TURKISH NAVAL ACADEMY
NAVAL SCIENCE AND ENGINEERING INSTITUTE
DEPARTMENT OF COMPUTER ENGINEERING
MASTER OF SCIENCE PROGRAM
IN COMPUTER ENGINEERING

THREE PLANE APPROACH FOR
3D TRUE PROPORTIONAL NAVIGATION

Master Thesis

INANC MORAN

Advisor: Assist. Prof. Deniz Turgay Altilar

Istanbul, 2005



[0 Copyright by Naval Science and Engineering Insit2005



THREE PLANE APPROACH FOR
3D TRUE PROPORTIONAL NAVIGATION

Submitted in partial fulfillment of the requiremsrfor degree of

MASTER OF SCIENCE IN COMPUTER ENGINEERING

from the

TURKISH NAVAL ACADEMY

Author :
poooooobobooooooubuododogoood
Inan¢ Moran

Defense Date : 13 /07 / 2005
Approved by :13/07 /2005

oo otdodoooooooogod
Assist. Prof. Deniz Turgay Altilar (Advisor)

0oo0oobooodooobooooooooooooooon
Prof. Ercan Oztemel (Defense Committee Member)

O0o00o0ooo0obooboooobooboooDboobon
Assoc. Prof. Cgkun S6nmez (Defense Committee Member)



ABSTRACT (TURKISH)

UC BOYUTLU ORANTISAL SEY IRICIN
UC DUZLEM YAKLA SIMI

Anahtar Kelimeler: Gudumli Mermiler, Mermi Gudimu, Ug Boyutlu
Gergek Orantisal Seyir.

Bu tezde, yeni bir Gi¢c boyutlu gidim yaktai gelitirilmis, bu yaklaim
gelistirilen bir benzeim ortaminda gorsel olarak sinagtm S0z konusu yontem,
Gergek Orantisal Seyir (GOS) temeli Uzerine kurldmaberaber; GOS’ e ait
ivmelerin hesaplanmasi ve ¢ boyutlu ivmgetéerinin kartezyen koordinatlarda
uygulanmasindaki farkliliklarla bu kuraldan ayriktedir. Tasarlanan algoritma;
X, ¥, z eksenleri ile tanimli U¢ boyutlu uzayi, sirasiyayz ve xz ile adlandirilan
birbirine dik ¢ diuzleme ayirarak; kagkovalama problemini analitik olarak bu
duzlemlerde ¢cozdukten ve gerekli ivme komutlarimtiikten sonra, bu sonuclari
Uc boyutlu uzayda kullanmak tzere tekrar ktiterek calsmaktadir. Yériinge ve
basarim c¢cozumlemeleri VEGAS _(8ual End-Gane Smulation) adi verilen
Gorsel Son-Safha Simulasyonunda incelgtimiBasarim dlgttleri olan kagirma
mesafesi ve keghe zamani bakimindan; 6nerilen yaktan bgariminin, 10g
manevra kapasitesine sahip hava hedefleri icin gkiksldigu sonucu elde
edilmistir. Bu tezde Onerilen uyarlanabilir yakien, ayni zamanda gier Orantisal
Seyir tipleri igin de uygulanabilir.



ABSTRACT (ENGLISH)

THREE PLANE APPROACH FOR
3D TRUE PROPORTIONAL NAVIGATION

Keywords : Missile Guidance, Homing Missiles, 3u& Proportional

Navigation

In this thesis; a new three-dimensional (3D) guadarapproach is
developed. The performance of this approach has lested visually via
developed simulation environment. Although this rapph is based on True
Proportional Navigation (TPN), it diverges when @urting accelerations special
to TPN, and putting 3D acceleration commands intactce in Cartesian
coordinates. Proposed algorithm works by separ&ihgpace with axes x, y and
z to three perpendicular plarg, xzandyz respectively; after solving the pursuit-
evasion problem analytically in these planes andnmding required
accelerations, rejoining the solutions to threeafisional environment with
respect to the geometric relationships. Trajectomyg performance analysis are
performed in our simulation software, VEGAS (Viskald-Game Simulation). It
is verified that the performance of proposed apghtaa robust and effective in
terms of the miss distance and interception timetf@ 10-g capacity aerial
targets employing evasive maneuvers. The adapppeoach proposed in this
thesis can be applied also to the other Propoftidagigation types.
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I. INTRODUCTION

A. MOTIVATION

At the beginning of this study, general guided ftesand guidance law
concepts are revised. Previously, surface-to-serfaissiles (SSM), and then air-to-
air (AAM) missiles’ guidance issues are considerétile looking into air-to-air
missiles, it is realized that the most crucial gha$ an air encounter is terminal
phase, the last seconds of it; because the succefslure of entire mission is
determined in this phase. With this motivation, started to study Proportional
Navigation (PN) that is used as the terminal pliasgance law in AAM.

After getting the basics of PN, a new 3D guidaras& approach based on
True Proportional Navigation (TPN) is developed. &@luate the performance of

this approach visually, a simulation environmertasstructed, named VEGAS.

In simulations, one degree-of-freedom modelingakeh into consideration
and aerodynamic forces and constraints such asstthdrag, weight and maximum

acceleration limits are included into missile equad of motion.

The target is assumed as high-g capacity fighteraidt (F-16). Modeling of
the target aircraft and structure of “evader” medul VEGAS are implemented by
Akdag [1]. Developed guidance law is tested on the targéhich are employing
basic evasive maneuvers such as Immelmann, Hoalz8ntSplit-S, Barrel Roll and
Linear Acceleration. It is verified that the devadal approach is effective in terms of

performance metrics such as interception time aisd distance.



B. TACTICAL MISSILE GUIDANCE

The missiles may be discussed under two genelad ttoncerned with their

concept:

» strategic ballistic missiles
» tactical guided missiles

Strategic ballistic missiles are separated froatidal guided missiles by their
traveling much longer distances and being desigoethtercept stationary targets

whose location is known exactly.

The need for tactical missile guidance systemswvbern at the end of World
War 1l as a result of effective kamikaze attack&eAthe war, it was obvious that naval
guns using unguided shells were not adequate footsiy down aircrafts making
suicidal attacks against ships. Today, modern hissistems use guidance concepts
work well not only against stationary targets bidoaare effective against harder

targets like aircrafts employing evasive maneuvers.

A tactical active homing missile acquires the ¢angith its seeker and guides
all the way to intercept [2]. Guidance is the actaf determining the course, attitude
and speed of the missile to pursuit the targemé&ny functions of the elements that

constitute a guidance system are data acquisideta, processing and correction.

A guidance system acquires data from various @arebor external sensors and
generates relevant signals or set points for itstrob system. Guidance issues are
mainly determined by the characteristics and teatlon of both target and the missile,
and the environmental conditions. Since 1944, waricontrol and guidance techniques
have been developed to improve the missile perfooma The fundamentals of
guidance were extensively covered by Locke [3] maadgation, guidance and control

of airborne systems have been reported in thatites [4, 5, 6].



Many of the current operational guided missiles leyn N as the guidance
law for the terminal phase. PN has been provedeta liseful guidance scheme in
many air-to-air and surface-to-air homing systemsthe interception of airborne
targets [2, 7, 8, 9].

The major advantage of PN is its simplicity of implentation in missile
systems. PN requires low level of target infornratibus simplifying missile sensor
requirements and improving effectiveness. Theaatlyic True Proportional
Navigation (TPN) guidance law generates accelaratimmmands perpendicular to
the instantaneous missile-target line-of-sight ().Cd proportional to the line-of-
sight rate (LOSR) and closing velociys.

The fundamentals of PN law and detailed exposiéibaut its schemes are
analyzed in Section Il. A novel approach to theusoh of guidance in 3D
environment is raised in this study. The aerodyedimices and the effects of those

on missile are also considered while employingpitegosed approach.

C. CONTRIBUTION OF THE THESIS

In this thesis, a comprehensive research is doneissile guidance; PN
based guidance laws and the related issues oflenmssrodynamics. As the main
contribution of this thesis; a novel guidance applofor 3D missile guidance is
developed, which is effective against high-g calggbiighter aircrafts that employ

evasive maneuvers.

Furthermore, VEGAS, visual simulation software, denstructed as a
production of this thesis and Akgla [1]. From the viewpoint of a missile, pursuer
module of VEGAS includes very large number of nésgarameters. Thus, it is
possible to evaluate the effectiveness of differargsile configurations by changing

only the parameters of the “pursuer” module of VE&SA

3



D. STRUCTURE OF THE THESIS

The rest of the thesis is organized as follows:

Chapter Il contains brief information about histcempd development of
guided missiles, homing types, guidance and massd guidance laws, especially
PN and its variants. Analytical solutions of Trueopbrtional Navigation and

Proportional Navigation Command Guidance are ginetetail.

In Chapter lll, aerodynamic issues about the n@sgilidance are discussed.
To begin with atmospheric properties; equationsaefodynamic forces act on a
missile such as thrust, drag and weight are exgthain detail with related physical
missile parameters. The derivation of missile dcagfficients at different Mach
numbers, the missile propulsion alternatives aedi#rivation of thrust force are also

explained.

In Chapter IV, a novel three-dimensional guidanae bkpproach, named

Three Plane Approach (TPA) is developed as the owiribution of the thesis.

In Chapter V, the simulation tool developed pafady to visualize and test
proposed algorithm which is named as the Visual-Gache Simulation, VEGAS is
introduced. The expositions about the design anduheofeatures, the construction

and flow of the simulation are described.

Performance evaluation of the Three Plane Agghras given in Chapter VI.
Missile and target models, equations of motion nindeand simulation scenarios are
discussed. Numerical simulation results relateantssile performance metrics are
included.
In Chapter VII, simulation results of proposed @@gh are discussed and
comparisons with other methods are given to comclind thesis. Future research
topics are also mentioned.



[I. BACKGROUND INFORMATION AND RELATED WORK

In this chapter, guided missile history and devedept, homing types,
guidance and guidance laws, especially PN and arsants are presented as a
background of our work. Analytical solution of Treeoportional Navigation, given

at the end of this chapter, builds a base on oulagee approach, TPA.

