendirmesinde, P;, yiikleme faktorii, doniis
orani ve doniis yarigapi gibi E-M parametrelerine odaklanmistir. Ps ve doniis oranini
en st diizeye c¢ikarmak ve doniis yaricapini ayni anda en aza indirmek miimkiin
degildir. Yiiksek enerji durumunda (yliksek hiz ve yiiksek F), ucak tirmanma, donme
ve hizlanma gibi bir¢ok manevra yapabilir, ancak doniis oran1 azalir ve doniis yaricapi
artar. Diisiik enerji durumunda (diisiik hiz ve diisiik Ps), doniis yaricapi azalir ve doniis
orani artar, oysa ucagin manevra yapmasi i¢in yeterli enerjiye sahip olmadigindan
saldirilara kars1 savunmasizdir.

Hava savasinda temel noktalar hizli 6ldiirme ve enerji yonetimidir. Savas boyunca,
pilot genellikle birka¢ defansif ve hiicumlu manevralar gerceklestirmek zorundadir.
Her manevra, ya kazanilan ya da harcanan enerjiyle sonuglanir. Diismana kargs1 bir
enerji avantaji1 kazanmak ve manevra enerjisinin zamansiz kaybini 6nlemek 6nemlidir.
Ancak, en iyi giris stratejisini belirlemek sadece manevra siiresini ve harcanan enerjiyi
analiz ederek yapilamaz. Manevra boyunca yiik faktorii, hiz, doniis oran1 ve P
varyasyonu gibi diger parametreler de dikkate alinmalidir. Boylece, manevra sirasinda
zaman, harcanan enerji ve kisitlama varyasyonlarim1 degerlendirmek i¢in iic metrik
kullanilacaktir: manevra zamani, enerji ¢cevikligi, ve gegici ceviklik metrikleridir.

Manevra siiresi, manevray1 tamamlamak icin gereken siireyi olger. Enerji-ceviklik
metrik parametresi, belirli bir manevray1 tamamlamak i¢in harcanan enerjiyi 6l¢mek
icin kullamilir. Genellikle, zaman-enerji egrisi, baslangictaki spesifik enerjinin (Ej;)
seviye cizgisinin altindadir. Bunun nedeni enerji genellikle manevra sirasinda
tiiketilmektedir. Sonundaki toplam enerji genellikle manevranin baglangicindaki
toplam enerjiden daha azdir. Fakat, zaman-enerji egrisinin Ej, ¢izgisinin lizerinde
oldugu birka¢ manevra da vardir. Bu durumda, enerji harcanmaz, ancak kazanilir ve
sonundaki toplam enerji baslangictaki toplam enerjiden daha yiiksektir. Boylece, Ej,
cizgisi ve zaman-enerji egrisi arasindaki alanin golgelenmesi durumunda, bu enerjinin
harcanmas1 anlamina gelir. Zaman-enerji egrisi ile Ej, ¢izgisi arasindaki alanin
golgelenmesi durumunda, enerjinin kazanildi@ini gosterir. Gegici geviklik metrigi
P, o, n, V, R ve h gibi parametreleri icerir. Manevra sirasinda, u¢agin maksimum
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ve minimum yiik faktoriinii, kritik hizini, maksimum hizi ve maksimum doniis orani
sinirlarini agsmamas1 onemlidir. Dahasi, gelecekteki manevra dizileri i¢in manevranin
sonunda dénme kapasitesi (doniis oran1 ve doniis yaricapi) da degerlendirilmelidir.
Metrik bilginin gosterimi zaman dilimi grafikleri ile elde edilir.

Pilot genellikle, ucagin enerjisini kokpitteki hiz gostergesi ve ucagin rakiplerinden
goreceli konumu araciligiyla gozler. Genel olarak, banka acist ve orami egitim
prosediirlerine gore belirlenir. Pilot genellikle onlarin biiyiikliiklerini bilmek i¢in ADI
(Attitude Director Indicator) kullanir. Ancak, yiizlerce ugus saatinden sonra, ADI
kullanmak yerine, pilot banka acis1 girisinin biiyiikliigiinii belirlemek icin sezgisini
kullanir. Genellikle, pilot diisman uc¢aginin tasima vektdr pozisyonuna dayanarak
manevra girislerini belirler. Bu nedenle, low yo-yo manevrasi sirasinda banka agisi
giriginin biiyiikliigii rakibin konumuna ve ucagin tasima vektoriiniin istenen yoniine
baglidir. Egim agisinin ve oraninin biiyiikliikleri i¢in pilotun rakibine gore uc¢tugu
noktaya bagli olarak ayarlanir. Bu karar 6rnegin takip tiirlinii belirleyecektir: lead,
lag veya pure. Bu calismada, ucak manevralar1 dikkate alindiginda, aileron roll,
immelmann, low yo-yo ve high yo-yo gibi bazi temel savas manevralari bulunmaktadir.

Bagarili bir hava savasi icin temel kurallar hizli 6ldiirme, enerji yonetimi, ve
gecici Ozelliklerin degerlendirilmesidir.  Savas sirasinda, pilot enerjisini siirekli
degerlendirmeli ve ayn1 zamanda diismanin enerjisini de degerlendirmelidir. Enerji
avantaji elde etmek i¢in her iki rakip de hiz i¢in irtifay1 ya da irtifa i¢in hiz1 bir
cok kez takas edecekler. Bu bilgi basarili bir savas i¢cin gereklidir. Enerji ¢cok hizli
veya c¢ok biiyiik bir sekilde harcanmamalidir. Savag ugaklarinin gecici 6zelliklerinin
degerlendirilmesi, savas manevralar1 i¢in en 1yi giris stratejisini belirlemede son bir
yorum yapmamizi saglar.

Tam askeri verilere erisim olmadan, bu ¢alismanin sonucunun sadece temsilci olarak
kabul edilebilecegine ve bu hesaplamalarin diger sonuclarinin varhi§ina dair bir
ihtimal olduguna inanilmaktadir. Verileri ikincil kaynaklidir ve mevcut olan verilerin
eksikliginden dolay1 baz1 parametreler daha az belirgindir. Yine de, sonuglar yazarin
tahminlerini destekliyor gériinmektedir.

Yakin gelecekte, hava savasini kazanmak i¢in ucagin manevra kabiliyetinin 6nemi
tartigilabilir. Onemli 6zellik, 6rnegin ugagin yeteneklerinden fiize yetenegine gegebilir.
Fiizeler ve radar teknolojisi ucak teknolojisinden daha sik gelisti. Savasi kazanmak i¢in
ucaklarin sadece yeterli miktarda fiize tagimalari, miikkemmel radar ve kendini savunma
yeteneklerine sahip olmalar1 gerekir. Hiz ve E-M parametrelerinin iistiinlii§ii disinda,
silahlar, menzil kabiliyeti, radar sistemleri (diismanin tespiti), diisman tarafindan
tespit edilmekten kacinma kabiliyeti, havada yakit ikmali ve pilot kabiliyeti etkinligi
belirleyen diger onemli faktorlerdir. Bu nedenle savas planlamasi boyunca bu
parametreler arasinda bir denge veya uzlagsma saglamak icin dikkatli bir inceleme
yapilmalidir.
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1. INTRODUCTION

1.1 Background

Aerial fight has become a basis of military operations. Throughout combat, aircraft
maneuver is one of the key factors that determine its outcome. During World War I
and II, sustained maneuvering capability was prominent seeing that fighter aircrafts
used the fixed forward firing gun as the first-line air-to-air weapon. Performance levels
at fixed points in the flight envelope, such as maximum level speed, maximum engine
power, rate of climb, minimum turn radius and maximum turn rate were the measures
of merit at that time. In the course of Korean and Vietnam wars, jet fighter aircrafts with
growing altitude and Mach ranges and the short range heat seeking missiles came out.
These missiles required maneuvers for a stable, rear-aspect firing position. As aircraft
capability increased, the measures of merit shifted to advanced point performances
such as thrust-to-weight ratio, wing-loading, and energy-maneuverability method [1].
Currently, with the advent of all-aspect missiles, the requirement to maneuver in
a very short time-span emerged. Aerial combat strategies have shifted from the
requirement to maneuver to reach a stable, rear-aspect firing position into brief,
point and shoot maneuvers. Today, aerial combat consists not only of sequences of
sustained maneuvers but also sequences of transient maneuvers. In order to evaluate
the maneuvering capabilities of fighter aircrafts with the new level of technology, the

need of modern performance metrics known as agility metrics arises.

The differences between performance, maneuverability and agility metrics have
been discussed in many sources. Performance concerns with the state variables of
the aircraft, while maneuverability and agility deal with the first and second time
derivatives of aircraft state, respectively [2,3]. An example of aircraft state is velocity.
In this case, performance examines velocity, while maneuverability and agility analyze
acceleration and rate of change of acceleration, respectively. Other definitions of

maneuverability and agility do exist. Reference [4—6] stated that maneuverability is



the aircraft’s capability to change direction and/or magnitude of its velocity vector by
turning, accelerating and climbing. Reference [7] described agility as the collaboration
of wide sensor coverage, wide weapon-launch envelopes, high acceleration, high
maneuverability and short response time required to fight a highly maneuverable
enemy. The combination of aircraft, sensor and weapon agility form the system agility.
In this study, only aircraft agility will be taken into account. Reference [6] described
an aircraft, which is able to perform rapid and accurate changes in flight direction,
speed and climb angle as an agile aircraft. Thus, agility is the capability to perform not
only quick but also precise changes in motion. Agility contains maneuverability and
controllability, with maneuverability is the capability to perform quick motions and

controllability is the capability to exactly control the aircraft during such motions.

Great amount of discussions between experts has been carried out in order to find
the types of metric that can be applied to measure performance, maneuverability, and
agility. Those metrics will not only enable combat capability assessment of an aircraft
but also comparison of capability between friendly and enemy fighters. They can
be used to create combat techniques or even assist in selecting aircraft for air force
use [8]. Performance assessments are usually performed using energy maneuverability
diagrams [9]. Colonel John Boyd developed the energy-maneuverability (E-M) theory
to measure aircraft’s performance by combining parameters such as instantaneous
turning capability, sustained turning capability and specific excess power [10].
Maneuverability assessments can be done using metrics such as relative energy state
(RES), combat cycle time (CCT), pointing margin, and dynamic speed turn (DST)
[11-13]. Agility assessments can be conducted with metrics such as pitch agility,
torsional agility, axial agility, roll reversal agility parameter, agility potential, Ty,
etc. [14]. Brief definition and complete explanation on each can be found in [14]
and [15, 16], respectively. In this study, some of existing flight envelopes and metrics
will be discussed and used for fighter aircraft assessment. The flight envelopes will
be used to evaluate and compare fighter capabilities while the metrics will be applied
to a decision process used to determine the best input strategy for various combat

maneuvers.



1.2 Methodology

This study uses a point-mass aircraft model, in which forces are assumed to act on the
center of gravity of the aircraft. The Energy-Maneuverability (E-M) theory developed
by John Boyd and Thomas Christie, is also applied. This analysis makes use of an
equilibrium between the changes of aircraft’s kinetic and potential energy, energy from

fuel, and energy dissipated by drag.

