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ABSTRACT

AUTOPILOT AND GUIDANCE ALGORITHMS
FOR IR GUIDED MISSILES

KILIC, Kayhan Caglar
M.S., Department of Electrical and Electronics Engineering
Supervisor: Prof. Dr. Zafer Unver

Co-Supervisor: Prof. Dr. Kemal Leblebicioglu

December 2006, 129 pages

Guided missiles are among the most effective threats against air platforms. Aircraft
and helicopter losses in the last decades were mostly due to guided missiles, 70% of
which were infrared guided missiles. Today, there are as many as 500,000 shoulder-
fired missiles in military arsenals around the world, whose guidance algorithms

enable them to track the desired trajectories very precisely.

In this thesis, main focus is on defining infrared missile guidance and control
algorithms in order to study on various target-missile scenarios for the effectiveness
of these algorithms. First, a mathematical model of a generic missile is given. Then
the flight control system of the missile is created by using LQR and PID controllers.
Different kinds of PNG algorithms applied to an infrared missile are presented. The
seeker part of the infrared missile is also discussed. The effectiveness of guidance
algorithms are studied based on different target — missile scenarios and the responses

of them to IR countermeasures are also observed.
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This study shows that different guidance algorithms can be used for different
scenarios. If suitable algorithms are combined and suitable constants are applied, the
guided missile can track the target very precisely. In addition, the seeker part has to
be improved with tracking algorithms in order to recognize IR-countermeasures and

not to follow them.

Keywords: Missile, Infrared Guidance, Infrared Seeker, PNG, Flare
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KIZILOTESI GUDUMLU FUZELER iCIN
OTOPILOT VE GUDUM ALGORITMALARI

KILIC, Kayhan Caglar
Yiiksek Lisans., Elektrik-Elektronik Miihendisligi Bolimii
Tez Yéneticisi: Prof. Dr. Zafer Unver

Ortak Tez Yoneticisi: Prof. Dr. Kemal Leblebicioglu

Aralik 2006, 129 sayfa

Gudiimlii flizeler, hava platformlarina karsi kullanilan en etkin tehditlerden biridir.
Son yillardaki ugak ve helikopter kayiplarinin ¢oguna, yiizde 70’1 kizil 6tesi glidiimli
olan fiizeler sebep olmustur. Bugiin diinya genelindeki askeri cephanelerde, 500,000
kadar omuzdan atilabilir fiize bulunmaktadir Bu fiizelerin giidiim algoritmalari,

belirtilen rotalarin ¢ok diisiik hata oranlari ile izlenebilmesini saglamaktadir.

Bu tezde temel olarak, cesitli hedef-fiize senaryolar1 i¢inde giidiim algoritmalarinin
etkinliklerinin iizerinde ¢alismak i¢in kizilGtesi flize giidiim ve kontrol algoritmalar
tanimlamaya odaklanilmistir. {lk olarak genel bir fiize igin matematiksel model
verilmistir. Ardindan ugus kontrol sistemi, LQR ve PID kontrol mekanizmalari
kullanilarak yaratilmistir. Kizildtesi fiize i¢in uygulanan farkli PNG algoritmalari
sunulmustur. Kizilétesi flizenin arayici kismi da ayrica tartisilmistir. Gudim
algoritmalarimin  etkinlikleri, farkli hedef-fiize tabanli senaryolar bazinda
incelenmistir ve bunlarin kizilotesi karsitedbirlere karsi tepkileri de ayrica

gbzlenmistir.
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Bu calisma, farkli giidiim algoritmalarimin degisik senaryolarda kullanilabilecegini
gostermistir.  Uygun  algoritmalarin  birlestirilmesi  ve uygun katsayilarin
kullanilmastyla giidiimlii fiize hedefini hassas sekilde takip edebilmektedir. Buna ek
olarak, kizilotesi karst tedbirlerin flize tarafindan taninip takip edilmemesi icin fiize

arayici kisminin takip algoritmalari ile gelistirilmesi gerekmektedir.

Anahtar Kelimeler: Fiize, Kizilotesi Glidiim, Kizilétesi Arayici, PNG, Atestopu
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CHAPTER 1

INTRODUCTION

Guided missiles are among the most effective threats for air platforms. Aircraft and
helicopter losses in the last decades were due to guided missiles, 70% of which were
infrared guided. Today, there are as many as 500,000 shoulder-fired missiles in
military arsenals around the world [1]. The popularity of the infrared missiles comes
from their guidance algorithms and seeker parts, which provide tracking the desired
trajectories very precisely. Effectiveness of the guidance algorithms with a constant

seeker part can be analyzed by studying different target / missile scenarios.