Although they were never used during World Wathg British ‘A.T.” and
the U.S. Kettering Bug missiles are considered to be the first guidedsites in the
history. British guided missile studies began ir14.9The name of the project was
A.T., "Aerial Target. “A.T.” concept missiles were intended to determine the
feasibility of using radio signals to guide a flgilbomb to its target. Twé.T. test
flights were conducted in 1917. Although both niesscrashed due to engine failure,
it was determined that radio guidance was feagtjle

Under the direction of Charles Kettering, develepitnof the Kettering Bug
missile began in 1917. Th&éttering Bud was made of wood and weighting just
600 pounds, including a 300 pounds bomb as payldadvas successfully
demonstrated in 1918. However, World War | endedreethe guided missile could
be placed into production.

In 1937, German rocket developing center was éut&h a top-secret base at
“Peenemundeon the Baltic Coast. The first task of enginewes to develop and test
a new rocket called theA:3". Although the propulsion system of theéA-3’
functioned well, its inertial guidance system dat.n

Although Germany produced and deployed a numbeodfet and missile
weapons during World War I, the potency of thegapons was based on thé'"
weapons. TheV-1" was the first of the numberédweapons. V-1" was launched
from a ramp, and was unguided. Aftar-1’ was launched, it flew a preset course

until a switch cut off its engine, causing M€l to simply fall on where it was.



Since the V-1’ was unguided, the weapon rarely hit a specifigea It had a
top speed of about 390 miles per hour, so coulthteecepted by fighter aircraft or
destroyed by anti-aircraft artillery.

Wartime production of theV-2’ began at the Peenemunde Experimental
Centef. The guidance section contained an automatid,pélocelerometer and radio
equipment. The automatic pilot was made up of tiectac gyroscopes that
stabilized the rocket's pitch, roll and yaw motions

The *Rheintochter (R-1) was a surface-to-air missile also developed in
Germany during World War Il. [2,9]. This two-stagadio controlled missile
weighted 4000 pounds. This missile was inefficisimice the target aircrafts flew
above the range of it at the tim&Heintochter 3was an improved version oR*1".

“Schmetterling referred to as the V-3, was launched from rotatable
platforms and employed two externally mounted shieled booster engines and a
liquid-fueled sustainer engine.

“Wasserfall was a missile based on th¥-2". It was essentially a 1/3 scale
version of thev-2. The missile was radio-guided and was controligd Iset of four
control fins. It could carry a 674 pounds explospayload detonated by radio
command from the ground.

“Hs.298 named, air-to-air, radio controlled guided missilwere developed
in Germany during World War II. This air-to-air ampt, solid-fueled missile was
also employing a radio guidance system. In 1944etimissiles were test-flown from
JU-88G aircraft and they all failed to hit the targetshefefore, these missiles
couldn’t be used in any air combat [2, 9].

Since Japanese kamikaze attacks posed a significeeat to U.S. Navy
vessels, two important research programs abouacehtb-air concept started at the
end of the World War lILittle Joemissile was controlled by a gyroscopic stabilizer
combined with commands from a radio guidance/optitacking system. Its
explosive warhead was designed to detonate by»anpity fuse as it approached its

target.



Development of Eark’ missile began in 1944 on a schedule which was
accelerated to accommodate for weaknesses ihittle Joe program. The Lark”
was launched by two solid-fueled booster enginespmwered in flight by a tandem
of two liquid-fueled sustainer engines, one of vahigas intended to be used as a
back-up if the missile failed to reach its desispeed. It had four fins and four wings,
employed a radio-guided mid-course correction syséad a semi-active homing
device [9].

After giving the early history of the guided miss, main topics of the
modern guidance systems such as homing types, rpgdews and specifically
Proportional Navigation are given in the rest af gection.

Contemporary technologies enabled essential iserean range,
maneuverability and velocity, variety of launch tfdams, homing types and
extended guidance laws. Up to date systems argraekior the specific type of the
target to perform more accurately. To give an eXeng missile system that is used
in surface-to-surface engagement can not be expéstbe matching with the one

that used against aerial targets. Modern guidaopmed are given below.

A. HOMING TYPES OF GUIDED MISSILES

1. Command Guidance

In command guidance, a missile seeker is not reduA radar that is external
to the missile both transmits and receives the rragnals. After the guidance
problem is solved and the required accelerationrcand is generated, command is
up-linked to the missile to tripper required actiosa the flight control system. While
intercept takes place further away from the radsasurement accuracy and hence
the guidance accuracy is reduced with increasinga410]. This can be considered
as disadvantage of command guidance.



2. Beam Riding

Beam riding is another form of command guidancee ®hject of the beam
riding is to fly the missile along a radar or labelam that is continuously pointed at
the target. Since the missile is attempting todlgng a moving beam, the missile
guidance commands must be a function of the angidaiation of the missile from
the beam. If the beam is always on the target hedrtissile is always on the beam,
the missile will intercept the target. Beam Ridprinciple is one of the first methods
used because of its simplicity and ease of impléatiem. Pursuit guidance,
explained in Section 11.B.3.b, is usually used waBh Rider systems as guidance law.
Talos, Terrier and Sea Killer missiles could be ednas examples of this kind of

homing system [10].
3. Semi-Active Homing

In Semi-Active homing system, a radar externah® missile, usually in the
launch platform, transmits signal on the target fige an illuminator, and the missile
receives the reflections of this signal and sobmesguidance problem by itself. As a
disadvantage; semi-active homing systems are \albheito Anti-Radiation Missiles
(ARM) which usually fired from fighter aircrafts. &8t of the semi-active missiles
use PN for guidance [10]. Some of the contempogaigied missiles such as “SA-6”
(Gainful), “SA-11" (Gadfly), “MIM-23" (Hawk), “AIM-7" (Sparrow), “AA-7”

(Apex), “SM-1" are those using semi-active homing.
4. Tracking via Missile

In this type of homing, the combination of commagaddance and semi-
active homing is used. On the launch platform,ahsra tracking radar, transmitting
signals and receiving signal reflections from thegét. While getting the target
information from this channel, missile sends infation of the target by using
downlink. After processing the seeker signal data eorrelating with other relevant

data, a command is up-linked to the missile.



Electronic counter-counter measures are enhancédhdking via missile."MIM-
104“ (Patriot) and “SA-10" (Grumble) missiles arfgetexamples of tracking via
missile type.

5. Passive Homing

The missile is homing on the radiation emittedrfrthe target. The missile
seeker only receives radiation from the target aitlransmitting any signal. To give
example; “SA-7, 13, 16” (Stinger), “AA-2, 9” (Sidémder) and “Penguin” missiles
are the IR guided passive homing missiles, “ALARMHARM” and “AS-12”
(Kegler) missiles are ARM type (Anti-Radiation Mis$ passive homing missiles
[10].

6. Active Homing

In active homing, missile seeker includes a trattemand provides the data
required for the guidance by receiving signalse#d from the target. The virtue of
active homing is that measurement accuracy in tberse of interception is
continually improving because the missile, with oalul seeker, is getting closer to
the target as the missile goes on. Most of ther@d¢toming missiles use Proportional
Navigation as guidance law. “SSN-25" (Switchblad&yiM-38" (Exocet), “AlM-
120" (AMRAAM), “AIM-54" (Phoenix), “AA-12" (Adder) and “RGM-84"

(Harpoon) are the example missiles which use ativeing.
B. GUIDANCE

The basic definition of guidance is the actiondetermining the course,
attitude and speed of the missile, to pursuit trget. Guidance is different than
navigation in the sense that absolute informationcerning the present or future

location of the target is not required for intertep for the guidance.



In other words, if the current location and thetohagion known precisely,
navigation is the method for getting to the desioma however, if either the current
location or the destination is not known precisgiyidance is the method of getting

you there.

From the viewpoint of a control approach, guidamce special type of
computational algorithm that is placed in a fligbntrol system, also called autopilot,

to accomplish an intercept [6].

Holding the target in no-escape envelope (NEEnss af the main goals of
guidance. No-escape envelope is the region fronctwihie target fails to escape from
the missile. Typically, modern missiles employ radiaan infrared sensor to provide
measurements of the target location. The guidaage ¢f the homing system
translates the measurements into guidance commardsh the guidance system
then translates into commands for the control serfactuators [11]. Block diagram

of a typical missile guidance system is shown op Ei

In an air encounter, target makes evasive mansagainst missile. Relative
positions of missile and target mainly constitute engagement geometry. To be
able to track the target, the target has to baerfield of view of the missile’s seeker
head. The physical limit for the seeker cone antyjle,angle between the tracking
boresight axis and the missile centerline, is tgibycabout £40 to+60 degrees.
Missile seeker tracks the target and measuresaityett data such as line-of-sight
angle, closing velocity. But an error signal withitre seeker electronics provides a
noisy set of data. Noise filter smoothes the nasgker signal data in order to
provide a clear estimate of target data. In guidasection, a guidance command is
generated, based on actual guidance law, by usenddta taken from the noise filter
output. The flight control system or autopilot géitee missile to maneuver with

respect to these guidance commands.
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1. Guidance Phases

For endo-atmospheric tactical missiles, which fty the boundary of
atmosphere, there are generally three phases ddigee. These are:

* boost phase
e midcourse phase
* terminal phase

The first part of the trajectory is called theost phasewhich occurs for a
very short time with an enormous thrust force tgegnitial velocity to the missile. At
the completion of this phasenidcourse phases initiated. The function of the
midcourse phases to place the missile at such a point that drget is within the

acquisition range of its seeker and the missil&kese@ointed in an appropriate
direction with respect to the target.
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Last seconds of the engagement constitutéettmeinal phasewhich is most
crucial phase since its success or failure detersnithe success or the failure of the

entire mission [12].

In the terminal phasgthe missile locks on to the target; acquiresaldé
tracking data, such as the missile-target relataveye, closing velocity, line-of-sight
(LOS) angle, LOS angle rate (LOSR) and effortsltse the distance to the target as

quickly as possible under the constraints of ited &nd maneuver limitations

2. Miss Distance

The point of closest range between the missilethedarget is defined as
Miss Distance[2]. In all of the guidance types, the main gaalto make the miss
distance zero, or acceptable non-zero values widynture radius. Thigliss Distance
is directly related with; specific target maneuveastive and passive ECM, missile
and target engagement geometry dynamigbss Distanceis determined by

integrating incremental flight path errors overienimissile flight (Fig.2).