Besides using computer simulation, this study includes the results of discussions with a
F-16 pilot from Indonesian Air Force (TNI AU), the air force branch of the Indonesian
National Armed Forces. He gives many perspectives on realistic aerial combat and
fighter maneuvers. His points of view are used in selecting suitable comparison

techniques for fighter assessment and in reshaping the decision process.

1.3 Purpose of Thesis

The main purpose of this thesis is to answer the following questions:

1. What are the flight envelopes and metrics that can be used to measure the combat

capability of an aircraft?

2. What is the expected outcome of an aerial combat, under various conditions of
parameters (altitude, airspeed, load factor, turn rate, etc.) between an aircraft of a

particular design and a given enemy aircraft?

3. What are the metrics that can be used to determine the best input strategy for combat

maneuvers?

1.4 Outline of Thesis

Chapter 1 contains introduction, literature review or background for the research. It
describes the current state of the topic and the contributions the thesis aims to make
in the study of fighter aircraft’s combat capability assessment. Chapter 2 explores
further the existing aircraft performance, maneuverability and agility metrics presented

in the introduction. It also reviews the energy concept, specific energy and specific



excess power parameters that will be extensively used in the next chapters. Chapter
3 discusses envelopes that can be used for fighter capability assessment. Chapter
4 presents capability comparison techniques using Energy-Maneuverability (E-M)
method. Chapter 5 discusses a decision process that can be used to select the best input
strategy for several combat maneuvers. Chapter 6 ends the thesis with conclusion and

recommendations.



2. PERFORMANCE, MANEUVERABILITY & AGILITY ASSESSMENTS

2.1 Theatre of Aerial Combat

Aircraft maneuvers are one of the key factors that determine the result of an aerial fight.
Based on interviews with pilots from various fighter aircraft backgrounds, the outcome
of an air combat engagement are determined by five factors: the thrust-to-weight
ratio, the ability to change attitude relative to the adversary, the ability to change
the flight path relative to the adversary, the quickness of these changes and the
preciseness of these changes [17]. The pilot’s skill to maximize the maneuvering
potential of his/her aircraft is also an important factor that dictates the result of an aerial
fight [18]. According to [7], the opening conditions, the capabilities and strategies
of the enemy pilot and the fighter system performance are the three key elements
that control the result of aerial combat. For the pilot, situational awareness, which
consists of understanding the current situation, determining the suitable maneuver and
implementing the correct commands, is very important. Pilot should be aware of the
characteristics, limitations and capabilities of his/her fighter. He/she might only has
a few seconds to think, decide and make a move as an offensive action, such as an

approaching missile, is detected.

Fighter aircrafts are grouped in terms of generations, which are determined according
to the level of speed, weaponries, the capabilities to detect, engage enemy and mask
detection by enemy [19]. Taking speed level as an example, the first generation
of fighter aircrafts were limited to fly in the subsonic speed level. With further
development in engine technology, the second generation can fly up to speed higher
than Mach 1 and the third, fourth and fifth generation fighters can fly faster than Mach

2. The development of fighter aircraft as given in [19] is shown in Table 2.1.

As it has been mentioned before, maneuvering capability is a paramount factor during
combat. Even a slight difference in maneuverability can determine which aircraft

will win the fight [8]. Early combat mode such as in close or Within Visual Range



Table 2.1 : The development of fighter aircraft

Generation Ist 2nd 3rd 4th 4th+ 5th
Era Korea 1955-1965 | 1965-1975 | 1975-1995 1995-present| 2005-present
Speed Subsonic Mach 1+ Mach 1-2+ | Mach 1-2+ | Mach 1-2+ | Mach 1-2+
) Gun, all Gun, all Gun, all Gun, all
Gun, IR tail
W o Gun onl ¢ aspect aspect IR aspect IR aspect IR
caponty un onty aspec radar & radar & radar & radar
missile .. .. .. ..
missile missile missile missile
Engage- < 15001 1-3miles | Limited all | All aspect | Allaspect | All aspect
ment - (tail only) aspect look down | look down | look down
Energy and erl;e(;‘gNy Low Low eilf;y e?elrgg;/ enHéfghy
Maneuver- high energy, low | energy, low high high high
o maneuver- | maneuver-
ability maneuver- abilit abilit maneuver- | maneuver- | maneuver-
ability y y ability ability ability
Detection
of Enemy None > 10NM > 20NM < 50NM > 100NM | > 100NM
Fighter
Sen§ or None None None None Limited Full
Fusion
Stealth None None None None R(iélgged Full

(WVR) combat requires maneuvers for a stable, rear-quarter firing advantage. As each
fighter attempts to reach rear aspect firing position, extensive period of dogfights are
typical [11]. This requirement promoted extended engagements, which make standard
or traditional performance measurements beneficial [14]. These parameters are widely
known and the well established ones are summarized in [9]. Aircraft’s role will affect
the required maneuver performance. For example, good acceleration at high altitude
and good climb to height qualities are required by aircraft designed for interceptor role
with long range missiles. On the other hand, high instantaneous turn rates maneuvering
capability will concern aircraft with air combat role [8]. With the development of new
technologies, the types of engagement, assessment and measures of merit evolved. For
example, with the arrival of all-aspect missiles, the engagement requirement expanded
to include transient maneuvering capability. The historical trends in aerial combat and
definitions and metrics of performance, maneuverability, and agility are summarized

in Table 2.2 and Table 2.3, respectively.



Table 2.2 : Historical trends in aerial combat

Era WWI & WWII Korean War Now
Sustai :
usta1n§d Sustained,
. . maneuvering, .
Engagement Sustained maneuvering transient
stable rear-aspect .
: ... maneuvering
firing position
Fixed forward firin Rear- t All- t
Weaponry £ caraspec Jaspec
gun missiles missiles
. Advanced point
Point performance - .
Assessment . performance Agility analysis
analysis .
analysis
Max speed, max engine
M f te of climb E-M, agilit
easur.es o power, rate of climb, T/W. W/S, E-M » agility
Merit min turn radius, max metrics
turn rate
Table 2.3 : Performance, maneuverability, and agility
Performance Maneuverability Agility
Second time derivative of
First time derivative of performance (e.g. rate of
. performance (e.g. acceleration). Eidetics:
Aircraft state . . . .
oo . acceleration). The ability to the ability of the entire
Definition | variables (e.g. L
) change the direction and/or weapon system to
velocity) ; . . .
magnitude of velocity vector | minimize the time delays
and energy state. between target acquisition
and target destruction.
Relative Energy State (RES), .
Related | Ven,P,and | Combat Cycle Time (CCT), | _ er’;ﬁ;gf“fiﬁ;’t -
Metrics E-M diagrams Pointing Margin (PM), P A ili’tiels)
Dynamic Speed Turn (DST) £




2.2 Performance Metrics

Two examples of predominant performance measures of merit are maximum sustained
turn rate and maximum instantaneous turn rate. In aerial combats where it is important
to point first to shoot, maneuvering using maximum instantaneous turn rate is needed.
In order to reach the best of those measures, low wing-loading (W/S) and high
thrust-to-weight (T/W) ratio are engineered during fighter aircraft design [11]. Other

existing traditional measures of merit are discussed further below.

e Low wing loading (W/S): this parameter is the ratio of aircraft weight to wing area.
The unit is force per unit area. W/S varies depending on fuel consumption, release
of external stores, variable wing sweep, airfoils and maneuvering flaps or slats.
Wing loading can be used to roughly measure the turning capability of a fighter.
Fighter with low wing loading will have high maximum lift-to-weight ratio, which
leads to high instantaneous turn rate [6,20]. Larger wing has bigger capability to

force the fighter to fly in a direction other than in which it is currently traveling.

e High thrust to weight ratio (T/W): this parameter is calculated with the sea level
thrust of the engine(s) and the same weight used to calculate the wing loading
parameter [20]. Because thrust is a function of altitude, the ratio available to the
pilot at any given altitude is different than the calculated ratio. Aircraft is likely to
have more power to make a move and less weight to be moved as W/S decreases
and T/W increases [21]. Thrust to weight ratio is a good measure of aircraft’s
acceleration capability. For example, when the ratio is greater than one, fighter has
the ability to accelerate while flying straight up. The ratio of T/W to W/S is defined
as agility potential and its values for several aircrafts from the mid-1940 are given

in [21].

e Maximum rate of climb: this parameter is usually referred to maximum rate of

climb at sea level [20].

e Maximum level Mach number: in general, this parameter refers to the maximum
Mach number at sea level and 36,000 feet, which is the beginning of the standard

atmosphere tropopause [20].



e Maximum load factor: higher load factor is related to higher turn rate. When an
aircraft has higher load factor limit than its adversary, it means that it can maneuver

at a level, which is disadvantageous for the adversary.

e Maximum instantaneous turn rate: this is the turn rate achieved at maximum load
factor at a given flight condition. This happens at the airspeed referred to as corner
airspeed, where the maximum lift limit line and the maximum structural limit line
on the V-n diagram intersect [20]. Instantaneous turn rate advantage may offer
a shooting opportunity to the pilot but at a cost of losing energy, which will be

discussed further at the following sections.

e Maximum sustained turn rate: without losing either altitude or airspeed, this is
the maximum turn rate that an aircraft can sustain. When an aircraft possesses
sustained turn rate advantage, it may put continual pressure on the enemy and end

the engagement with first shoot opportunity.

e Minimum turn radius: small turn radius are only available at low speeds. When
aircraft is capable at maneuvering at small turn radius, it has the advantage of
keeping visual contact with other aircrafts. As an aircraft is flying within formation,
this capability gives easiness to other aircrafts in giving tactical support during

combat.

2.2.1 Energy concept

Energy concept plays a very important role during aerial fight. Rutowski as described
in [22], stated that the total energy of an aircraft is the combination of its kinetic and
potential energy. Its kinetic energy is proportional to its mass and airspeed while its

potential energy is proportional to its mass and altitude.

1

E:PE+KE:mgh+§mV2, 2.1)
wv? v? E

E=Wh+—=W(h+—)= (=)W 2.2

where E is the total energy of the aircraft, PE is potential energy, KE is kinetic energy,
m 1is aircraft’s mass, g is gravitational acceleration, 4 is altitude, V is velocity and

aircraft’s weight W = mg.



Rutowski presented an equation describing the rate of change of the sum of the kinetic
and potential energy, which allowed us to calculate the path of minimum fuel and
minimum time to change from one combination of altitude and speed to another.
Operational maneuverability and efficiency in terms of energy-maneuverability are
associated with energy state and energy rate analogies [4]. Energy Maneuverability
analysis or E-M was developed by John Boyd, a U.S Air Force fighter pilot, and
Thomas Christie, a mathematician, in the early 1960s. Boyd evaluated the F-4 against
the MIG-25 and revealed that F-4 was at serious disadvantage compared to MIG-25
and speeded up its replacement. In the late 1960s, his E-M theory was used to establish
the prerequisites for the A-10 and F-15. He founded the "Fighter Mafia" and advanced
the development of small, low-cost, lightweight fighter, which resulted in F-16 for the
USAF and F-18 for US Navy [23].