Missile guidance system consists of a seeker part, a main guidance system and a

control system (Figure 1).

The seeker part is the heart of the guidance system because the estimation of the
target’s position is carried out by the seeker. The seeker consists of detectors for

detecting the radiant intensity of the target.

The main guidance system provides the necessary flight path dynamics in order to
achieve the mission objective of the missile by using the seeker’s outputs. There are
many guidance techniques which are already used in literature such as command

guidance, homing guidance, present guidance, and proportional navigation [2].



The control system, in summary, has the following objectives: (i) controlling the
missile dynamic stability for all phases of the flight, (ii) controlling the aerodynamic
loads on the missile to attain guidance objectives, (iii) decoupling the pitch and yaw
control channels. The guidance commands generated throughout the flight are
processed by the flight control system to stabilize the missile with respect to these
commands. This stabilization is done in pitching, yawing, and rolling motions of the
flight. The flight control system generates its own commands for control

mechanisms, in order to properly execute the guidance commands [3].

Target Position / Main Flight .. L
Attitude —| Seeker || Guidance »| Control NII)IIZSIﬂe 11)\/[ 1s:1 le
Information System System osition

Figure 1 Guidance and Control System

Flight control system is implemented by autopilots. There are several ways of
designing autopilots based on mathematical models developed for infrared guided
missiles. Mathematical model of a missile is based on the moment and force
equations acting on it and kinematics properties of the scenario [4]. There are lots of
different mathematical models for a missile according to the control surfaces to be
used. Jae Weon Choi has used rudder deflection, aileron deflection, bank angle, yaw
rate, roll rate, sideslip angle, and washout filter as states and aileron and rudder
commands as inputs [5]. Eliezer Y. Shapiro has used eight state variables: sideslip
angle, bank angle, roll rate, yaw rate, lateral directional flight path, rudder deflection,
aileron deflection, and canard deflection (Figure 94, Figure 97, and Figure 98). The
three control variables are rudder command, aileron command, and canard command

[6]. Mathematical model of a generic missile is composed of 12 nonlinear equations.



In this thesis, the proportional navigation guidance (PNG) algorithms are presented
in detail and some simulations are performed in MATLAB environment in order to

evaluate the advantages and disadvantages of these algorithms.

In Chapter 2, the mathematical model of a generic rigid missile is given. Missile
DATCOM software is used for obtaining the aerodynamic coefficients. Lateral
position, lateral velocity, yaw angle, roll rate, yaw rate, and roll angle are used as
states for the lateral motion and longitudinal position and velocity, pitch angle and
pitch rate are used as states for the longitudinal motion throughout the thesis. Then
autopilot designs are applied to missile model in order to constitute the flight control
system using PID (Proportional Integral Derivative) and LQR (Linear Quadratic

Regulator) techniques.

In Chapter 3, an infrared seeker model is presented. Then different PNG algorithms
are used for tracking a complex trajectory created for an air vehicle. All control and
guidance algorithms are applied to the lateral and the longitudinal planes separately
since they are decoupled. Missile’s trajectory is observed for a static target, a slow

moving target, a fast moving target, and a target with IR-countermeasure.

In Chapter 4, conclusions are given including the advantages and disadvantages of
guidance algorithms based on the simulation results. Contributions of this study and

suggestions for future works are also summarized.

In Appendix A.l, the mathematical model for a generic rigid missile is derived
starting from the moment and force equations for a generic air vehicle. Linearized
model, aerodynamic forces, moments, and coefficients acting on a missile are also

obtained and presented.



Much effort has been put on for obtaining an improved version of the user manual
for Missile DATCOM Software based on a previous version of the same manual.

This revised and developed user manual is presented in Appendix A.2.



CHAPTER 2

MATHEMATICAL MODEL AND AUTOPILOT DESIGN

2.1. Introduction

Missiles can be determined mathematically by 12 nonlinear first order differential
equations. Autopilots use this model to make the movement of the missile possible
according to the target’s trajectories and form the flight control system. Inputs for an
autopilot system are determined by the seeker and guidance systems. Position
coordinates of the target could be the inputs as well as the target — missile line of
sight error angles. Outputs of the autopilot system are deflection angles which are the

inputs for the missile’s plant.

Proportional Integral Derivative (PID) and Linear Quadratic Regulator (LQR)
techniques are used throughout the thesis. Both position and angle input types are

presented here, but only the position input type is used for the guidance system.