Countermeasure may
generate Angle Track Error
from Seeker

Angle track error may
generate steering error
from Autopilot

Steering error may
generate flight path error
from Airframe

Figure 2 Miss Distance Determination
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3. Guidance Laws

Many different guidance laws have been employedoéiy various design
concepts over the years. Currently, the populaniteal guidance laws involve line-
of-sight (LOS) guidance, line-of-sight rate (LOSBY)idance, Pursuit Guidance,
Optimal Guidance Law [13, 14, 15, 16, 17] and Propoal Navigation (PN) [2, 3,
18].

Guelman [19] obtained the closed-form solution finue Proportional
Navigation (TPN) against a non-maneuvering tarfg§btikla et al. derived the general
linearized solution of PN [20]. Various solutionsr fPure Proportional Navigation
were given by Mahapatra et al. [21] and Becker .[22)an et al. [23, 24] also
presented closed-form solutions for TPN againsth botaneuvering and non-

maneuvering targets.

Recently, many advance strategies have been impteoheto generate
different guidance laws. Rajasekhar et al [25] dgegy logic to implement PN law.
The fuzzy law generates acceleration command$@ntissile using closing velocity
and LOS rate as input variables. The input datéuzzified and their degree of
membership to the output fuzzy set is evaluatecchvis then defuzzified to get the
acceleration command.

A fuzzy based guidance law for missiles has alsml@oposed by Creaser
et al, [26], using an evolutionary computing baapgdroach. The proposed law uses a

genetic algorithm to generate a set of rules fentiissile guidance law.

Menon et al. [27] uses fuzzy logic weightings terid three well-known
guidance laws to obtain enhanced homing performartoe composite law evaluates
the weights on each of the guidance laws to oladitended guidance command for

the missile.
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In [28], the authors have implemented am Hased guidance law. Unlike
other guidance laws, it does not require the infdrom of target acceleration, while
ensuring acceptable interceptive performance fdoitrary target with finite

acceleration.

Line of sight Pursuit Collision Proportial

T T T g

aet. 2ek 2 e 2ok 2o e ek 2 o 2ok 2ok

Figure 3 Guidance Types

a. Line-of-Sight (LOS) Guidance

LOS guidance is the base of widely used guidanegesty today. Actually,
almost all guidance laws in use today have soma ffrLOS guidance because of its
simplicity and ease of implementation. The LOS guitk employs the line-of-sight
angle,4, angle between the missile and the target whicheeaily be evaluated using
Eq.1.

(YT —Ym)
A =arctan ———— (1)

( X1=Xm )
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where (Xu,Ym), (X1,Y7) are the missile and target position coordinateswno
dimensions respectively.

The objective of the guidance system is to keeprtissile to lie as nearly as
possible on the LOS (Fig.3). Since a missile igealvays lies on the line joining it
to the target, the flight path will be a curved oh®S guidance does not work well
with maneuvering targets. Also, the interceptionetiis high which can be abridged
using different strategies as discussed in theviotg.

b. Pursuit Guidance

Pursuit Guidance is a guidance law that is noefésctive as Proportional
Navigation. However it does not require some oflthedware essential for PN such
as Doppler radar. In this guidance law, an attesptade to keep the turning rate of
the missile equal to the line-of-sight rate. Theniing rate of the missile’ is related

to the missile acceleration and velocityVy as in EqQ.2.

Nc
= )
Vm

The pursuit guidance law could be expressed as:

Ne=Vy . F (3)

When expressed in the terms of LOS rate, pursudagmce seems to be very
similar to Proportional Navigation except that theceleration depends on missile
velocity rather then the closing velocity and tlengs unity rather than an effective
navigation ratio. It is effective for non-maneuweritargets. Pursuit guidance
trajectory is longer than the one for PN since digorithm yields to a tail-chase

(Fig.3). Moreover pursuit guidance requires higheseleration values than PN does.
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Acceleration profile for pursuit guidance is monutasly increasing whereas for PN

it is monotonously decreasing.

c. Optimal Guidance

Recently, great interest has been shown in usitignap control theory in
the missile guidance problem. Missile-target engagd time and the energy needed
to complete the interception course of engagementabe minimized by utilizing
optimal control. Tsao and Lin [17] proposed an mjaii guidance law for short-range
homing missiles to intercept highly maneuverablgdts. The guidance problem that
needs to be solved for the interception is to timel optimal missile trajectory such
that the total time for the interception is minieaz A performance inded, used in
the proposed optimal law is:

J =t = J. dt 4)

where t; is the interception time. The proposed guidance &hieves the best
performance in terms of miss distance and inteifmepgime in comparison to the
True Proportional Navigation (TPN) guidance.

However, a major disadvantage of this law is thattarget’s future trajectory
must be known in advance which is impossible tduata in a realistic engagement
environment Although future trajectory can be estimated moreugately with the
development of sensors and estimators, the contplard the cost of the guidance

system increase as well as uncertainties or errors.
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d. Proportional Navigation (PN) Guidance Law andts Variants

Proportional Navigation (PN) has been known sincerl&V War 1l. and
applied by the Germans BeenemuindeThe “Lark’ missile, which was successfully

tested in 1950, was the first missile to use PN.

Proportional Navigation was studied by C. YuanleaaRCA Laboratories
during under the support of the U.S. Navy [29]. gembional Navigation was
extensively studied aHughes Aircraft Companynd implemented for a tactical
missile using a pulsed radar system. PN was exaha@tigaytheorand implemented
in a tactical continuous wave radar homing misg3@]. After World War 11., the

U.S. work on PN was declassified and first appearg¢dl].

Today, guidance commands proportional to the LOJearate are generally
used by most of the high-speed missiles to cotrecmissile course in the guidance
loop [11, 32]. In PN, the acceleration of the niesss, perpendicular to the velocity of
the missile (PPN) or perpendicular to the linedighs (TPN), and proportional to the
observed line-of-sight rate (LOSR) and the closiatpcity, V.. The line-of-sight rate
(LOSR) is the angular velocity of the line connegtithe missile and the target.

Hence, the change in the heading of the missiésis proportional to the LOSR.

In other words, velocity vector of the missile mtated at a rate that is
proportional to the rotation rate of the line joigithe missile and the target (LOSR).
In essence, PN is simply a proportional contrailext regulates the LOSR to zero.

The idea is that if LOSR is zero; the target arerthssile are on collision course.

Actually in an encounter, the missile seeker attsnip track the target and
measures the line-of-sight angle (LOS) and theimipselocity, V.. A guidance
command is generated, based on the proportiongatéon guidance law.
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The flight control system enables the missile tmewver in such a way that
the achieved acceleration matches the accelerediomands from the guidance law.
Endo-atmospheric missiles move control surfacegdb acceleration while exo-

atmospheric interceptors use divert engines tohgeappropriate acceleration

Proportional Navigation is the most common and atife technique that
seeks to nullify the angular velocity of the LOSgkn The missile heading rate is
made proportional to the LOS rate. The rotatiohef LOS is measured by a sensor
either onboard or located at a ground station, wbhauses commands to be generated
to adjust the direction of the missile in the dif@c of the target. Mathematically PN
law can be stated as:

ne=N'".Vc.4 (5)
where,n; is the acceleration comman, is the effective navigation rati&/, is the
closing velocity,A is the LOS angle rate. The advantage of using Plagae over
LOS guidance is that the interception time can tEatly reduced by adjusting the

effective navigation ratio.

There are variations of PN such as True PN [1N]d®&mmand Guidance [2],
Augmented PN [2]Generalized TPN [33], Pure PN [22]. These variaiand their
differences are given below.

(1) True Proportional Navigation

As briefly stated before, True Proportional Navigat(TPN) guidance law
generates acceleration commands, perpendiculdretonstantaneous missile-target
line of sight (LOS), which are proportional to tlee-of-sight rate (LOSR) and the
closing velocity as shown in Eq.5.

Ne=N".Vc.4
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where nc, is the acceleration commanl; is effective navigation ratio, a
unitless constant for gain to be set by desighgris the missile-target closing

velocity and 4 is the time derivative of the LOS angle.

In tactical active homing missiles that using PNgasdance law; seeker
provides measurement of the line-of-sight ratand radar provides closing velocity,
V.. Computed Proportional Navigation acceleration m@mds are implemented by
tactical missile’s control surfaces to obtain tlequired lift for the missile. A two-
dimensional missile-target engagement geometry Hovportional Navigation is
shown in Fig. 4.

Y

A

> X
Figure 4 Two dimensional Missile-Target Engagent@éabmetry for TPN

In Figure 4, the capital M and T denotes the nessihd the target
respectively. The imaginary line connecting the siésto the target is the line-of-
sight (LOS). LOS makes an angle ofvith respect to the x-axe. The length of the
LOS called range and denotBgly. Missile velocity vectoryYy, makes an angle df
with respect to LOS angle. The angleis called the missile lead angM; is the
target velocity vectois is the flight path angle of the target amds the acceleration

magnitude which is generated by PN guidance law.
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Considering the geometry drawn in Fig.4; detailstloé missile-target

engagement model in two-dimensional (2D) spac@aasented below.

The effective navigation ratidy', is related to the relative velocity between

the missile and the target and derived from Eq0§:[1

Vwv— V7 Vu + Vr
3. < N<3 _ (6)

Vm Vum
The missile will stay on the collision triangletdrget does not change its
heading or speed in this time interval, olhcis computed. The point of closest range
of the missile and the target is miss distances ttesired to make the miss distance

zero or acceptable non-zero values that will kbepdrget in explosion impact range.