The first derivative of Equation 2.2 is:

dE = Wd(E/W)+ (E/W)dW. (2.3)

The conservation of energy over a time interval dt between the energy derived from
fuel, the energy dissipated against drag and the change in potential and kinetic energy,
should be taken into account during aircraft performance assessment [22]. This

principle is expressed by the following equation:

dE = noH.dW; — (E /W)dW; — DV dt, (2.4)

where 7 is the overall powerplant efficiency, H, is heat content of the fuel, dW; is
change in fuel weight and D is aircraft’s drag. The change in fuel weight depicts the
change in aircraft’s weight as:

dw = —de. (2.5)

The parameter 1oH, expresses the useful work of propulsion per amount of fuel, which

can be represented by thrust, 7 and the fuel rate as:

TV
Hy=——. 2.6
Substituting Equations 2.5 and 2.6 into Equation 2.4:
dE =TVdt+ (E/W)dW — DV dt, 2.7)
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Substituting Equation 2.3 into Equation 2.7:

Wd(E/W) = TVdt — DVt (2.8)

d(E/W) (T—D)V
a w 2.9)

which shows that the energy change is given by the excess power and is affected by

the change in aircraft’s weight.

2.2.2 Specific energy (Ey)

Instead of using the total energy term, in order to be able to assess the acceleration and
climbing capabilities of aircrafts with different weights, the specific energy (E;) term
is used. Specific energy (Ej) or energy height is the total energy divided by aircraft’s
weight. It has the unit of length. The specific energy (Es) can be expressed as:

PE +KE h+ imv? v2
ES: + :mg 2m :h—’——'
w w 2g

(2.10)

The contours of constant Eg on altitude-airspeed grid gives the points of altitude and
airspeed combination that will give the same amount of kinetic and potential energies
per amount of weight. For supersonic fighters, instead of airspeed, Mach number can
be used in the horizontal axis. For true airspeed plot, the shape of lines of constant Ej
1s parabolic while for Mach number plot, the shape is not exactly parabolic [6]. Figure

2.1 gives an example of E; representation on altitude-Mach number diagram.

As stated in [24], Rutowski assumed that the transformation of kinetic energy to
potential energy along constant energy line by means of a dive or a zoom, may occur
instantly. Therefore, time variable does not exist in the diagram. This assumption
showed that in theory, aircraft can zoom or dive between any points along constant E
contour in zero time. As Equation 2.10 suggests, if there is no loss in kinetic energy,
E indicates the maximum speed achievable if all the potential energy is transformed
to kinetic energy. On the other hand, when there is no loss in potential energy, it shows
the maximum altitude within reach if all the kinetic energy is transformed to potential

energy.
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Figure 2.1 : Specific energy diagram

2.2.3 Specific excess power (P;)

Specific excess power or commonly referred to as P;, describes fighter’s ability to
change its energy state. Change in energy or energy rate means power, thus P refers
to the power accessible to do maneuvers such as climbing, accelerating, decelerating

or turning during combat.

dE;
Py = . 2.11
s = (2.11)
Energy rate is calculated by taking the first derivative of Equation 2.10:
dE; dh VdV
e — (2.12)

di _EJrEdt'

The forces about the aircraft’s center of gravity acting parallel to the direction of flight

(at zero bank angle) are:
W dv

T—-D—Wsiny=—— 2.13
SV = (2.13)

where T is thrust, D is drag, and ¥ is aircraft’s flight path angle. Dividing Equation
2.13 with W/V:

V(T—-D) . VdVv
—D)_y vdy 2.14
W Syt (2.14)
where
dh
Vsiny= —. 2.15
siny = — (2.15)
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Thus, rewritting Equation 2.14:
V(Ir-D) dh VadVv

= —4 ——. 2.16
W dt + g dt 2.16)
Hence, P, is:
V(T —D
P, = % 2.17)

When o (angle of attack) and ¢7 (angle between thrust line and the body X axis)
parameters shall be incorporated, P can be expressed as:

Ps:V(TCOS(a_¢T)_D)_ 2.18)
w

In terms of T/W and W/S, Reference [8] expresses P as:

T qCp, Kn*W
PS=V<——M——”—), (2.19)

where it shows that in terms of specific excess power, having high T/W ratio
is advantageous. However, with regard to wing loading or W/S, it is not that

straightforward. High W/S is advantageous at high speeds (high ¢) as it reduces the

qCD()
W/s

. . 2
increases the induced drag term (KT” %).

profile drag term ( ), but it is unfavorable at low speeds (low ¢) and high n as it

Equation 2.16 contains terms for both rate of climb and acceleration. Therefore, in the
event that aircraft performs level acceleration at constant altitude (% = 0) or climbing
at constant airspeed (‘fi—‘; = 0), P can be used to calculate the corresponding value of
acceleration and rate of climb, respectively. P has the unit of distance per unit time

such as ft/s and ft/min.

From Equation 2.17 and Equation 2.18, it can be seen that P gives the remaining
power available to do maneuvers after the power dissipated by drag per unit of time
is subtracted from the power available to do work per unit of time. According to the
maneuver the aircraft is doing, several parameters determine the magnitudes of thrust
available and thrust required. For example, during level turn, thrust available depends
on Mach number, altitude and ambient temperature while thrust required depends
on Mach number and weight [6]. Unlike turboprop or piston aircrafts, the thrust of
military power turbojet aircraft is independent of airspeed [24]. The thrust required
and thrust available curves multiplied by the velocity can be used to obtain the power

required and power available curves.
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Table 2.4 : P at level flight & during climbing

P sign ROC sign Aircraft’s instantaneous dynamic condition
P>0 ROC=0 Aircraft accelerates
P>0 ROC>0 Aircraft climbs
P<0 ROC=0 Aircraft decelerates
P<0 ROC<0 Aircraft descends
P,=0 ROC=0 Aircraft flies at constant speed at level flight

From the magnitude and sign of P;, the instantaneous dynamic condition of the aircraft
can be analyzed. Positive P; indicates positive energy rate, which means that energy
is gained. Its magnitude becomes a measure of rate of climb at constant velocity,
acceleration at constant altitude or combination of climb and acceleration. On the
contrary, negative Py signifies negative energy rate, which means that energy is lost.
It becomes a measure of loss of altitude, deceleration or both. When thrust and drag
are equal, P is zero. This refers to a steady-state condition where airplane is neither
accelerating nor decelerating. It is important to note that when P; = 0, aircraft still
can accelerate but it will need to descend simultaneously and it still can climb but its
forward speed will decrease. For an aircraft flying at fixed thrust and fixed forward

speed, in terms of level flight and climb performance, Ps can be assessed as shown in

Table 2.4.

2.3 Maneuverability Metrics

2.3.1 Ponting margin (PM)

Introduced by [11], pointing margin (PM) evaluates fighter aircrafts first-shoot
capability or the capability to point quickly at an adversary during combat. It measures
the angle between the nose of the adversary and the line of sight of the friendly
fighter. The maneuver starts at the time both the adversary and friendly aircrafts begin
maximum instantaneous turn rate turns and the maneuver ends when one aircraft is
able to point its weapon to the other. By continuing to turn until PM is zero, the
adversary may also shoot its weapon. The time it takes for the adversary to do this is
called the time-pointing-margin. If the friendly fighter missile time of flight is lower
than the adversary time-pointing margin, the friendly can destroy the adversary before

it launches its weapon. Otherwise, mutual hit scenario is possible. The drawbacks of
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using this metric are that it does not take into account energy and it greatly depends on
the adversary maneuvers. In the case the friendly fails to shoot down the adversary, it

will be in a vulnerable low energy state.

2.3.2 Combat cycle time (CCT)

Established by [11], combat cycle time (CCT) is a combination of maneuvers
superimposed on the E-M diagram. It measures the total time needed to perform a

180 degree heading change and return to the original energy state.
CCT =t1+tr+13+14 (2.20)

where ;= pitch up to load factor limit, #,= turn along load factor and lift limit, #3=
unload from elevated angle of attack/load factor and 4= regain original energy level.

Unlike the PM metric, CCT does not take into account firing opportunity.

2.3.3 Relative energy state (RES)

Even though first-shoot capability is crucial as we have seen depicted in PM metric,
aerial combat does not only consist of first-shoot maneuver. If the friendly fails to shoot
down the adversary in the first-shoot phenomenon, it will suffer from great amount
of energy loss and degraded maneuverability. In combat counting in more than two
participants, it is important to avoid untimely loss of maneuvering energy. Taking
this into consideration, [11] proposed the relative energy state (RES) metric, which
measures the energy efficiency of aircraft during combat. RES metric requires that at
least two 90 degree turns must be done before the speed of the aircraft falls below the
corner speed [1]. Corner speed (V,) is a paramount parameter during aerial combat.
At that speed, aircraft has its highest turn rate and lowest turn radius. Speed below V,
shows that aircraft has consumed its maneuvering potential in order to maximize its
pointing capability, whereas speed above V. suggests that aircraft has not maximized

its pointing capability and keeps its energy for future maneuvers.

2.3.4 Dynamic speed turn (DST)

E-M analysis measures only the steady state performance of an aircraft in a highly
dynamic situation of aerial combat. Taking this drawback into consideration, [12]

developed the dynamic speed turn (DST) metric from the E-M diagram introduced
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by [4]. DST integrates the dynamics of turning and accelerating over a wide range
of airspeed and the capability of nose pointing, continue pointing, disengage and
regaining speed [1]. For each point along the maneuver limit line and for each point
along the 1 g maneuver line of E-M diagram, the turn rate vs bleed rate and the

acceleration vs airspeed plots are created, respectively.

2.3.5 Kutschera metric

In the conclusion part of their final report, [15] stated that developing a metric that
combine energy efficiency, maneuver time and turn radius into one parameter would
be very beneficial. Taking this into account, [13] proposed a metric, which combines
four parameters to quantify aircraft performance. Those four parameters are the time
taken to complete the maneuver, the final Py at the end of the maneuver, the energy

change throughout the maneuver and the turn diameter.

2.4 Agility Metrics

Other than maneuverability, weaponry, low observability, speed, acceleration, payload
and range performance, agility is also an important feature in aerial combat. According
to [17], there are two reasons that drive the necessity to define and quantify agility.
They are the deficiencies of the traditional performance metrics to measure the aircraft
transient performance and to assess the advanced aircraft technologies and capabilities
such as high angle of attack flight controls and thrust vectoring and reversing. A more
agile aircraft is an aircraft, which is capable of doing more state-change activities in
less time than its adversary [25]. These activities are classified into instantaneous,
SAT (Small Amplitude Task), and LAT (Large Amplitude Task). The elements of
aircraft agility are flight path change, quickness, attitude change and precision and the
metrics are categorized into nose pointing agility (pitch and yaw pointing) and flight
path agility (axial, pitch, roll) [17]. Reference [26] gave varying definitions of agility
given by a number of experts, in which all agree that agility relates to the ability of an
aircraft to reach desired requirement in a minimum time. A more complete illustration
of the relative air combat capability with a combination of torsional agility and E-M

analysis comparisons are also given.
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Table 2.5 : AGARD airframe agility metrics classification

Metric Class Defined by Measure
Transient Flight mechanic characteristics Physical property of the
regardless of the maneuver response
Completion of a small task
Experimental (translational, nose pointing & Compound property
torsional)
. . Time for completion,
Operational Completion of a mission task recision and
p element (MTE) p :
aggressiveness

Reference [14, 15] classified agility metrics into two categories: based on the axis
in which the maneuvers are carried out and based on the timescale of the maneuver.
In the first category, there are three classes: axial, longitudinal and lateral. In the
second one, there are also three classes: transient, functional and potential. The metrics
categorization into longitudinal, torsional and axial depending on the maneuver axis
is also given in [27]. Reference [26] gave two specific agility areas that need to be
addressed based on multiple surveys performed since 1984 with USAF and U.S. Navy
Fighter Weapon School instructors and operational pilots. They are the difference in
the capabilities of two conflicting aircraft to roll while executing a high angle of attack
turning maneuver and the capability of an aircraft to pitch down from a high load factor
maneuver at high angle of attack/high drag to an unloaded, low angle of attack/low
drag condition to accelerate to a higher airspeed. This study prefers the categorization
of agility given in [16]. There, agility is classified into transient, experimental and

operational, as shown in Table 2.5.

2.4.1 Transient agility metric

The transient agility metrics describe the continuous characteristics of transient
response regardless of the maneuver choice. Several metric titles and parameters are
given. Nevertheless, only the energy-maneuverability with its corresponding P, @, n
metric parameters, which satisfy all the attribute codes. This fact supports the author’s
assumption that the traditional performance measures of merit still can be used to

assess the agility of modern fighter aircrafts.
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2.4.2 Experimental agility metric

The experimental agility metrics represent the specific building blocks of the motion
commanded by the pilot. They may be divided into pure translational (forward,
sidewards or vertical translation of aircraft center of gravity), nose pointing (change of
body axis orientation with respect to the velocity vector or direction of lift/maneuver
plane), and torsional (lift/maneuver plane rotation about the velocity vector). Axial
acceleration, which is represented in terms of P, is one example of translational
metrics. In the nose pointing metric class, there is instantaneous turn rates, similar

to E-M plot by Boyd. In torsional metric class, one example is peak roll rate.

2.4.3 Operational agility metric

Operational agility metrics consider the performance, maneuvering and man-machine
interface aspects of aircraft agility. Their two objectives are mission task quickness and
mission task precision. The global operational agility metrics are the time to perform a
mission task element (MTE), energy agility and aiming error. The fighter operational
agility metrics are pointing margin (PM), relative energy state (RES), dynamic speed

turn (DST) and combat cycle time (CCT).
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3. AIRCRAFT FLIGHT ENVELOPES

Aircraft’s flight envelope, determined by its mission requirements, is the airspace
in which aircraft is constrained to fly [23]. As cited from Ruijgrok, the traditional
definition of aircraft’s flight envelope is a diagram, which shows the ranges of
altitude and airspeed in which aircraft is allowed to fly [28]. In this study, three
diagrams that can be used to assess aircraft performance and maneuverability during
combat will be discussed. They are V-n diagram, Specific Excess Power (F)
diagram, and Energy-Maneuverability (E-M) diagram. E-M diagram is also known
as doghouse diagram. The interacting energy connections that are fundamental to
energy-maneuverability theory, are procured by using V-n diagram and H-M diagram

[4]. In this study, H-M diagram is referred to as Py diagram.

V-n diagram shows the instantaneous maneuvering capability of an aircraft while P
diagram displays its sustained maneuvering capability. E-M diagram shows both the
instantaneous and sustained maneuvering capabilities. Instantaneous capability means
the maneuver that an aircraft can perform in an instant or for a very short time while
afterwards the performance of the aircraft may degrade straightaway [29]. On the
contrary, sustained capability means the maneuver that an aircraft is capable to perform
for a long period of time. Py diagram can be applied mainly for vertical plane analysis
while E-M diagram can be used for horizontal plane analysis for example, during
level turn. Operational maneuverability and efficiency of varying weapon, engine,

and airframe combinations are shown by these diagrams.

3.1 Limitations

There are several restrictions that determine the boundaries of aircraft flight envelopes.
They are for example stall, buffet, controllability, structural, dynamic pressure, sonic
boom, thrust, and temperature limitations. They arise due to several factors such as

airframe, engine, comfort, and environmental requirements. The intersection of those
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limitations form flight envelope, which is defined as the area where aircraft can fly

safely. Details on those limitations are discussed further below.

e Stall and buffet limits: stall is an event where lift disappears from the wing as
a result of abrupt separation of flow from the wing upper surface [23]. Stall
limit arises due to Cy,,,. or the maximum lift that the aircraft can produce due to
aerodynamic stall, pitch up or maximum control deflections [6,24,29]. Therefore,
it is also known as aircraft’s lift limit. It is independent of the atmosphere and flight
trajectory and depends only on the shape of the aircraft’s wing. Stall speed (V;) is
located along this limit. Below the stall speed, loss of control may occur due to the

sudden lost of of lift. The stall speed formula is given by:

2nW
V. =
stall P SCL )

max

3.1

where W is aircraft’s weight, n is load factor, p is air density, S is wing surface

area and Cy,,, 1s maximum lift coefficient. n is aircraft’s load factor, which can be
calculated by:
L
= 4 3.2
n=i (3.2)

Buffeting is a phenomenon where some parts of the aircraft (such as wing or
horizontal tail) oscillate irregularly due to turbulence of the airflow separation.
For example, in the transonic region, shock waves built up on the wing and the
resulting separated flow travels to the horizontal tail and causes it to oscillate
irregularly. It comes before stall and is more observable at high speeds. Data on
the maximum operational Cy, versus Mach number is required to form the stall and

buffet boundaries. The maximum Cg, is in general near to Cr,

max

at low speeds.
Nevertheless, as speed increases, the maximum operational C; decreases and in
the transonic region it may fall to one-half or one-third of its Cy,, . at low speed.

Therefore, buffeting limits the allowable value of C; _ [23].

max

e Controllability limit: in [5], controllability limit is included in one of its
maneuvering diagram but no further discussion concerning this limit is given.
According to [6], controllability is the capability to control the flight path during
maneuvers. Controllability examines aircraft control surfaces, their deflections and

the ability of the pilot in dealing with them.
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e Structural limit: structural limit is a constraint in general posed by aircraft’s
structural strength. In the course of flight envelope discussion, this limit is generally
represented by the load factor parameter. As load factor increases, the instantaneous
turning capability increases with speed [6]. Below the corner speed, the load factor
is limited by Cy, . while above the corner speed, it is limited by the aircraft’s
structural strength. The value of this limit also depends on pilot effectiveness in
dealing with high load factor environment. Excessive g-loading may lead to some
problems for pilot such as, g-induced loss of situational awareness and g-induced
loss of consciousness. In order to allow pilot to use the full maneuvering potential

of the aircraft, new anti-g flight equipment is built to avoid those problems.

The higher the allowable load factor, the heavier the weight of the airplane’s
structure will be. To obtain an aircraft’s limit load, its maximum load factor should
be multiplied by its weight. Generally, an aircraft can survive its limit load without
yielding. The ultimate load factor, the load factor where structural deformation
and permanent damage to the structure may arise is about 1.5 times the limit load
factor [24]. An aircraft’s ultimate load is obtained by multiplying its ultimate load
factor by its weight. In general, aircraft is designed to endure the ultimate load

without breaking.

e Maximum dynamic pressure limit: aircraft’s dynamic pressure (g) is given by:

1 ‘72 Vs 2

where 7; 1s the ratio of specific heats (1.4 for air), P is ambient static pressure and
M is Mach number. Maximum ¢ limit of present aircrafts is around 2,0901bs/ ft*
or 100,000N /m? [23]. With this limitation, aircraft is not allowed to fly at high
supersonic speeds at low altitudes. In the military specification, having a high ¢
limit is advantageous in increasing survivability. High ¢ limit allows friendly fighter
to escape early radar detection and sneak into adversary’s defense at low altitude
and high speed. Adversary fighter with low ¢ limit will not be able to fly at that
region. Nevertheless, propulsion, structural weight and hence take off weight of a
high g aircraft will obviously increase, which will in turn reduce its performance

[23].
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e Sonic boom: as aircraft flies at low altitude and/or high Mach number, pressure
waves generated on the ground may cause an event known as ground overpressure.
Sound like an explosive can be observed as these waves reach the ground. This
event can produce harm and inconvenience such as, clattering of window panes and
vibrations of buildings. The shape and size of the aircraft, its flight altitude and the
atmospheric conditions determine the intensity of the event. As the altitude of the
flight decreases, its intensity increases while as the size of the aircraft decreases, it
decreases. Therefore, minimum altitude at which an aircraft can fly at high Mach

number must be controlled [23].

e Maximum thrust limit: the measures of merit for propulsion system are its thrust
specific fuel consumption (TSFC) and thrust per engine weight (T/W) [23, 29].
TSFC is the ratio of rate of fuel consumption to thrust output. Well qualified engines
are engines that have high T/W ratio and low TSFC in the regions where aircraft is
designed to operate [29]. When the flight envelope of the aircraft is presented with
airspeed in the x-axis and altitude in the y-axis, engine’s maximum thrust form
the boundaries of the top and part of the right side of the envelope. It determines
the absolute ceiling or the maximum altitude that the aircraft can achieve. Aircraft’s

weight and external store configuration also affect the position of this limit line [23].

e Temperature limit: at high speeds, because of conversion of air kinetic energy into
thermal energy, the temperature at the surface of the aircraft increases. Depending
on the materials used, the temperature limit of aircraft’s skin will vary. This limit

will also restrict the maximum allowable velocity or Mach number.

e Environmental limitations: environmental limitations arise due to the environment

where the aircraft operates. Noise and pollution are two examples of them [23].

Environmental limitations usually concern commercial passenger aircrafts. Since this
study is about fighter aircraft assessment, none of that type of limitation will be
included. Without access to complete military data and due to the incompleteness
of the data available, only some of the limitations explained above will be included in
the envelopes. They are stall, structural, maximum dynamic pressure and maximum

thrust limits.
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3.2 V-n Diagram

V-n or velocity-load factor diagram shows the instantaneous maneuvering capability
of an aircraft. It shows the correlation of aircraft’s velocity, maneuvering capability
and structural strength. It displays the maximum available instantaneous turning
performance in terms of available load factor [24]. It has load factor (n) in g unit
in the vertical axis and airspeed in the horizontal axis. The important parameters
shown on the diagram are corner speed and maximum maneuver limitations such as
stall, structural (load factor) and speed. The specific conditions that determine the
boundaries of V-n diagram are constant weight, constant altitude, fixed configuration

and fixed thrust or power level.