The initial angle of the missile velocity vectortivrespect to the line-of-sight (LOS)

i.e. the missile lead anglecan be computed by applying of the law of sine:

V1. sin (3+4)
L =arcsin———— (7)
A

The components of the target velocity vectyf,on x andy axis are given in Eq.8
and Eq.9 respectively. Negative sign in the t&pcomes from the projection &fr

on to thex-axe as seen in Fig.4.
V1x=— Vr .cosp (8)
Viy= Vg .sin g 9)

As the first derivative of the displacement (pasi)i vector gives the velocity vector
and consecutively the first derivative of the véljpwector gives the acceleration
vector, the following differential equations havitige components of the target and

missile position can be derived.
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Note that subscripts T and M indicate target andsitd wherex andy indicate the

related axis. Considering target position comptsadifferential equations are:

P X — VTX (10)

P1y= Viy (11)

Similarly, considering the missile position compotse

P wx = Vwx (12)

Pumy= Viwy (13)
And the missile velocity components:

V x = auix (14)

V wy = auy (15)

whereauy and ayy are the components of missile acceleratimy,which will be
obtained by the PN law.

Considering that any vector constitutes two progest on two perpendicular axes.

(x andy for this case)Rrm can be defined as follows:

Rmv = \/ P? Tux + P? T™y (16)
where, relative position components aigfand Ryy are:

Prwx = Prx = Pux (17 a)

PTMy: PTy— PMy (17 b)

Assuming thatRry is the absolute distance between the missile aedtdrget;
closing velocity,V. is defined as the negative change rate of thartis between the

target and the missile.
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Therefore;

Ve = =Rty (18)

When the first derivative of Eq.16 is taken whistegual to Eq.18:

, Prmx . VTmx + Prvy -VTimy
VC = _RTM = — (19)
Rrwm

where, relative velocity components are:

Vrmx = Vrx = Viux (20)
VTMy = VTy - VMy (21)

Considering the projections ofgon x and y axes, the line-of-sight anglds:

2= arctan_™__ (22)
I:)Tl\/lx
and the first derivative ofi is:

. I:)Tl\/lx -VTI\/Iy_ I:)Tl\/ly . VTMx
Rrw

when the variables in Eq.5 are replaced with thesom Eq.19 and EQq.23, the

magnitude of missile acceleration can be defingerims of target-missile distance.

—(Rrmx - Vrmx + Rrmy -Vrwy) (Rrvx - Vrmy— Rrmy - V)
nc=N'. : (24)

Rrm R

Since n; is perpendicular to the instantaneous line-of-sighDS), missile
acceleration components for x and y axes can beedkas follows:
amx = —Nc. Sini (25)
avy = . COSA (26)
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In practice, the missile is not launched on a swlhi triangle, since the
expected intercept point is not known preciselyy Angular deviation of the missile
from the collision triangle is called heading eramd denotedHE. Accordingly,

initial missile velocity components can be exprdsss

Vux (0) = Vi . cos( L+HE+ 4) (27)

Vmy (0) = Vi . sin (L+HE+ 2) (28)
Zero terms in the equations denote the initial @mms. The differential equations
derived above are sufficient to model missile-targeggagement in two-dimensions

(2D) for True Proportional Navigation.

(2) Proportional Navigation Command Guidance

In command guidance a missile seeker does not. exfs source that is
external to the missile, usually on the land oriship, both transmits and receives
electromagnetic signals and their reflections td &om the target. Figure $hows
the basic geometry of PN command guidance system.

As it can be seen in Fig. By, is the range of the missil&y, is the range of
the targetpw is the sight angle of the missile; is the sight angle of the target.

To derive line-of-sight information, the targetdarhe missile position
components must be computed firstly:

PTy
tan o7 = (29)
I:)Tx
the components of the distance vector from thereateadar to the target:
Prx =Rt . coser (30)
PTy:RT . sin oT (31)
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Figure 5 Fundamentals of Proportional Navigat@ommand Guidance

Similarly, the components of the range from thearatb the missile could be
expressed as:
PMy

taney = (32)

I:)l\/lx

and inertial components of the range from the radahe missile in terms of the
measurements:

Pmx = Ru . C0Sewm (33)
PMy: Ruv . siney (34)
The relative missile-target range components are:

Prwmx = Rrx — Rux (35)
PTMy = RTy — RMy (36)
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And the line-of-sight angle can be expressed imseof the relative range
components as follows:

Prmy
A=arctan— (37)

I:)TMx

Having derived Eq.29-Eq.37, other equations forRlNcommand guidance
can be derived in the same way as done for the ifRNe previous section. In the
command guidance process, unlike active homing gssEs, various range
measurements are required to get the measuremehe afOS while in the active
homing guidance, LOS angle information is availablem the seeker avoiding
additional range measurements. In command guidarmaputed command is up-
linked to the missile and it triggers relevant ae$ in the flight control system.
However, in reality, guidance commands can notfg@emented instantaneously by
the flight control system or autopilot as therel Wwé various lags within the guidance
system. The limitation of command guidance is;nsrcept takes place further away
from the tracking radar, measurement accuracy amrttéhthe guidance accuracy
decreases.

(3) Augmented Proportional Navigation (APN)

Augmented PN (APN) is a modified form of PN to dewith target
maneuvers. This guidance law is Proportional Ndiogawith an extra term to
account for the maneuvering target. If the accataracapability of the target is
known exactly, it would be effective to use thipdy The additional term related to

target maneuver, required by the guidance law, agpes a feed-forward term in the
formulation.

ne=N'.Vc.2+(0,5.N!n) (38)
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(4) Generalized True Proportional Navigation (GTPN
In the Generalized True Proportional Navigatiommputed acceleration
command is not applied perpendicular to the linsight but has a fixed angle,

relative to it. The engagement geometry for GTPbiven in Fig.6

Target
. > VT

Missile

Figure 6 Generalized Proportional Navigation

(5) Pure Proportional Navigation (PPN)

Pure Proportional Navigation (PPN) consists ofsilesvelocity referenced
system while TPN, GTPN and APN use line-of-sigliémenced systems. In the PPN,
computed acceleration is applied perpendiculan¢ovelocity vector of the missile. It
has been shown that PPN approach is superior to dpp¥oach in terms of the
performance metrics as given in [7]. However, thglementation of the PPN
approach in homing missiles requires the exactevafithe missile velocity, which is
a time-varying magnitude and can be measured detyiranly by using an extra
navigation system onboard. On the other hand, T&ires the closing velocity
information which is taken easily from the Dopptadar. Hence, the applicability of
TPN seems easier than the PPN [34]. Basic engadgegemmetry for the PPN

scheme is given in Fig.7.
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Figure 7 Pure Proportional Navigation

Until now, history and development of guided mmssjl homing types,
guidance concepts and guidance laws have been gne®N is explained in detalil.
In a real air engagement, there are various pasmeft on a missile except the
guidance law. One of the most essential parametdoet taken into account is
aerodynamic state of the missile. After giving guedance concepts of the missile in

this chapter; aerodynamic concepts will be explhineghe Chapter Ill.
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[ll. MISSILE AERODYNAMICS

The ability of a tactical missile to maneuver deggemipon its aerodynamic
characteristics and the environmental propertieshich missile flows through. In
this chapter, fundamentals of aerodynamics is dxdiefirst; followed by the
aerodynamic forces act on a missile, derivation agrodynamic coefficients,
propulsion alternatives, thrust equations and ssakated to the modeling of missile
aerodynamics.

A. ATMOSPHERIC PROPERTIES

1. Air Density

Air density is the mass divided by the volume tthet gas occupies. The air
density is most dense at the sea level and is agagwith the increasing altitude.
The sea level standard value of air densitg,1.229 kg/m. The change of air density

is shown in Fig.8. Note that air density is oneddf the sea level value at around 10
km.
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Figure 8 Change of Air Density With Respect totédie
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2. Speed of Sound

Unfortunately there is no single value for theespef sound. For example the
speed of sound increases with an increase in textyser However, air density and
the speed of sound can be computed as functiongltiéide for standard
atmosphere models [35, 36]. Such models have sshin our models, as well.

3. Mach Number

The Mach number is used as an independent variabktating aerodynamic
measurement data and is defined as the ratio obdlueity of the vehicle and the
speed of sound at current altituc
M =

\Y

(39)
ss

where,V denotes the speed of the vehicle asdenotes the speed of sound.

At high Mach numbers, significant changes in tliedansity happen because
the airflow around the body of the missile sufféi@m the pressure changes. The
change in the air density then increases the sffeft pressure that produce
aerodynamic forces. The changes in the magnitudesaemdynamic forces are
defined as compressibility effects.

Subsonic conditions occur for Mach numbers less thne,M < 1. For the
lowest subsonic conditions, compressibility canidpeored. As the speed of the
missile approaches the speed of sound, the fligithivhumber becomes very close to
one,M = 1, and the flow is said to be transonic. At somegaon the object, the
local speed exceeds the speed of sound. Compiigsaffects are most important in
transonic flows. In fact, the sound barrier is oalyincrease in the drag near sonic
conditions because afompressibility effects. Because of the high dragoaiated
with compressibility effects, aircrafts do not miabout Mach 1.

Supersonic conditions occur for Mach numbers gretlian onel < M < 3
Compressibility effects are important for supersomiissile, and shock waves are

generated by the surface of the object.
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For high supersonic speeds;< M < 5 aerodynamic heating also becomes
very important for aircraft and missile desigiar speeds greater than five times the
speed of soundyl > 5, the flow is said to be hypersonic. At these spesdme of the
object energy goes into exciting the chemical bomdigh hold together the nitrogen
and oxygen molecules of the air. At hypersonic dpethe chemistry of the air must
be considered when determining forces on the abject

In our study, an extended point mass missile m@daksumed that achieves
supersonic speeds. Mach number and the comprégsibifects are used as
aerodynamic state classifier of the missile siricsupersonic speeds, derivations of
the aerodynamic coefficients are computed not #i@esas at subsonic speeds.
Considering that, in simulation tool VEGAS, Mach nmher is calculated
instantaneously in the aero module.

B. AERODYNAMIC FORCES

Aerodynamic forces act on a missile as it flie®tigh the air and are vector
guantities having both a magnitude and a direcfidre single aerodynamic force is
broken into two components: the drag force is opda® the direction of motion,
while the lift force is perpendicular to the direct of motion and has an essential
upward component.

Weight is another force on the missile due togtawvity, the direction of the
weight is toward the center of the earth. The @mwetg through the missile’s center of
pressure. Thrust is used to overcome drag and wéigbes and the direction of

thrust is on the missile velocity vectdfy.