The parameters that determine the boundaries of V-n diagram are lift/stall, structural
and maximum speed limits. At low speeds, on the left hand side of the diagram, it is

limited by Cp,

max

or the maximum lift that the aircraft can produce. The parabolic shape
of the lift boundary is due to the fact that lift is proportional to dynamic pressure, ¢,
which is proportional to the speed squared, V2. Stall speed (V;), given in Equation 3.1,
is located along this limit. Below the stall speed, loss of control may occur due to the
sudden lost of of lift. On the right hand side, the limit value may be determined by
several factors such as Mach number limit (controllability), dynamic pressure limit
(structural strength) or temperature limit (heat generated at high speeds) [29]. In
many cases, it is either the maximum speed or the maximum dynamic pressure (g)
of the aircraft, which is plotted. In this study, a maximum g limit of 2,090bs/ ft> or
100,000N / m? as given in [23] is used. The structural limit of the aircraft is given in
the upper and lower boundaries of the diagram. It shows the aircraft’s limit load factor
due to its materials. The airspeed where the maximum lift limit line and the maximum
structural limit line on the V-n diagram intersect indicates a paramount parameter in
fighter performance known as the corner speed (V.). The maximum instantaneous
turning capability with maximum rate of turn and minimum turn radius occurs at

this speed. The corner speed formulation can be written by substituting the fighter’s
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maximum load factor (#n,,,y) into Equation 3.1:

20maxW
V.= . 3.4
\/ psc. G

An example of a schematic V-n diagram is given in Figure 3.1. Furthermore, Figure 3.2

shows another version of this diagram with Mach number in the x-axis and contours of
P (rose), turn rate (blue), and turn radius (green) included. One of the disadvantages
of V-n diagram is that it is valid only for aircraft doing coordinated turn at a constant
airspeed and altitude. As altitude, configuration, thrust level and weight vary, the
diagram changes in shape. V-n diagram also does not give any information regarding
aircraft’s capability of gaining or losing energy due to the lack of thrust and drag
information. Fortunately, the P; diagram, which will be discussed in the following

section, can fulfill the need for information on that subject.

3.3 P; Diagram

Energy maneuverability in terms of P; has been one of the primary tools not only
to show, but also to evaluate and compare the performance capability of a fighter.
The graphical tool that can be used for this objective is known as specific excess
power plot or P diagram. It displays fighter’s capability to accelerate, climb and
perform stabilized flight [24]. P, diagram has altitude in the vertical axis and Mach
number or airspeed in the horizontal axis. It is useful especially for fighter climb
(vertical plane) performance assessment [5]. P is highest at sea-level at aircraft’s
critical Mach number, where thrust is high and drag is low. As altitude increases,
P shifts and decreases in magnitude. A fighter’s combat ceiling, service ceiling and
absolute ceiling are the highest point on its Py = 50011 /min, P; = 100t /min and P; =0
contours, respectively [24,29]. The important parameters shown on P; diagram are
sustained maneuver line (P; = 0) and energy gained and lost for any speed and altitude.
The specific conditions that determine the boundaries of Py diagram are constant
weight, constant load factor, fixed thrust or power level and fixed configuration.
In this diagram, it is assumed that potential and kinetic energy can be exchanged

instantaneously and with no losses.

The maximum steady state performance is shown by the P; = 0 contour. The P, =

0 contour is also known as the operating envelope of an aircraft [29]. It shows the
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range of airspeed acceptable at different altitudes. Inside the envelope, P is positive,
thus aircraft has enough thrust to accelerate, climb or both at the same energy state.
Inside the operating envelope, advantageous zones or areas for specific combat roles
can be determined. For example, the area at the bottom right of the envelope can be
marked as advantageous for ground attack fighters since it is important for fighters
with that role to fly at high speeds and low altitudes. For interceptor role, where fighter
is required to fly at high speeds and high altitudes, the area at the top right of the
envelope is advantageous. Outside the Py = 0 contour, P is negative and aircraft can
not stabilize. As aircraft is flying at a speed and altitude combination that is located
in that region, it cannot accelerate without losing altitude or it cannot climb without
decelerating/losing airspeed as long as weight, thrust, configuration and load factor do
not change. Consequently, only at the expense of losing energy, aircraft can fly for a

short period of time outside the envelope.

One of two disadvantages of P; diagram is that it does not give any information on
how long the combatant can preserve his/her P; advantage as the flight conditions
change. Furthermore, it displays only the thrust and airframe capabilities and
limitations during maneuver. It does not show other limitations such as structural,
aerodynamic, controllability, dynamic pressure and temperature, which also constrain
fighter performance. Therefore, it is useful to incorporate for example, the stall
boundary on the left hand side of the diagram and the maximum speed or dynamic
pressure boundary on the right hand side of the diagram. An example of a schematic
P; diagram of a fighter aircraft is given in Figure 3.3. Rose and red contours indicate
the P; = 0 and stall limit contours, respectively. Since Py diagram is determined for
specific conditions of weight, thrust, configuration and load factor, thus, as one of
those conditions varies, the diagram will change in shape. An example is shown in
Figure 3.4. As load factor increases to n = 3, the diagram previously given in Figure
3.3 shrinks and deforms. This is due to the fact that to generate n = 3, more induced
drag is prompted and more power is required to produce three times greater lift than

before.
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3.4 E-M Diagram

E-M diagram is the combination of V-n and Py diagrams, which displays both the
instantaneous and sustained maneuvering capabilities of an aircraft [6,29]. It is a very
important tool in describing and comparing aircraft capabilities. E-M diagram shows
the variation of turn rate (@) with velocity. Turn rate is the angular rate of change of
velocity vector, which in general has the unit of degrees/second [5]. The important
parameters shown on the diagram are corner speed, turn rate for any speed and load
factor, maximum maneuver limits (stall, structural and speed), sustained maneuver line
(P;=0), and energy gained and lost for any speed and turn rate. The specific conditions
that determine the boundaries of E-M diagram are constant weight, constant altitude,

fixed thrust or power level and fixed configuration.

Similar to P; diagram, in the E-M diagram, it is assumed that potential and kinetic
energy can be exchanged instantaneously and with no losses. E-M diagram has three
limits: lift limit, load factor limit and dynamic pressure limit. The lift limit line is
located on the left hand side up to the load factor limit line. It indicates the maximum
aerodynamic performance of the aircraft. On the top of the diagram, the load factor
limit line descends from top left to lower right. The dynamic pressure limit line is
found on the right hand side of the diagram. It is useful to incorporate P contours into
E-M diagram. Generally, it is the P; = 0 contour that is drawn to mark the boundary of

the region of gaining energy (positive Ps) and the region of losing energy (negative F).

Turn rate is sensitive to airspeed and altitude, which are two elements that constitute
aircraft’s specific energy. Turning in the horizontal, vertical and oblique planes are
produced by the radial acceleration, which is generated from thrust, drag, lift and
weight forces. Turn rate (@) can be calculated using the following equation:

2 2
w:é\/nz—lzé\/(cu)sv ) —1. (3.5)

2W

Recall that n is load factor, which is given in Equation 3.2. If the turn is performed
by tilting the lift vector from the vertical axis, n can also be expressed as a function of

bank angle (¢):

1
n= .
cos ¢
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The lift limited maximum load factor (7,4, ) can be expressed as:

CLuwPSV> _ CLuud
Nmax; = = .
L 2W W/sS

(3.7

The structurally limited maximum load factor (71,,4x,) is usually taken as a constant. In
this study, 7,,qx; = 9. The maximum load factor (n,,4y) is the minimum of 7,4, and

Nmaxs- Hence, the maximum instantaneous turn rate is given as:

8
Onar = 1\ M= 1. (3.8)

Lines of constant load factor and turn radius (R) can also be plotted on the diagram.
Lines of constant turn radius go from lower left to upper right while lines of constant
load factor curve down from top left to lower right. Lines of constant turn radius can

be calculated by:
V2

_—g - =

Lines of constant load factor can be calculated by rearranging Equation 3.5 to solve

2
n= ((D_V) + 1. (3.10)
8

R (3.9)

i<

for n:

No turning can be made at 1 g stall speed, since at that speed turn rate is zero and
turn radius is infinite [6]. Having a high turning rate capability is important for pilots
as that capability allows them to reach firing position faster than their opponents.
The instantaneous turn rate (@;) and sustained turn rate (@) lines are two important
parameters given in the diagram. @; shows the highest available turn rate for a given
flight conditions [5, 8]. It is determined by the structural strength and the lift capability
of the aircraft [6]. Maximum @; occurs at the speed referred to as corner speed, where
the maximum lift line and the maximum structural limit line intersect. At the corner
speed (V,), aircraft has its maximum turn rate and its minimum turn radius. It is the
lowest speed at which maximum structural load factor is feasible. At speeds above
V., at the maximum load factor line, both turn rate and turn radius suffer. Turn rate
decreases and turn radius increases independent of altitude as aircraft is limited by its
structural strength. At speeds below V. and higher altitudes, due to the reduced lift

capability, lower turn rates and larger turn radius can also be observed.

As P contours are plotted inside the diagram, the turning performance capability of the

aircraft can be assessed further. On the w; envelope, thrust is equal to drag or Py = 0.
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Figure 3.5 : E-M diagram

Inside the @y envelope, P; > 0, which means that aircraft can maneuver without losing
altitude or decelerating. Above the @, envelope, Py < 0, which indicates that aircraft
is slowing down and/or losing altitude. The ; envelope is usually located above
the w; envelope and it means that aircraft maneuvering on the ®; contour is always
decelerating or losing altitude. This also shows that @;, which defines the maximum
turning capability of the aircraft, does not necessarily occur at the highest energy level.
During combat, ending a maneuver at a low energy state can trouble the aircraft and
pilot may have restricted alternatives for further maneuvers [8]. The disadvantages
of E-M diagram are that it does not give any information on how long pilot can
perform the instantaneous maneuver and how long he/she can maintain the aircraft’s
P; advantage as the flight conditions change. Therefore, careful energy examination
and management to achieve a balance or compromise between maneuverability and
survivability should be done throughout combat planning. An example of a schematic

E-M diagram is given in Figure 3.5.
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4. COMPARISON TECHNIQUES

In [18], the difference between energy management and energy maneuverability is
given. Energy management refers to the utilization of kinetic, potential and fuel
energies to maximize the use of weaponries to fulfill the required task. Energy
maneuverability is the analysis of the capacity of the aircraft to change its direction,
airspeed and altitude, showed in terms of energy and energy rate. In short, it
evaluates aircraft’s capability to change its energy state [23]. Designer, planner,
tactician and commander may use the energy-maneuverability theory for aircraft
performance optimization [4]. Almost always, the best chance of surviving belongs
to the aircraft with the highest energy level [8]. Higher energy level shows that fighter
has greater capability to maneuver than its enemy. In combat counting in more than
two participants, several defensive and offensive maneuvers are required and thus, it is

important to avoid untimely loss of maneuvering energy.

In the development of combat strategy, the energy maneuvering capability of one own’s
fighter should be compared with the maneuvering capability of an enemy’s fighter. A
fighter aircraft is rarely more superior than its adversary at every altitude and at all
speeds. Pilot should know how to take advantage from the weak points of the enemy.
This information is necessary for a successful fight. With this information, pilot may
force the enemy aircraft for example, to fly in a region where it has higher maneuvering
capability and launches offensive actions. When pilot can maintain this advantage,
he/she may not only control the combat but also determine its outcome. In this study,
three comparison techniques using the flight envelopes that have been discussed before,

will be presented. They are V-n overlay, Ps overlay, and E-M overlay.

4.1 V-n Overlay

V-n diagram provides information in a visually accessible, dense and systematic form
[5]. A pilot can decide whether he/she has a turn advantage over an adversary or

not by overlaying and comparing his/her own V-n diagram with the V-n diagram of
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Figure 4.1 : V-n overlay of two fighters with different W/S

the adversary [4]. Figure 4.1 shows the V-n overlay of fighters with different wing
loading (W/S). From the figure, it can be seen that fighter with lower wing loading
has a significant advantage in instantaneous maneuverability. At a specific speed, the
fighter with lower W/S can pull more (generate higher load factor) than its adversary.
Furthermore, it has higher speed advantage than the fighter with higher W/S. It should
be noted that fighter with higher speed advantage may not only dictate the combat
terms but also leave the combat at will. However, the advantageous/disadvantageous

regions expressed by the V-n overlay are solely instantaneous.