Aerodynamic forces are mechanical forces. They gaperated by the
interaction and contact of a solid body with adlua liquid or a gas. Aerodynamic
issues are important for a tactical guided midsdeause the entire flight path of the

missile takes place in the atmosphere.
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Equations of aerodynamic forces act on a missit s thrust, drag and
weight are explained with related physical misgpkrameters in the rest of this
chapter.

1. Drag

Drag is an aerodynamic force that opposes motigdhemissile through the
air. Drag is a force and is therefore a vector ¢jiahaving both a magnitude and a
direction. The drag force is usually characteribgda drag coefficientCp. Drag
coefficient values can be obtained for missileough wind tunnel tests and are

usually provided as tabular data or making appraxions.

a. Drag equation:

Drag formulation is given in Eq.40:

D=05.G.p. S Vu? (40)

where D is the drag forceCp is the drag coefficientp is air density,S, is the
reference area of the missile awg is the magnitude of missile velocity. For a
missile, reference area is defined as cross settzwaa of missile nose [37].
Su=n.d/4 (41)

The drag coefficientCp is a value used to model all of the complex
dependencies of shape, inclination, and flow caonkton missile dradCp expresses
the ratio of the drag force to the force producgdhe dynamic pressure times the
area. In a controlled environment, such as a wiumhel, the velocity, density, and
area could be set, hence a drag coefficient vatwddcbe derived. The choice of
reference area will affect the actual numericalgadf the drag coefficient. The drag
could be predicted by using the drag equation, urddifferent set of velocity,
density (altitude), and area conditions.

31



b. Derivation of Missile Drag Coefficient

The drag coefficient contains not only the comptpendencies of object
shape, but also the effects of air viscosity anchm@ssibility. At higher speeds, it
becomes important to compute Mach numbers sincgaupérsonic speeds, shock
waves will be present in the flow field and it mi& sure to account for the wave
drag in the drag coefficient. Tactical missile mirhe structure mainly occurs from
two elements, body and the wings. When all the rpatars mentioned above are
included in, the total drag coefficier@ can be broken into two main components
for the missile [37].

Cb = Co ody + Co wing (42)

(1) Co Body

Firstly, the drag coefficient which comes from padructure of the missile is
examined. Components Gf gogyare:

Cb vodyfriction,  SKin friction drag coefficient,

Cb basecoast base drag coefficient in coasting flight,

Coobasepowered  Dase drag coefficient in powered flight,

Cb bodywave drag coefficient due to shock wave,
For supersonic missiles; drag is dominated(pywave OCCUrring on the nose of the
missile, while Cp ficion @and Cp pase are relatively small. The equations of these

coefficients are:

Cb body-friction= 0.053 .(1 / d) [M / (q . )] *? (43)
Cb base-coast = (0,25/ M), if (M>1) (44)
Cb base-coast = (0.12+0.131%) if (M<1)

Cb pase-powered = (1 = Ae/ Sy) (0,25/ M) if (M>1) (45)
Cb base-powered = (1 —Ae/ Sy) (0.12+0.181%)  if (M<1)

Cb bodywave = 3,6/ [ (Ln/d).(M-1) + 3] if (M>1) (46)

32



where,| is missile lengthd is missile diameteiy is the mach numbeg, is dynamic
pressure exerted on missile body, is nozzle exit areaSy is reference area of
missile and_y is nose length of the missile.

Considering Eq.43-Eq. 46, it can be seen thatwaee drag, which is the
dominant component of body drag, decreases witle&sing nose fineness ratio and
Mach number. Here, nose fineness ratio is defirsedeagth of missile nose divided
by diameter of missile. For a nozzle exit area ibas large as the missile base area,

the base drag could be assumed as zero during gd\eht.

(2) CDWing
The drag related with the wing€p wing, has two components as given in

Eq.47: wing-wave and wing-skin friction drags.
CD Wing = CD wing-wave + CD wing-friction (47)

Where, Cp wing-wave — 0 if Mae <1
otherwise,

2n,, sin® d ¢ COSA .t
SyEM?nLe

mac

b

Co wing-wave =

£

(e+1)M?ne B e+1 51‘1_1 (48)
2 2eM?\e —(-))

and

Co wing-friction = Nw [0,0133/ (q -Qnac)o'z] (2 . Sw/ S\/I) (49)
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where,n,, is number of wingsSy, is area of a wing in square feég is leading
edge thickness anglél e is leading edge sweep andig.c is max thickness of mac,
Mae =M . cosAg, g is dynamic pressure psf, CmaciS length of mean aero chord

in feet,b is wing spang is specific heat ratio =1.4

2. Thrust

The thrust force of a missile is a function of tidefined by the characteristics
of the rocket motor which moves a missile througle tir. Thrust is used to
overcome the drag and the weight of a missile artkated by the engines of the
missile through a propulsion system. The propulsgstem is in physical contact
with propellant to produce thrust. Thrust is mogfgnerated through the reaction of
accelerating a mass of gas. The engine works arelegiates the gas to the rear of the
engine; the thrust is generated in the oppositxton from the accelerated gas.

The magnitude of the thrust depends on the amdugéthat is accelerated and on
the difference in velocity of the gas through thegiae.

The exit velocity is usually stated in terms oé $pecific impulselsp, or the
impulse produced per unit weight of propellant eoned. The specific impulse is
related to the exit velocity by the Eq.50

Ve=lgp. (50)
whereg is the acceleration due to gravity. The unitlgfis second. The specific
impulse is a characteristic property of the prapelsystem.

There are several tactical missile propulsionradtives. Figure 9 compares
the efficiency of tactical missile propulsion attatives across the specific impulse
and the Mach number ranges of subsonic throughrsompie. Turbojet, ramjet and
solid rocket propulsion system alternatives aresm®red in this scheme.

Turbojet propulsion is suited for subsonic missilproviding high efficiency
against non-time-critical targets. Beyond Mach 2pemsive cooling is required to

avoid exceeding the material temperature limihatturbine inlet.
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Ramijet is effective from Mach 2,5 to 5. Above Mé&cthe combustor material
maximum temperature limits the achievable exit egjoand thrust. Deceleration to a
subsonic velocity results in chemical dissociatidrihe air, which absorbs heat and
negates a portion of the energy input of the condoul is also required to boost the
missile to the ramjet velocity about Mach 2,5.

Solid rockets have an ability of providing thrustross the entire Mach
number range. Besides, solid rockets have an agigardf much higher acceleration
capability than the air-breathing propulsion. Opiera ability at high altitudes is
another advantage of this type [37].

Thrust/ Fuel Flow Rate ,
Specific Impulse, seconds

4,000 —

Turbojet

TS —

3,000

2,000

1,000 |—

7> Solid Rocket

Vo=~

/% Mach Number
6 8 10 12

Figure 9 Tactical Missile Propulsion Alternativgy/]
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Comparison of tactical missile propulsion alteiveed based on acceleration

capability is shown in Figure 10. The comparisomé$ined as a function of Mach

number and maximum thrust-to-weight ratio. It igasl that the highest thrust-to-

weight ratio belongs to the solid rocket propulssystem.

The reason is, higher exit velocity, independenfdie exit velocity from that

of the free stream velocity and the capability ighler mass flow rate.

Turbojets and ramjets produce thrust only if thé eelocity is greater then

the free stream velocity. The maximum velocity af ar-breathing missile is less

than the exit velocity

(Thrust / Weight) max
1000 4 . . . oooo._ >
Solid Rocket
100

................... . N\

LN\
10 Turbojet ~, - Ramjet .
./ \

/ ..'- ‘\ >

0 1 2 3 4 5

M, Mach Number

Figure 10 Acceleration Capabilities of Tactical il Propulsion Systeni37]
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Maximum thrust for these propulsion systems aremgin Eq.51 and Eq.52.

The maximum thrust for Turbojet and Ramjet is:

Tv =711 4) & PV [( Ve! Vo) - 1] (51)
The maximum thrust for Solid Rocket is:
Tv = 2Pc Ar = mVe (52)

where,Pc is chamber pressur¥,, is free stream velocity, is nozzle throat area,
P IS free stream density,is missile diametem is mass flow ratey. is nozzle exit
velocity.

Ve~ 610 meters /sec. for Turbojet,

Ve~ 1372 meters /sec. for Ramjet,

Ve ~ 1830 meters /sec. for Solid Rocket [37].

3. Weight

Weight is one of the main forces affecting theodgnamic condition of the
missile. In mathematical formulation, the weight is

W=m.g (53)
Where,m is the mass anglis the gravitational force. Mass can be considéxed or
it may depend on the fuel consumption, which fommsile is typically a fixed
function of time, and the direction of the gravibaal force,g is considered as
towards center of the earth.

In this chapter, missile aerodynamic topics arsculsed. Atmospheric
properties; equations of aerodynamic forces aadtimg missile such as thrust, drag
and weight, the derivation of missile drag coeéfits at different Mach numbers,
missile propulsion alternatives and the derivatainthrust force are explained in
detail with related physical missile parameterspénformance evaluation of our new
guidance law approach, aerodynamic issues thattafifie motion of missile are
computed as to the formulations given here.
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V. THE THREE PLANE APPROACH (TPA) FOR 3D
TRUE PROPORTIONAL NAVIGATION

Keeping the essentials of two-dimensional TPN apghno explained in
Chapter 11.B.3.d.(1) in mind, Three Plane Appro&ERA) has been developed and is
explained in detail in this chapter. In the TRAree dimensional (3D) engagement

space is projected onto three perpendicular pléhgsS,;andS,,. (Figure 11)

,’vvl\/lyz

v

VMxy

Sty

Figure 11  Projections of Missile Velocity Vector to Three Planes

The projections of missile velocity vector on teetplanes are shown in
Fig.11. In a pursuit-evasion scenario, there ar@ nvain vectors to deal with: target

and missile velocity vectors.
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It is assumed that the missile and the targetparet mass and having the
velocity vectorsVr, Vv respectively. The projectionf such two point masses’

relative motion geometry 88,,, Si;and S;;planes are shown in Fig. 12 (a),(b),(c).

y Z
A ‘
V
V1yy TXZ
Vivixy Pxy | “T
n C_Xy L .A.................
Xy“"""'"
\\ -
M
(@) SyPlane (b) S.Plane

VTyz

v
<

(c) SzPlane

Figure 12 The Projectionsf Target's and Missile’s Relative Motion orfg, , S,

andSy; Planes
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Our approach to solve guidance problem in 3D spacé& project 3D
geometry onto 3 perpendicular planes suclsgsS;andS,; to solve the problem in
each plane independently for two-dimensional TrogpBrtional Navigation (TPN)
and to produce a 3D solution by combining theses@lDtions.