4.2 P; Overlay

One of the most important applications of Py diagram is the comparative P; diagram
of two combating fighters in air-to-air combat. The visualization of areas of advantage
and disadvantage of two combating aircrafts can be done by comparing their P values
[20]. It can be obtained by plotting the P; diagrams of the fighters at the same chart (P
overlay). Ps overlay helps combat planners in deciding in which region friendly fighter

should attempt to engage enemy’s fighter.

Generally, aircraft with higher P value has better maneuvering capability during
combat. To gain offensive maneuvering advantage, first of all, a pilot is required to

have an aircraft that has the ability to reach a higher positive P and then follow the
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energy path that make the most of this advantage. In an air-to-air combat, a pilot who
can attack and defend while maintaining a higher energy level than his/her adversary,
owns maneuvering superiority. Even though a pilot starts the fight at lower energy
level but if he/she can gain more energy than his enemy during the fight, he/she may
enjoy maneuvering advantage [4]. Offensive maneuvering advantage belongs to a
fighter, who can gain energy more rapidly or lose it less quickly. A pilot with a
higher energy level has a better chance to enter or leave the fight as he/she wishes.
On the other hand, a defender, which has the capability of losing energy faster than the
attacker, may use this capacity to defend by pushing the attacker to overshoot and gain
a momentary offensive maneuvering position [4,24]. On that account, the amount of
energy possessed and how well that energy is managed are the two important factors
that determine the best maneuverability [4]. There is no obvious advantage if the
difference in P; between two fighters is less than 100 ft/s [29]. Area of advantage is
defined as the area where an aircraft has Py advantage higher than 100 ft/s over enemy

aircraft.

The important elements shown by the Py overlay are climbing, accelerating, low
speed and high speed environment capabilities. P; overlay can show which region
is advantageous/disadvantageous/exclusive for one own’s aircraft and an adversary
aircraft. It can reveal which fighter has superior/inferior maneuvering capability at
high and low altitudes and at high and low speeds. Ps overlay representation is valid for
specific conditions of aircraft’s weight, engine thrust, configuration and load factor. For
example, as fighter starts to turn, its load factor changes and hence its corresponding
P; representation. Seeing that aerial combat requires a considerable amount of turning
maneuvers, Py diagram at higher load factors should also be plotted. This will help
combat planners in obtaining a complete maneuvering presentation of fighter’s tactical
envelope. The variation in P; of maneuvering fighters can also be shown by overlaying
diagrams of different load factors for example, overlaying 2 g and 1 g diagrams [6].
Nevertheless, this representation can turn into a mess rapidly. In an air-to-surface
combat, maneuvering capabilities and limitations with a large variety of stores or

weaponries on board can also be determined using this diagram.

When P = 0 contour of an aircraft envelope that of the enemy, it means that friendly

aircraft can fight enemy aircraft’s maneuvers while losing less energy [8]. When
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Figure 4.2 : P; overlay of two fighters with different weights

friendly fighter can fly exclusively at a region of altitudes and velocities, which are
outside of enemy fighter flight envelope, that region is defined as the exclusive area
of the friendly fighter. Within that region, the P of the enemy fighter is negative and
thus it will lose energy if it decides to fly with the altitude and airspeed combinations

located inside.

Figure 4.2 is an example of P; = 0 overlay of two aircrafts. The contours on the left
side are the stall limits. From the figure, it can be seen that friendly aircraft has superior
high altitude performance and high speed advantage, whereas enemy aircraft has small
low speed advantage at lower altitudes. The diagram shows that friendly aircraft has
higher rate of climb and acceleration capabilities than the enemy aircraft. Thus, if
the two aircrafts challenge each other at the same altitude, friendly aircraft may climb
away from the enemy aircraft to its maximum altitude, which is outside the operating
envelope of the enemy aircraft, until it is advantageous to dive to attack. The capability
of friendly aircraft to fly to higher altitudes means that it has higher potential energy
that can be transformed to kinetic energy in a dive. In regions where the P; contours
overlap, both aircrafts have similar capability and thus only the combat skills of the

pilots determine the combat outcome.
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4.3 E-M Overlay

E-M diagram is a very useful tool in preparing aerial combat. In order to be
able to determine how to use a fighter against a defined enemy, the E-M diagrams
for both fighters can be overlaid. Similar with P; overlay, E-M overlay shows
advantageous/disadvantageous/exclusive regions of one own’s fighter and an enemy
fighter. As the E-M diagrams of the fighters overlap, it means that they have similar
performance capabilities within that region and thus only the combat skills of the pilots
participating in the fight determine the combat result. Therefore, pilot should make the
most of the area of advantage and stay away from the area of disadvantage (the area of

advantage of the enemy aircraft).

It is useful to incorporate P; contours into E-M overlay. Nevertheless, as Py contours
are incorporated in the diagram, this representation can turn into a mess, similar to
the Py overlay technique described before. Therefore, instead of Py contours, only the
P; = 0 contour that is drawn to mark the boundary of the region of gaining energy
(positive P) and the region of losing energy (negative Fs). E-M diagram and hence
E-M overlay is valid for specific operating conditions of power/thrust level, altitude,
weight, and configuration. Therefore, to obtain a complete maneuvering presentation

of the fighters, several diagrams depicting other operating conditions should be plotted.

Figure 4.3 is an example of E-M overlay between a friendly aircraft and an enemy
aircraft. The P; = 0 contour of the friendly aircraft envelopes that of the enemy aircraft,
which means that it can maneuver with turn rate and speed combinations where enemy
aircraft loses energy. Friendly aircraft has advantages both at high and low speed

regions and can turn at higher rates than the enemy aircraft.

4.4 Comparison Results

In this study, fighter aircraft capability assessment is focused on E-M parameters such
as P, load factor, turn rate and turn radius. When two fighters combat at the same
airspeed, they possess different turn radius only if their turn rates are different. In this
case, it may not be easy to see the benefit of having small turn radius. When the fighters

are maneuvering at the same turn rate but at different airspeeds, the fighter with lower
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Figure 4.3 : E-M overlay of two fighters with different weights

speed will have smaller turn radius. As the turning maneuver continues, that fighter,
which turns at lower speed, has the benefit of position advantage, which may allow it

to shoot first.

It is not possible to maximize P; and turn rate and minimize turn radius at the same
time. At high energy state (high speed and high P), aircraft is capable at doing many
maneuvers such as, climbing, turning and accelerating, yet turn rate and turn radius
suffer. At low energy state (low speed and low F;), turn radius decreases and turn rate
increases whereas the aircraft is vulnerable to attacks as it does not have enough energy
to do maneuvers. Therefore, careful examination to achieve a balance or compromise

between those parameters should be done throughout combat planning.

Without access to complete military data, it is believed that the result of this study
can only be considered as representative and that there is possibility of the existence
of other results of such calculation. The aircraft data are from secondary source
and some parameters are less certain due to the incompleteness of the data available.

Nevertheless, the results appear to support the author’s estimates.
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S. DECISION PROCESS

This chapter will combine the results of simulation and discussions with a F-16 pilot
from Indonesian Air Force (TNI AU), the air force branch of the Indonesian National
Armed Forces. A decision process, which aims to give the best input strategy for
fighter maneuvers, will be presented. The fundamental points during aerial combat are
energy management and quick kill. Throughout the fight, pilot is usually required to
perform several defensive and offensive maneuvers. Every maneuver ends either with
energy being gained or expended. It is important to gain an energy advantage over the
enemy and to avoid untimely loss of maneuvering energy. Higher energy level shows
that fighter has greater capability to maneuver than its enemy. Thus, energy should not
be expended either too fast or too large. However, sometimes depleting energy may
be preferred in order to force the enemy to overshoot and to reach an advantageous

position for a shooting opportunity.

Pilot usually monitors aircraft’s energy through speed indicator in the cockpit and the
relative position of the aircraft from the adversary. In general, bank angle and its
rate are set according to the training procedures. Pilot generally uses ADI (Attitude
Director Indicator) to know its magnitude. However, after several hundreds of flight
hours, instead of using ADI, pilot uses his/her intuition to determine the magnitude of
bank angle input. Usually, pilot specifies the maneuver inputs based on the lift vector
position of the enemy aircraft. Therefore, during low yo-yo maneuver for example, the
magnitude of bank angle input depends on the position of the adversary and the desired
direction of the lift vector of the aircraft. For pitch angle and its rate, their magnitudes
are set depending on the point in which the pilot is flying to relative to the adversary.

This decision will determine for example the type of pursuit: lead, lag or pure.

In an effort to gain energy advantage, both opponents will trade altitude for airspeed or
airspeed for altitude many times. Throughout combat, pilot must constantly evaluate
his/her energy while at the same time assess the energy of the enemy. This information

is necessary for a successful fight. In this study, the aerial maneuvers taken into account
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are some basic fighter maneuvers such as aileron roll, immelmann, low yo-yo, and high

yO-yo.

5.1 Aircraft Model

A 3-DOF aircraft performance model similar to that F-16 is used. Consider the aircraft
system as x = f(x,u), where x is the state variable and u is the control input. The
state variable x consists of [x,y, i, V, y,m] while the control input u comprises [J, i, Y].
x,y,h,V,w,m are aircraft’s position in the north direction, east direction, altitude,
velocity, heading and mass, respectively. 8, i,y are throttle level, bank angle and path
angle, respectively. Engine and aerodynamic data are provided in [30] and [31]. It is
assumed that aircraft maneuvers over a short distance to the extent that the curvature

and rotation of the earth are negligible. The equations of motion are given by:

x=Vcosycosy

y=Vsinycosy

h=Vsiny
o1
V =—(Tcosa—D)—gsiny
m
sin i )
=———(Tsina+L
chosy( sino+1)
m=—f

where « i1s angle of attack, g is gravitational constant, T is thrust, D is drag, L is
lift and f is fuel flow rate. The aerodynamic forces D and L can be calculated as

D =0.5pSV?Cp and L = 0.5pSV?C;.