Considering Fig.11 and Fig.12, the components ok@tions and equations
to combine those to provide 3D solutions are dera® follows:

The distance between the target and the missile is:

Rmv = \/ P? twx + P? ™y T P? 1wz (54)

The line of sight (LOS) angles:

I:)Tl\/l

Axy= arctan—— (55 a)
IDTI\/IX

A= arctan Prwz (55 b)
I:)Tl\/lx

Jy, = arctan Prwz (55 c)
Prmy

Target flight-path angles:

AP

Bry=arctan_— "V (56 a)
A4 I:)Tx
AP

Pxz= arctan ik (56 b)
A4 I:)Tx

Py.= arctan ik (56 ¢)
A PTy
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Projection of target velocity vector on8y, S, andS; planes:

V1= N V2Tx + V2Ty (57 a)
Viz= "\ V2Tx + V2Tz (57 b)
Vryz= N Vi, + V2, (57 c)

Missile lead angled,,y, Lx, andLy, for each plane (i.eSy, Sz, Sy, have to be
computed considering Eq.54-Eq.57 c. In order td fime currenteading anglesor

all possible engagement schemes:

Lyy= arcsin Vo - SNt A) (58 a)
Vm
L,,= arcsin Vi - SinBrat 4) (58 b)
Vm
. V1yz . SinBy,+ 4
L,,= arcsin — A (58 c)
Vm

It can be seen from Eqg.5 and Eq.24 that to prodbheerequired acceleration
commands for each plane; their closing velocify) @nd line of sight (LOS) change
rate ¢) values must be computed. From Eq.55 (a)-(c); gaamates of LOS angles

can be derived as:

; Prvx Vmy - Prvy Vrmx (50 3)
Xy = a
PPrwx+ P2Tl\/|y

) Prvx Vvz - Prvz Vv
= (59 b)

Axz=
2
P rmx+ I:)ZTMZ

Prmy Vvz - Prvz Vvy

(59 ¢)

P rmy+ PPrwz
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To compute the closing velociti®&fyy, Vexz Veys) for each planePryvyy, Prvxz, Prwvyz

values must be differentiated just like in Eq.1s,

Prvx -Vrmx + Prvy -y

Vny = _ (60 a)
( PP+ PZTI\/Iy)I/Z
Prvx -Vmx + Prvz -Vmz
Vexz =— 7 (60 b)
( PPt PZTMZ)
Prvy .Vrmy + Prvz .VTmz
VCyz = — P (60 C)
( PzTMy"‘ P2T|v|z)
where, relative velocity components are:
Vrmx = Virx = Viux (61 a)
Vmy = Vry = Viy (61 b)
Vimz = Vrz = Ve (61 ¢c)
Hence,
nc_xy = N' . VCXy . ixy (62 a)
Nexz= N". Vexz - Jxz (62 b)
nc_yZ: N' . VCyZ . iyz (62 C)

acceleration commands 8y, S, andS,,; planes are derived.

Missile acceleration componentavk, amy, amz) for x, y and z axis can be
computed by combining two components sharing theesaxis. Fig.12 indicates that
one axe’ acceleration component is interacted IpyaBes’ acceleration commands.
By the help of trigopnometric relationships, unifietlssile acceleration components of

axesx, y andz can be founded as below:

amx = — Ic_xy- sin Axy— nc_xz-Sin Axz (63 a)
avy = e xy- Cosj-xy_ nc_yzSin j-yz (63 b)
amz= Nc_xz. COSAxz+ Ne_yzCOSAy; (63 ¢)
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In the literature, [23, 38, 39, 40] while implenteg the acceleration
commands as control variables in equations of mothey are broken into vertical
and horizontal components, namedgs, andayaw.

The vertical acceleration componengich is directed perpendicular to the
velocity vector of the missile and upwards, and tleeizontal componen®gyaw is
perpendicular to both the velocity vector and tleetigal acceleration component.
The suggested vertical and horizontal acceleratigaserated by Proportional
Navigation are defined as:

apich= N' . Vc. Apitch + g . COSYM (64)

ayaw = N' . Ve. dyaw (65)
where,yy is flight path angle between the velocity vectod és projection onto the
Xy plane;ipitch and)%yavv are the line-of-sight rates (LOSR) for relative tieal and
horizontal motion respectively. These acceleratommands can not exceed the
maximum achievable acceleration limits of the nissmposed by the structural
limits.

In our study, vertical and horizontal componeritagzeleration commands,
apich anda yaware computed in a different method. As seen onIHBagnd Fig.14,
vertical component of missile acceleration commeantd be derived as:

@ pitch = 8z .COSYM + G . COSYMm (66)

and the lateral component of missile acceleratmmroand:

T
Ayaw = avy SiN (—2 =M ) — 8w - SiNym (67)

These acceleration componerasich anda yaw, Will be used as control variables of

the missile in the equations of motion.
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Figure 13 Components of Missile Acceleration Comasan 3D Environment

Z
A © >y

Figure 14 Projections of Missile Acceleration Goands ontxz andxy Planes
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In this chapter; Three Plane Approach (TPA) for 3ue Proportional
Navigation has been explained.

To summarize TPA, to solve the guidance problem;e8igagement space
geometry is projected onto 3 perpendicular planes ss,S,y, S;andS,,. Guidance
problem is solved in each plane independentlyar-dimensional True Proportional
Navigation (TPN); acceleration commands are geedrédr each plane, and a 3D
solution is produced by combining these 2D solion

In Chapter VI, TPA is used as missile guidance dad effectiveness of TPA
against targets employing evasive maneuvers is ieeamwithin aerodynamic

limitations.
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V. VISUAL END-GAME SIMULATION: VEGAS

In this thesis, the missile and the guidance hystmostly used guidance laws,
analytic solution of TPN and aerodynamic forces anmissile are examined
respectively. After having this background, a nely uidance law approach is
developed named Three Plane Approach (TPA), base@RN. This approach is
developed for active homing air-to-air or surfaceair missiles’ terminal phase in an
encounter.

In another thesis [1], Akg@astudied comparative evaluation of basic fighter
maneuvers against PN guided missiles. In this wbdside the mostly used basic
evasive maneuvers, flight dynamics of high accétamacapability fighter aircrafts
are investigated.

From the missile point of view; a target modelréguired to evaluate the
effectiveness of new guidance law; while, a guigedsile model is required to
evaluate the effectiveness of the evasive maneukarsthe fighter aircraft point of
view.

To provide a solution to these requirements, tigatto evaluate the
performance of guidance law proposed in this thessmulation sofware, VEGAS
is implemented, in which the missile and the taggetindependent modules. Hence it
would be possible to evaluate the effectivenessotf sides.

This simulation software is named assyal Ehd-Gane Smulation, VEGAS.
The last seconds of the encounter is also calledi@me. The VEGAS software is
implemented in Visual C++ programming language gi€dpenGL library. Different
modules of this simulator have been designed, dpeel and implemented by Moran
and Akda [1] as parts and partials of their master thesigepts.

The terminal phase of the encounter between tlesil@iand the aircraft is
considered in the VEGAS. These last seconds ofetigagement are the most
important period since its success or failure deiiees the success or failure of the
entire mission.
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Since the scenarios of this simulation tool statsthe beginning of the

terminal phase, the missile and the aircraft aseiraed to have initial velocities and

some kilometers from each other. All the aerodymaand physical parameters of

both missile and target aircraft are included iInGAS. It is realized that the

developed guidance approach works effectively agahigh-g capacity fighter

aircrafts. The results are illustrated by both gim@l and 3D visual demonstrations

for the user to deeply observe the terminal ph&iseoengagement.
A. DESIGN FEATURES

The VEGAS is comprised of five basic modules:

Main
Evader
Pursuer
Radar

Aero

The overall flow chart of Visual End-Game Simidatis given in Fig.15. As

seen on the chart, the simulation steps are asifsll|

1. Target makes a step of evasion maneuver in 3D @amwient with respect

to aerodynamic considerations.

2. Missile takes the position data of target from‘ttaglar” module.

3. Missile guidance law generates the accelerationntanas with respect to

the engagement geometry.

4. By using the parameters coming from “aero” modakxrodynamic forces

such as drag, thrust, weight are computed, linméscantrolled. Translational

movement in 3D is derived from equations of motioth all these values

These steps are repeated while the range betweget and missile is larger

than the capture radiusRnd the target is in the missile seeker cone.
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Since VEGAS is a discrete-time simulation, motiaishe missile and the
target are performed in fixed time steps. The siz@me step is assumed equal to the

missile’s guidance system time constant whicheéstttal lag of guidance system.

1. Main Module
“main” module could be assumed as referee funaiioth the manager of the
simulation. It starts and ends the simulation adiogr to the user-chosen conditions
and is responsible for the visualization. It fiysthitials the simulation by getting
from the user the variables such as:
 initial positions of pursuer and evader on 3D emwvinent,
* initial velocities of pursuer and evader at theibemg of the terminal phase,
» initial heading and flight path angles of pursued avader.
By getting these initial conditions, all the po$sibcenarios can be generated in 3D
space. Capture radiuRg, is set in advance and considered as a success ofahe
missile. After setting the initial conditions, tlsémulation begins and continues by
calling the “evader” and the “pursuer” modules exgjvely, while the target in the
field of missile seeker cone and the range betwhen‘pursuer” and “evader” is
greater than the capture radii;, Success or failure is decided with respect to the
target’s being in the missile’s seeker cone andlss distance. If the miss distance,
that is closest range between the pursuer andviigeein entire flight, is greater than
the capture radiusRc, or target is out of the missile’s seeker conés iassumed
failure. After the simulation ends with succesgadiure result, the trajectory traces of
both vehicle can be seen from any view that udectssl.
Also the visual settings are located in “main” mled VEGAS is designed in
such a way that the user has the ability of chapsire camera location and its
orientation. That feature enables the user to ebsthre engagement from all the

possible views.
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Figure 15 Flow Chart of Visual End-Game Simuwlat

2. Radar Module

The function of “radar” module is giving the cumtecoordinates of target and
missile to each other. This module is used by Bettader” and “pursuer” modules.
When the “evader” completed the evasive maneuvefixed time-step of the

simulation, it sends itigl and currenk, y, zcoordinates to the “radar” module.
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When it is pursuer’s turn; “pursuer” module seitddd and current location
to the “radar” module and acquires the target doatds inx, y, zaxis.

Although “radar” module produces perfect map ajagement space upon the
requests from “pursuer” and “evader”, the modulaicttire is designed to support

producing signal superimposed with noise.

3. Aero Module
“aero” is the mutuamodule that is used by both “pursuer” and “evadér”.
obtains the information of air density and Mach iem which are related with the

altitude and the velocity that vehicles have instaeously.

4. Evader Module

The evasive maneuvers and flight dynamics of cdrabvaraft are included
into the “evader” module. Alternatives of basichigr aircraft maneuvers and related
aerodynamics are implemented in this module. Thex gan select the maneuver
which target aircraft will carry out in the simulat. The “evader” module is
organized by Akda [1] and detailed information about evader candoend in this
study.

5. Pursuer Module

The issues that effect the missile maneuver saafedavation of acceleration

commands, aerodynamic forces, missile charactesisétc., are included into
“pursuer” module of the VEGAS. The fundamentals roéntioned issues are
discussed in the Section Il, lll and IV.

“pursuer” module is in relation with “radar” an@éro” modules. “pursuer”
obtains the target information from “radar” modulkfter computing acceleration
commands that will be implemented by autopilothe tontrol section of the missile,
“pursuer” sends its own altitude and velocity aguinparameters and gets the results

such as Mach number and air density as return sditaen “aero” module.
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The equations of motion are employed with respetihe aerodynamic forces
on the missile. Pursuer module is shown in Figrl@etail.

When the “pursuer” module is called by “main” mégusome calculations
are done. These are:

» target location is acquired from “radar” module,

» target velocity components gf yandz axis,

» relative position vectors fot, yandz axis,

* line-of-sight angles (LOS) foty, xzandyz planes,

» target flight-path angles foty, xzandyz planes,

* infirst step, missile leading angles and initialocity components,

» relative and closing velocities fay, xzandyz planes,

» line-of-sight change rates fay, xzandyzplanes,

* acceleration commands fry, xzandyzplanes,

» acceleration commands feryandz axis,

* vertical and lateral components of acceleratiogyich and ayaw as control
variables

» density and Mach number for instant conditionshefmissile

» drag coefficient and drag force,

» thrust equation as a function of time,

* equations of motion, extended point mass missildehtvanslational movement
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One step of missile maneuver is ended after terbwwea are calculated. In the
computation of the missile control variablegicn andayay, acceleration limitations

(30-g) are included to make a realistic missile etod

( START )

A 4

‘ I:)Tx y I:’Tya I:’Tz

'

VTx, VTy’ VTz
PTMX1 IDTMy’ PTMZ
lxy,lxz; /1yz
ﬂxy ,ﬂxz, ﬂyz

VTyz ,Vsz; VTxy
ny; I-yz, Lxz
Vrvx, Vivy, Vrwz
VCg(yy \{sz, yCyz
lxy, Axz, lyz
Ne_xy Ne_yz,Nc_xz
Avix, Mz, Auy
ayaW1 3pitch

Target position taken from the
“radar” module.

Target velocity is computed

Relative position components

LOS angles for 3 planes are computed

Target flight-path angles

Target velocity projected on 3 planes

Leading angles of missile on 3 planes

Relative velocity components on X,y,z

Closing Velocities of 3 planes

LOS Rates for 3 plane are computed

Acceleration commands of 3 planes

Acceleration commands of X,y,z axis

'

Lateral-vertical acceleration commands

density

D, T, W
am, YM! XM
updateVMx, VMy, VMZ
updatePux, Puvy, Pwu:

-------------- > Air density is taken from Aero module
-------------- > Drag, thrust, weight equations

.............. > Equations of motion

.............. > Update missile velocity components

......> Update missile position components

'
( RETURN >

Figure 16 Flow Chart of the “Pursuer” Module
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VI. PERFORMANCE EVALUATION

In this chapter, a missile guided with the TPAra@agh presented in Chapter
IV and a target fighter aircraft are considerede Hir combat between the fighter
aircraft employing evasive maneuvers and the neiggiided by proposed approach
to intercept this aircraft is examined. VEGAS, disaxd in the previous section, is
used as the discrete-time simulation software.

The time constants of both missile and aircraét assumed as 0.1 second.
Although, the guidance system dynamics are qugeifs¢ant in practice and in the
tactical missiles; in this thesis, the time constai guidance dynamics are assumed
negligibly small compared to the dynamics of tratishal motion.

Aircraft and missile models used in the simulatians based on the extended
point mass assumptions. The earth is assumed dieduse the relative distance
between the missile and target is short in the itehrguidance phase and thus the
curvature of earth is considered not to be abbdfert the dynamics of the flight. The
velocity vector, reference line of the vehicle, ttheust and drag forces are all
assumed parallel. (Fig.17) Also wind is ignoredtlre missile and target models
hence the side-slip angle is assumed to be zem.dyhamic model of the missile
and the aircraft and their guidance dynamics aesgnted below. These assumptions
are associated with Miele [41]. Missile and tangetdels that used in our simulations

are given below.

A. MISSILE MODEL

The evaluation of the missile flight trajectoryquéres consideration of
degrees of freedom (DOF) to be simulated. The sst@nd the acceptable model for
the conceptual design of the high speed missiles degree-of-freedom is considered
to model the missile. One degree-of-freedom requinely thrust, weight and drag

forces of the missile [37].
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In one degree-of-freedom modeling, heading angtefiaght path angles are used as
state variables. The position of the missile in theee-dimensional (3D) space is
defined by three state variables, which are coatdsx andy range and altitude

The missile is directly controlled with commandadcelerationsapicch and
ayaw those are generated by the guidance law develop8ddtion IV.

Missile employs STT (Skid-to-Turn) maneuvering heet to implement these
acceleration commands. STT maneuvering is commamadtety the line-of-sight
(LOS) of the seeker without rolling and is gensralteferred due to its fast response
to the acceleration commands [37].

The angle of attack and the bank angle are assuonéé zero. The Euler

angles and the directions of the aerodynamic foooes missile are shown in Fig-17.

Vm

Thrust

Figure 17 Angle and Force Definitions of Threeadnsional Missile Model
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Equations of motion with respect to Euler anglesas follows:

Vix = Vm . COSYm COSYm (68)
Vmy = Vm . COSYMm Sin M (69)
Vvz= Vu. sin Y™ (70)
Tm— Dw _
ay =——— - (.Sifpy +aux.Ccosym +
Mw

any €os(90°-ym) + amz. sinym  (71)

. Apitch— g COSYm
Y™ = (72)
Vm
N avavx
M = (73)
VM COS Y

where,

Vmx, VmyandVy, are the components of missile velocity on axigandz,

aw, totalacceleration of missile;

Ym, Mmissile flight path angle, is the angle betwebe wvelocity vector and its
projection onto thay plane;

M, heading angle, is the angle between the projectidhe velocity vector onto

thexy plane and th& axe;
Tw is thrust force of the missile; Dw is drag force on the missile;

my is mass of the missile; g is the gravitational force.
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The mass of the vehicle and its change due to daesumption are also

included into simulation as a state variable. Thappllant mass at the terminal phase

is assumed equal to 30 kg. and change rate of fmaopenass, so the total mass rate

of the missile during this period is:

mu = — 3 kg/sec. (74)
Parameter Value \
Missile Length] 3,66 m
Diameter,d 0,17 m
Ln/ d, nose fineness ratio 3
Mass of the missilany 100 kg.
Thrust force,T 5490 N
Weight of propellant at the beginning of terminbbpe 30 kg.
Propellant flow ratemy - 3kg/sec.
Burn time,tg 10 sec.
Reference AresSy ,0D6 nf
Maximum acceleration limit 08
Nozzle exit area. 0.0052
Nnw, Number of wings 2
&, specific heat ratio 1.4
A, leading edge thickness angle 10 deg.
/e , leading edge sweep angle 45 deg.
tmac , Max thickness of mac 1,48 cm
b, span 81,78cm
Cmao length of mean aero chord in ft 73¢m

Table 1 Missile Model Specifications
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Thrust force of our missile model is the functiohtbe time during flight. From
Eq.52, thrust force during 10 seconds of the teahphase is equal to:
Tm = mVe= — 3 kg/sec . 1830 m/sec = 5490

From Eq.40, the drag force of our missile model is:
D =(0,5.Co.p. Su.Vu?)

where,Cp is the total drag coefficienp, is air density Sy is the reference area of the
missile andvy is the magnitude of missile velocity. It can bersem the Eq. 42-49
that the drag coefficient is comprised of the sureeveral terms. The components of
drag coefficient are: Cp pody-wave Cb base Cb body-friction, Cb wing-wave Cb wing-friction

In the simulations, drag coefficient is computddng with the instant
conditions of the environment that missile fliesotigh and the physical parameters
of missile that given in Table 1.Computation ofatadrag coefficient is explained in
Chapter II.B.1.b. in detail.