The aircraft is assumed to be at cruise condition as shown in Table 5.1. Detail
explanation on each maneuver and aircraft model can be found in [32]. The table
of input parameters used for simulation as given in [32] is reproduced in Table 5.2.
Throughout combat, with the use of fuel and weaponries, the weight of the aircraft
changes continuously. Nevertheless, during performance analysis, weight is taken as

constant as the changes are small on the subject of maneuvering time frame.
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Table 5.1 : Initial conditions of the aircraft

x(m) | ym) | hm) | Vim/s) |

4,000 250

oolx

10,000| 10,000

Table 5.2 : Input parameters for simulations

Udesired| Ydesired .udesired }'/desired Pimit Yiimi Ahdesired
Aileron Roll - - 40 °/s - - - -
Barrel Roll - 30° | 40°/s - - 90 °/s -
Loop - - - 40 °/s - - -
Break Turn 80 ° - - - 90 °/s - -
Immelmann - - - 40°/s | 90 °/s - -
Split S - - - 40°/s | 90 °/s - -
Vertical Spiral 80 ° 30° - - 90°/s | 90°/s | 500 m
Spiral Dive 80 ° 30° - - 90 °/s | 90 °/s 500 m
Low Yo-Yo 65° 30° - - 90 °/s | 90 °/s 500 m
High Yo-Yo 65° 30° - - 90 °/s | 90 °/s 500 m

5.2 Selected Metrics

The amount of energy expended depending on the variation of maneuver input
parameter will be evaluated. However, determining the best input strategy cannot be
done by only analyzing the energy depleted during the maneuver. The pilot from TNI
AU emphasized several times that energy management and quick kill are fundamental
points during combat. Furthermore, other parameters such as load factor, velocity,
turn rate, and Py variation throughout maneuver should also be taken into account.
It is important that during maneuver, aircraft does not exceed its maximum and
minimum load factor, stall speed, maximum speed, and maximum turn rate limitations.
Moreover, for future maneuver sequences, turning capability (turn rate and turn radius)

at the end of the maneuver should be evaluated.

In order to assess the maneuver time, energy expended, and constraints variation of
the aircraft during maneuver, several metrics will be used. These metrics are selected

from the discussion performed in Chapter 2. They are maneuver time, energy-agility
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Figure 5.1 : Steps involved in the decision process

plot, and transient agility parameters plot. Outline of the steps involved in the decision

process is given in Figure 5.1.

5.2.1 Maneuver time

The time to perform a task was first introduced by Skow in [26]. A timeline for
a mission profile sequence was given in order to find out which component of an
aircraft weapon system causes large time delays in an engagement. Delays due to pilot,
pilot-vehicle interface, flight control systems, airframe and weapon are included to find
the overall time from target detection to target destruction. In [16], the time to perform
a task is classified into operational agility metric. It quantifies all the delays due to
pilot, avionics, airframe and weapon related to a mission task. Nevertheless, in this
study, only aircraft or airframe agility will be taken into account. Therefore, maneuver

time metric parameter merely measures the time required to perform a maneuver.

5.2.2 Energy-agility

The calculation of the energy expended is based on the Energy Agility concept, which
was first introduced in [25]. This metric modeled the time to kill, the time to kill and
recover and the energy compromised. Its plot is called the energy-agility plot and it
gives the specific energy (Es) variation of the aircraft throughout the maneuver. The
area between the initial specific energy level and the time-energy curve quantifies the
amount of energy lost during the maneuver. In this study, the energy-agility metric is
used to measure only the energy compromised to complete a specific maneuver. No

time to kill and time to kill and recover variables are given.
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Aileron Roll: Energy-Agility Plot for Bank Angle Rate = 20 deg/s

I I |
3 I

Time (\sj)

Figure 5.2 : Energy-agility of aileron roll for ft =20 °/s

High Yo-Yo: Energy-Agility Plot for + =10 deg and . =65 deg

E, (f)

Time (s)

Figure 5.3 : Energy-agility of high yo-yo for y =10 °& u =65 °

In general, the time-energy curve lies below the initial specific energy (Ej,) level line.
This is because energy is typically consumed during maneuver. The total energy
at the end is usually less than the total energy at the beginning of the maneuver.
Nevertheless, there are several maneuvers with several input magnitudes, which have
their time-energy curve lies above the Ej; line. In this case, energy is not expended but
energy is gained and the total energy at the end is higher than the initial total energy.
Thus, in the case where the area between the Ej, line and the time-energy curve is
shaded, it means that energy is expended. In the case where the area between the
time-energy curve and the Ej; line is shaded, it shows that energy is gained. Examples

are shown in Figure 5.2 and Figure 5.3.

Figure 5.2 shows that aircraft loses energy by performing aileron roll for [t = 20 °/s.

This loss of energy was caused by the fact that throughout the maneuver, aircraft
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Figure 5.4 : Transient agility plots of aileron roll for ft = 20 °/s

speed keeps decreasing as can be seen in the V plot of Figure 5.4. Calculation using
MATLAB shows that the amount of energy expended is 6,108,769.5 ft.s. Figure 5.3
reveals that energy is gained after completing high yo-yo maneuver for y = 10 °and
U =65 °. Energy is gained because throttle level is kept at a constant value in order to

prevent airspeed from decreasing. Calculation shows that the sum of energy gained is

2,103,733.4 ft.s.

For simplicity, since there are cases where throughout maneuver, aircraft might either
gain or lose energy depending on the magnitude of the input parameter, only energy
expended parameter is shown in the plots and tables. Positive value signifies the

amount of energy depleted while negative value denotes the sum of energy gained.

5.2.3 Transient agility

The transient agility metric contains parameters such as P, ®, n, V, R, and h. In [16],
the energy-maneuverability parameters, P, ®, and n are classified into transient agility
metrics. Other parameters are also given, but only P, @, and n satisfy all the attribute
codes. This fact supports the author’s assumption that the traditional performance
measures of merit still actually can be used to assess the agility of modern fighter
aircrafts. The demonstration of the metric information is attained through time history

plots. Example is shown in Figure 5.4.
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Figure 5.5 : Aileron roll trajectory for 1 =40 °/s

5.3 Simulation

5.3.1 Aileron roll

Aileron roll is a maneuver where aircraft turns 360°along longitudinal axis while flying
straight and level. Example trajectory of the aircraft performing aileron roll maneuver

with (1=40 °/s bank rate input is shown in Figure 5.5.

5.3.1.1 Maneuver time

Plot of maneuver time to variation in f1 is given in Figure 5.6. It can be seen that as [t

increases, maneuver time decreases.

5.3.1.2 Energy-agility

The energy-agility plots of the aircraft performing aileron roll maneuver with different
bank rate inputs (f1=20 °/s, 40 °/s, 80 °/s, 90 °/s) are given in Figure 5.7a to Figure
5.7d. The area shaded in yellow indicates the energy expended. As it can be seen from
the figures, as bank angle rate increases, the shaded area decreases. This shows that
Limir = 90° /s gives the least energy lost. The results are tabulated in Table 5.3. Plot
of energy expended to variation in [t is given in Figure 5.8. It can be seen that as [i

increases, energy depleted decreases.
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Figure 5.6 : Aileron roll: maneuver time vs bank rate
Table 5.3 : Aileron roll
i} 20 °/s 40 °/s 80 °/s 90 °/s
E;; (ft) 23,579.4 23,579.4 23,579.4 23,579.4
Maneuver time (s) 18.01 9.01 4.5 4.01
Reference energy (ft.s) | 42,442,999.2 | 21,221,499.6 | 10,587,170.4 | 9,431,777.6

Energy expended (ft.s) | 6,108,769.5 | 1,756,278.3 477,345.8 386,870.5

Aileron Roll: Energy-Agility Plot for Bank Angle Rate = 20 deg/s

(a) L =20 °/s

Aileron Roll: Energy-Agility Plot for Bank Angle Rate = 80 deg/s

Time 3

(c) it = 80 °/s

Aileron Roll: Energy-Agility Plot for Bank Angle Rate = 40 deg/s

Time (5)

(b) [ = 40 °/s

Aileron Roll: Energy-Agility Plot for Bank Angle Rate = 90 deg/s

Time (s)

(d) 1t =90"°/s

Figure 5.7 : Energy-agility of aileron roll
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AILERON ROLL: Energy Expended vs Bank Rate Input
T T
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Figure 5.8 : Aileron roll: energy expended vs bank rate

5.3.1.3 Transient agility

From Table 5.3, by considering only the energy-agility and maneuver time metrics for
(=20 °/s, 40 °/s, 80 °/s, 90 °/s, either [t = 80 °/s or ft =90 °/s can be seen as the
best input strategy. The transient agility metric parameters variation for both inputs are
given in Figure 5.9a to Figure 5.9b. From Figure 5.9b, it can be observed that [t = 90
°/s is not the best input strategy, since it causes the aircraft to exceed its maximum load
factor and maximum turn rate limits. This input also causes the aircraft to undergo a
very large negative P variation. Furthermore, at the end of the maneuver, aircraft will

be at a point where it has no more turning capability.

On the contrary, from Figure 5.9a, it can be seen that {t = 80 °/s does not cause the
aircraft to violate its velocity, load factor and turn rate limitations. At the end of the
maneuver, aircraft has positive Ps value and adequate turning capability for the next

sequence of maneuver. Thus, in this case, [t = 80 °/s is the best input strategy.
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Figure 5.9 : Transient agility plots of aileron roll
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5.3.2 Immelmann

Immelmann is used to reverse heading and gain altitude. A half of a loop is executed
by pitching the nose up and climbing and then inverting to terminate. Aircraft will be
flying at a higher altitude in a different direction. Example trajectory of the aircraft

performing immelmann maneuver with y=40 °/s is shown in Figure 5.10.

A
>

Figure 5.10 : Immelmann trajectory for ¥ =40 °/s

5.3.2.1 Maneuver time

Plot of maneuver time versus 7 is given in Figure 5.11. It can be seen that as y

increases, maneuver time decreases.

5.3.2.2 Energy-agility

The energy-agility plots of the aircraft performing immelmann with different y (7=20
°/s, 40 °/s, 80 °/s, 90 °/s) are given in Figure 5.12a to Figure 5.12d. The area shaded
in yellow indicates the energy expended. From the figures, it can be seen that as ¥
increases, the shaded area decreases. The results are tabulated in Table 5.4. Plot of
energy expended versus ¥ is given in Figure 5.13. It also shows that as 7y increases,

energy depleted decreases.
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IMMELMANN: Maneuver Time vs Path Rate Input
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Figure 5.11 : Immelmann: maneuver time vs path rate
Table 5.4 : Immelmann
Y 20 °/s 40 °/s 80 °/s 90 °/s
E;; (ft) 23,579.4 23,579.4 23,579.4 23,579.4
Maneuver time (s) 10.97 6.47 4.23 3.99
Reference energy (ft.s) | 25,843,070.6 | 15,232,320.8 | 9,950,525.3 | 9,384,618.7
Energy expended (ft.s) | 395,309.8 251,931.2 174,440.2 166,720.9

Immelmann: Energy-Agility Plot for Path Angle Rate = 20 deg/s

(@) y=20°/s

Immelmann: Energy-Agility Plot for Path Angle Rate = 80 deg/s

Time (5)

(c) 7=180°/s

Immelmann: Energy-Agility Plot for Path Angle Rate = 40 deg/s

Time (5

(b) 7= 40 °/s

Immelmann: Energy-Agility Plot for Path Angle Rate = 90 deg/s

Time (5)

(d) 7=90°/s

Figure 5.12 : Energy-agility of immelmann
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IMMELMANN: Energy Expended vs Path Rate Input
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Figure 5.13 : Immelmann: energy expended vs path rate

5.3.2.3 Transient agility

From Table 5.4, by considering only the energy-agility and maneuver time metrics for
=20 °/s, 40 °/s, 80 °/s, 90 °/s, ¥ =90 °/s can be seen as the best input strategy, which
gives the least maneuver time and energy expended. Transient agility metric plots for
7=40"°/s, =80 °/s and 7 = 90 °/s are given in Figure 5.14a to Figure 5.14c. From
the figures, it can be seen that ¥ = 90 °/s causes the aircraft to undergo a very large
negative P variation. It also causes the aircraft to exceed its maximum load factor and
maximum turn rate limits, which leave the aircraft with no turning capability at the end

of the maneuver.

On the contrary, ¥ = 40 °/s and 7 = 80 °/s do not cause the aircraft to violate its
load factor, velocity, and turn rate limitations. Even though 7 = 80 °/s yields less
energy expended than 7 = 40 °/s, at the end of the maneuver, 7 = 40 °/s leaves the
aircraft with higher turn rate and lower turn radius turning capability than y = 80 °/s.
Moreover, 7 = 40 °/s gives less variation in negative Py and put the aircraft at a higher
P; value compared to ¥ = 80 °/s. In combat counting in more than two participants,
it is important to keep energy for future maneuvers. The aircraft, which is at a higher
positive P value than its adversary, owns maneuvering superiority. Therefore, in this

case, ¥ = 40 °/s is the best input strategy.
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Figure 5.14 : Transient agility plots of immelmann
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5.3.3 Low yo-yo

Low yo-yo is a lead pursuit maneuver, which decreases range at the cost of increasing
angle off tail. Sometimes, this maneuver is performed when pilot is stuck in lag pursuit
and has low closure rate due to airspeed superiority of the adversary. Thus, in order to
gain velocity, pilot dives inside the target’s turn and then pitching up onto its tail. It
is not suggested to perform this maneuver at low altitude. Example trajectory of the

aircraft performing low yo-yo maneuver for y =30 °, u = 65 °is shown in Figure 5.15.
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Figure 5.15 : Low yo-yo trajectory for y=30°, u =65 °

5.3.3.1 Maneuver time

Plot of maneuver time to bank angle variation for ¥ = 30 °is given in Figure 5.16.
As bank angle increases, maneuver time increases slightly up to u = 80 °. Plot of
maneuver time to path angle variation for 4 = 65 °is given in Figure 5.17. At low path
angle, maneuver time is large. There is a steep decrease in maneuver time between
Y=1°and y =10 °. Above y = 10 °, the decrement occurs slightly. Surface plot of

maneuver time to bank and path angle inputs variations is given in Figure 5.18.
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Figure 5.16 : Low yo-yo: maneuver time vs desired u for y = 30
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Figure 5.17 : Low yo-yo: maneuver time vs desired y for g = 65
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Figure 5.18 : Low yo-yo: maneuver time vs desired ( and y
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Table 5.5 : Low yo-yo

Y U Yy=10°, u=65°| y=30°,u=65°| y=30°,u=80°
E;; (ft) 23,579.4 23,579.4 23,579.4
Maneuver time (s) 22.78 9.27 9.61
Reference energy (ft.s) 53,690,394 21,834,565.1 22,636,266.2
Energy expended (ft.s) -1,383,175.2 -171,367.9 386,891.4

5.3.3.2 Energy-agility

Energy-agility plots of the aircraft performing low yo-yo with three different path and
bank angle inputs combinations (y = 10 °& u =65, y =30 °& u =65 °, y=30
°& u = 80 °) are shown in Figure 5.19a to Figure 5.19c. The area shaded in yellow

indicates the energy expended or gained. The results are tabulated in Table 5.5.

Plot of energy expended to bank angle variation for y = 30 °is given in Figure 5.20.
As bank angle increases up to it = 55 °, energy expended decreases. Between u = 55
°and u = 78 °, energy is gained while above pu = 78 °, there is a steep increase in
energy expended. Plot of energy expended to path angle variation for (t = 65 °is given
in Figure 5.21. At low path angle energy gained is large. There is a steep decrease in
energy gained between Y =1 “and Yy = 10 °. Above y = 10 °, the decrement occurs
slightly. Approximately above Y= 51 °, instead of gained, energy is expended. Surface
plot of energy expended/gained to bank and path angle input variations is given in

Figure 5.22.

5.3.3.3 Transient agility

Transient agility metric plots of low yo-yo with three different input combinations are
given in Figure 5.23a to Figure 5.23c. For y =10 °, u = 65 °, aircraft suffers from
long maneuver time but gains large amount of energy. That input combination also
allows the aircraft to have positive Py value and good turning capability at the end of
the maneuver. For ¥ =30 °, u = 65 °, even though aircraft gains energy, at the end
of the maneuver, it has negative P; and poor turning capability. For y =30 °, u = 80
°, despite the fact that at the end aircraft reaches positive P value, it experiences large
negative P variation and loses energy throughout the maneuver. Thus, from these three

examples, ¥ = 10 °and p = 65 °is the best input strategy.
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Figure 5.19 : Energy-agility of low yo-yo
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LOW YOYO: Energy Expended vs Desired Bank Angle for Path Angle = 30 deg
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Figure 5.20 : Low yo-yo: energy expended vs desired u for y =30 °
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Figure 5.21 : Low yo-yo: energy expended vs desired y for g = 65 °
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Figure 5.22 : Low yo-yo: energy expended vs desired ¢ and y
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Figure 5.23 : Transient agility plots of low yo-yo
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5.3.4 High yo-yo

High yo-yo, the inverse of low yo-yo, is an offensive lag pursuit maneuver. It reduces
the angle off tail at the cost of increasing the distance between the aircraft and the
adversary. The maneuver is started by a slight roll followed by pulling the nose up.
To terminate, roll back toward the inside of the adversary’s turn at a smaller angle off
tail. Sometimes, this maneuver is performed in order to avoid overshooting the target
due to the high closure rate of the aircraft. To prevent the enemy from accelerating
out of range, it is important not to lose too much speed during the climbing portion of
the maneuver. Example trajectory of the aircraft performing high yo-yo maneuver for

Y =130 °and u = 65 °is shown in Figure 5.24.

Altitude (ft)
a

136 ]

Figure 5.24 : High yo-yo trajectory for y=30°, 4 =65 °

5.3.4.1 Maneuver time

Plot of maneuver time to bank angle variation for y = 30 °is given in Figure 5.25. As
bank angle increases, maneuver time increases slightly up to u = 80 °. Above u = 80
°, there is a steep increase in maneuver time. Plot of maneuver time to path angle
variation for 4 = 65 “is given in Figure 5.26. At low path angle, maneuver time is
large. There is a steep decrease in maneuver time between Y= 1 and y = 10 °. Above
Y = 10 °, the decrement occurs slightly. Surface plot of maneuver time to bank and

path angle inputs variations is given in Figure 5.27.
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HIGH YOYO: Maneuver Time vs Desired Bank Angle for -+ = 30 deg
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Figure 5.25 : High yo-yo: maneuver time vs desired u for y = 30 °

HIGH YOYO: Maneuver Time vs Desired Path Angle for Bank Angle = 65 deg
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Figure 5.27 : High yo-yo: maneuver time vs desired ¢ and y
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Table 5.6 : High yo-yo

Y U Yy=10°, u=65°| y=30°,u=65°| y=30°,u=80°
E;; (ft) 23,579.4 23,579.4 23,579.4
Maneuver time (s) 24.19 9.83 10.52
Reference energy (ft.s) 57,015,095.6 23,155,014 24.781,995.6
Energy expended (ft.s) -2,103,733.4 -330,238.5 933,264.2

5.3.4.2 Energy agility

Energy-agility plots of the aircraft performing high yo-yo with three different path and
bank angle inputs combinations (y = 10 °& u =65, y =30 °& u =65 °, y=30
°& u = 80 °) are shown in Figure 5.28a to Figure 5.28c. The area shaded in yellow

indicates the energy expended or gained. The results are tabulated in Table 5.6.

Plot of energy expended to bank angle variation for ¥ = 30 °is given in Figure 5.29.
As bank angle increases up to it = 20 °, energy expended decreases. Between = 20
°and u =75 °, energy is gained while above p =75 °, there is a steep increase in
energy expended. Plot of energy expended to path angle variation for (t = 65 °is given
in Figure 5.30. At low path angle, energy gained is large. There is a steep decrease in
energy gained between Y =1 “and Yy = 10 °. Above y = 10 °, the decrement occurs
slightly. Approximately above Y= 71 °, instead of gained, energy is expended. Surface
plot of energy expended/gained to bank and path angle inputs variations is given in

Figure 5.31.

5.3.4.3 Transient agility

Transient agility metric plots of high yo-yo with three different input combinations are
given in Figure 5.32a to Figure 5.32c. For y =10 °, u = 65 °, even though aircraft
gains large amount of energy, it suffers from long maneuver time. At the end of the
maneuver, aircraft has negative P; and poor turning capability. For y =30 °, u = 65
°, at the end of the maneuver, aircraft gains energy, has positive P; and good turning
capability. For y =30 °, u = 80 °, even though at the end aircraft reaches positive P,
but throughout the maneuver, it undergoes large negative Ps variation and loses a large
amount of energy. Hence, from these three examples, Y = 30 “and y = 65 °is the best

input strategy.
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Figure 5.28 : Energy-agility of high yo-yo
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HIGH YOYO: Energy Expended vs Desired Bank Angle for + = 30 deg
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Figure 5.29 : High yo-yo: energy expended vs desired u for y = 30 °
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Figure 5.30 : High yo-yo: energy expended vs desired y for u = 65 °
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Figure 5.31 : High yo-yo: energy expended vs desired p and y
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Figure 5.32 : Transient agility plots of high yo-yo
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6. CONCLUSIONS AND FURTHER WORK

6.1 Conclusions

The primary rules for a successful aerial combat are quick kill, energy management,
and assessment of transient characteristics. During combat, pilot must continuously
evaluate his/her energy while at the same time assess the energy of the enemy. It is
important to keep energy for future maneuvers especially in aerial fight counting in
more than two participants. Thus, energy should not be expended either too fast or
too large. The assessment of aircraft transient characteristics allows us to give a final

remark in determining the best input strategy for fighter maneuvers.

In the near future, the significance of fighter maneuverability to win an aerial combat
may be debatable. The important characteristic may shift for example from fighters
capability to missiles capability. Missiles and radar technology developed more
frequently than fighters technology. To win the fight, fighters may only need to
carry sufficient amount of missiles and possess excellent radar and self-defense
capabilities. Other than speed and E-M parameters superiority, weaponries, range
capability, radar systems (detection of the enemy), the ability to evade detection by
the enemy, the availability of airborne refuelling, and pilot capability are other key
factors that determine the effectiveness and the outcome of a combat. Therefore,
careful examination to achieve a balance or compromise between those parameters

should be done throughout combat planning.

6.2 Further Work

Fighter assessment using point-mass aircraft model that we have done until now
allows us to estimate fighter combat capabilities at determined flight conditions. In
a highly dynamic situation, they provide analysis only of a particular point in the flight
envelope. In order to have a complete analysis of dynamic maneuvering capabilities,

instead of point-mass aircraft model, a full six degrees of freedom model is required.
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The envelopes generated using energy analysis only represent the maneuvering
capability of the aircraft but not of the pilot-aircraft system. Even though the aircraft
is able to maneuver at the region of high g-loading, due to extended exposure to high
g-loads, the capabilities of the pilot may decrease. Therefore, other than unmanned
computer simulations, a thorough testing with man-in-the-loop simulations should be

performed to obtain more realistic and adaptable combat tactics.
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