B. TARGET AIRCRAFT MODEL
In our study, high-g capacity fighter aircraft ¢®nsidered as the target.
Motion modeling and implementation of the targeasive maneuvers are examined

by Akdag [1]. Target equations of motion are given as:

V1x = V. COSYT COSYT (75)

V1y = V1. cOSYT Sinr (76)

V1x = Vr. sin YT (77)

. Lt + u Ty sina) cos

vr = (Lt T sina) cosy g cosyr (78)
mr V1 Vr

. Lt+ u Tt sina) sin

g = ot U T sine) sing (79)
mr Vr

ar = -9 Tr Crgfl —Or My .g . Sinywm (80)
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where,

V1x , V1y and Vr; are target velocity components,

vt , flight path angle ¥t , heading angle

a , angle of attack u , and the bank angle
Tt , maximum available thrust of the aircraft Ly, the lift

my ,the mass of the aircraft u, throttle setting

C. SIMULATION SCENARIOS
In all of the simulation scenarios, the final peli terminal phase of the
encounter is considered, where the missile isalhytiflying with a supersonic

velocity on collision course within some kilometéism the target aircraft.

Scenario 1:

Initial engagement conditions for Scenario 1 awegias:

Missile Target

positions orx, y, z. (0, 2000m, 2000m) positionsxary, z (12000m, 0,5000m)
headingym = 0° aaéng,yr = 0°

flight path angleyw =0° flight path angleyr = 0°

initial velocity = 1000 m/sec. initial velogit 300 m/sec.

Missile and target trajectories are evaluated \thigh initial conditions given above
and while the target is employing Barrel Roll, LaneAcceleration, Immelmann,
Horizontal-S and Split-S evasive maneuvers, regmdygt Missile and target
trajectories are given in Fig.18-22.
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Figure 18 Missile-Target Trajectories of ScenatidBarrel Roll
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When the target employs Linear Acceleration maneuve
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Figure 19 Missile-Target Trajectories of Scenatid_inear Acceleration
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When the target employs Immelmann maneuver:
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Figure 20 Missile-Target Trajectories of Scenatidmmelmann
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When the target employs Horizontal-S maneuver:

Horizontal-S Maneuver
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Figure 21 Missile-Target Trajectories of ScenatidHorizontal-S
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When the target employs Split-S maneuver:

Split-S Maneuver
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Figure 22 Missile-Target Trajectories of ScenatidSplit-S
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The effects of different evasive maneuvers onnnfigsile-target trajectories
are observed below for Scenario 1. It is realizest tleveloped guidance approach
works effectively against basic evasive maneuvershsas Barrel Roll, Linear
Acceleration, Immelmann, Horizontal-S and Split-S.

As mentioned before, PN guidance law works by lemg the line-of-sight
rate (LOSR) to zero. Missile line-of-sight anglég,,(4x, andiy,) and deviation of
line-of-sight rates 4y, 4x; andiy, ) during missile flight are shown for our approach,
TPA in Fig.23 and Fig.24. The target employs HamabS maneuver in this

engagement.
Line-of-sight angles vs. Time
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Figure 24 Line-of-sight Change Rates due tgtiliTime
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From Fig.23 and Fig.24, it can be seen that linsigiit rates (LOSR) come near to
zero during the missile flight. This means the ¢argnd the missile are on collision

course. If to give one more example about the sarbgect in another scenario;

Scenario 2:

the missile initial positions are: (0, 2000m, 2000m

the target initial positions are: (2000m, 0, 5000

flight path and heading angle of both the missild the target are zero degree.
Line-of-sight angles and change rates are givéfgr25 and Fig.26.
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Figure 26 Line-of-sight Change Rates due tgl#liTime(Scenario 2)
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In the Scenario 2, since the initial range is serdtan in Scenario 1, magnitudes of
line-of-sight change rates are bigger than thosecenario 1, at the beginning of the
engagement. But line-of-sight rates in Scenarior®eto near zero, as well.

This feature of our algorithm TPA, making the holesight rates in three
planes come to zero, makes our pursue idea stronger

The effects of evasive maneuvers on significanssite parameters like

vertical acceleration, lateral acceleration, fligi#th angle ((u) and heading angle

(%m) are shown in Fig.27-Fig.30

Vertical Acceleration vs. Time
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Figure 27 Missile Vertical Acceleration Magnitsdes. Time

From Fig. 27, it can be seen that Split-S manedorres the missile to generate
largest vertical accelerationsayfcn) while Linear Acceleration maneuver does
smallest magnitudes. Vertical acceleration requérenagainst Linear Acceleration
and Horizontal-S maneuver is observed low as erpett is also seen that when the
target employs Immelmann and Barrel Roll maneuvleere exist considerable
vertical acceleration requirements of the missile.

66



Lateral Acceleration vs. Time
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Figure 28 Missile Lateral Acceleration Magnitudes Time

Lateral acceleration af,,) magnitudes that generated against different egasi
maneuvers are shown in Fig.28. It can be seenhidwatest maneuver to force the
missile to maximum lateral accelerations is Hortab® maneuver. Barrel Roll

maneuver has also significant impact on it. Theehhave relatively negligible

impact.
Flight Path Angle vs. Time
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Figure 29 Missile Flight Path Angle vs. Time

A state variable, flight path angle\() magnitudes with respect to flight time are

shown in Fig.29
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The maneuver that forces the missile to employ mara flight path angle is seen as

Immelmann maneuver. Split-S maneuver has alsogitropact on flight path angle.

Heading Angle vs. Time
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Figure 30 Missile Heading Angle vs. Time

Heading angleyu) variations are shown with respect to flight time~ig.30. Split-S

and Immelmann maneuvers have linear effectgyarHorizontal-S maneuver forces
missile to make maximum heading. Barrel Roll andelar Acceleration maneuvers

have relatively slight effect on heading angle.

Scenario 3:
For an anti-air missile; the meaning of initial dititons such as initial position and

target line-of-sight are very critical in an engagmt. To evaluate the results of
possible situations of both missile and the tarhpefding angles of both side are
varied in Scenario 3. The target employs Barrell R@neuver. Missile’s heading
angle varies from —-30° to +30° with the intervafsl0° while the target's heading

angle varies from 0° to 180° with the intervals1&®. Other initial conditions are

given below:
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Missile Target
positions orx, y, z. (0, 0, 2000m)

positionsxary, z. (9000m, 0,2000m)

missile heading, = -30° %y < 30° target heading, 0%x< 180°
flight path angleym = 0° flight path angleyr = 0°
initial velocity = 1000 m/sec. initial velocity 300 m/sec.
. m Missile Heading -30 deg
20 Scenailo 3 ¢ Missile Heading -20 deg
. . Missile Heading -10 deg
¢ Missile Heading 0 deg.
-~ I A Missile Heading 10 deg.
8 15 B [ * o . ||
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Figure 31 Interception Time due to Missile and Tergeading Angles

From Fig.31 it can be easily seen that intercepiime increases with relative
heading angle magnitude. For example, when theilmissading is equal to zero,
means the target is in front of the missile, ingpton time is very small whatever the
target heading is. But when the missile headinggsial to —30° or —-20° the

interception time increases or the mission resuite miss. Black points in Fig.31

represent the misses.
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Scenario 4:

In this scenario, the performance of developed @gur, TPA, is compared with the
PN method widely used in the literature [23, 38,48Y. As mentioned in Chapter IV,
in this method, vertical and lateral acceleratiomponents are computed differently
(Eq.64-Eq.65) from those computed in TPA.

The scenario is given as:

Missile Target

positions ony, z (2000m, 2000m) positionsxyry, z (14000m, 0,2000m)
headingym = 0° aakng,yr = 0°

flight path angleyw =0° flight path angleyr = 0°

initial velocity = 1000 m/sec. initial velogit= 300 m/sec.

To compare the results of both methods, TPA and tR&lx position of missile is
varied from origin to 10000 meters with the intdsvaf 250 meters. The simulation is
run for TPA and PN for the target employing basiastve maneuvers. The results
are given in Fig.32-Fig.36.
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Figure 32 Evaluation of TPA with PN, Immelmann Mawver
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Intercept Time vs. Range
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Figure 33 Evaluation of TPA with PN, Barrel Rolakkeuver
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Intercept Time vs. Range
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Figure 35 Evaluation of TPA with PN, Split S daver
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Figure 36 Evaluation of TPA with PN, Linear Acraltion Maneuver
Black points in Fig.36 represent the miss condgiolt could be seen from the
simulation results that; the interception time daerange magnitudes for PN and

TPA methods are very close to each other. (Figig236)

72



VII. CONCLUSION AND FURTHER RESEARCH

As the main contribution this thesis; a novel gumice approach for 3D missile
guidance is developed, which is effective againgh{y capability fighter aircrafts
that employ evasive maneuvers. The performancéisfapproach has been tested
both visually and analytically via developed sintida software, VEGAS (Visual
End-Game Simulation). When compared with classiidl approach, it is verified
that the performance of proposed approach is randgteffective for high-g capacity

aerial targets employing evasive maneuvers.

VEGAS is constructed as a production of this theSifferent modules of this
simulator have been designed, developed and implitidoy Moran and Akdal1]
as parts and partials of their master thesis pimjécom the viewpoint of the missile,
a large number of missile parameters are included“pursuer” module of VEGAS.
Thus, it is possible to evaluate the performanceamf missile configurations by
changing only the parameters of the “pursuer” medof VEGAS. Since it is
designed in a modular and visual structure, it mlap be used as a training tool by
the related army staff.

In this study, the missile is assumed to haveegerknowledge of target
position. In a real situation, there are likelyo® measurement errors in the missile’s
measurement of the target aircraft data such agtigggsclosing velocity etc.
Although “radar” module produces perfect map of aggment space upon the
requests from missile, the module structure isgiesi to support producing signal
superimposed with noise.

Only the missile motion dynamics of the encourdex considered in this
study. However, in a real encounter, the targetraitr is probable to have
countermeasures, such as chaff. In such a sityatiossile guidance system is
expected to filter the fake data by using extengthiniques like Kalman Filtering

and to guide the missile to the real target pasitmintercept.
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Additionally, in a possible missing occurrenceg timissile should have re-
attack capability by using an extra algorithm & jiropellant quantity is sufficient for
a new attack.

Trajectory learning and optimization using neungtworks will also be
included into the guidance system. Missile guidasgstem will be trained via
specific target maneuver data. Hence the missite inguidance system will be
ready to make the best maneuver decision for piieatktarget maneuvers.

The modeling of the electronic counter-countelsness, the re-attack
function, trajectory learning and optimizing theeuef such procedures are our

directions of further research.
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