2.2. Mathematical Model of a Missile

The mathematical model of a missile with six degrees of freedom can be described
by 12 nonlinear first order differential equations. These equations can be analyzed in
two groups: kinematics equations, which are the consequences of transformation
matrix applications that constitute a relationship between the reference axis systems
through the use of Euler angles; and dynamic equations, which are derived by
applying Newton’s laws of motion that relate the summation of the external forces
and moments to the linear and angular accelerations of the body [7] [8]. Six degrees
of freedom (6DOF) are longitudinal, lateral, vertical movements and attitude of the

motion which are presented in Figure 94.



The 12 nonlinear first order differential equations are linearized under the

assumptions described in Appendix A.1.5. The linear state equations can be grouped

as:

a) Pitch Plane (Longitudinal) State Equation:
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b) Roll-Yaw Plane (Lateral) State Equation:

-co-so‘So<os<o

o o o o

1 u 0 0
QdACyﬂ O QdACyrd _ Qd Acypd
um 2um 2um
0 0 1 0
Q, Adcnﬂ 0 Q,Ad ZCn, Q. Ad zcnp
ul, 2ul, 2ul,
Q,AdC,, Q,Ad’C,  Q,Ad’C,
ul, 2ul, 2ul
0 0 tan(d,) 1

0
gcos(d,)
0

|

0 -
QuAC,,
m
0o %
Q,AdC,
I, |
i 0 0
QAC,  QAC,
m m
0 0
Qd Aan, Qd Aans
| z | z
Qd AdCI',, Qd Adc s,
| X I X
0 0

(1)

Aerodynamic coefficients in the above equations can be found using Missile

DATCOM software. Details of the mathematical model are given in Appendix A.1.

2.3. PID Design

The basic structure of a PID is shown in Figure 2, and the transfer function of the

PID controller is given below:

K
K, +TI+ K,s =

Kps® + K, s+K,

3)

where K, is “proportional gain”, K; is “integral gain”, and Kp is “derivative gain”.
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Figure 2 Structure of a PID System

How the PID controller works in a closed-loop system using the schematic shown in
Figure 3 can be presented as follows: The plant stands for the system to be
controlled. The difference between the desired input value (R) and the actual output
(Y) is the tracking error and denoted by (e). This error signal (e) is sent to the PID
controller, and the controller computes both the derivative and the integral of this
error signal. The output signal (u) of the controller is now equal to the proportional
gain (Kp) times the magnitude of the error plus the integral gain (Ki) times the

integral of the error plus the derivative gain (Kd) times the derivative of the error [9].

¥

R (" —® sControlier—"—»{ Plant Y
+ T_ |

Figure 3 Schematics for a Closed Loop Control System




de
u=er+K,jedt+KDa (4)

This signal (u) will be sent to the plant, and the new output (Y) will be obtained. The
new output (Y) is sent back to the sensor again to find the new error signal (e). The
controller takes this new error signal and computes its derivative and its integral

again. This process goes on continuously [9].

A proportional controller (Kp) will have the effect of reducing the rise time and will
reduce, but never eliminate, the steady-state error. An integral control (Ki) will have
the effect of eliminating the steady-state error, but it may make the transient response
worse. A derivative control (Kd) will have the effect of increasing the stability of the
system, reducing the overshoot, and improving the transient response [9] [10]. The

effects of Kp, Kd, and Ki on a closed-loop system are summarized in Table 1.

Table 1 Effects of Kp, Kd, and Ki on a closed-loop system

Cl Response Rise Time Overshoot | Settling Time S-S Error
Kp Decrease Increase Small Change Decrease
Ki Decrease Increase Increase Eliminate
Kd Small Change Decrease Decrease Small Change

Table 1 should only be used as a reference when determining the values for Ki, Kp

and Kd, because changing one of these variables can change the effect of the others.

MATLAB Simulink’s Response Optimization Toolbox is a wuseful tool for
determining a variable in a system if the signal attribute in a line can be estimated.
The error line in the PID controllers has a known attribute, so Response Optimization

Toolbox is used for determining the gain values for PID controllers.


http://www.engin.umich.edu/group/ctm/extras/ess/ess.html

2.3.1. Autopilot Design Using Target Position Information as Input

Inner and outer loops are used by classical PID control design. Inner loops stabilize
the fast dynamics such as rotational rates where outer loop controls the main input,
position of the target. Figure 4 shows the reference and tracked trajectories in x-y-z

axes.

Figure 4 Reference (Blue) and Tracked (Red) Trajectories in 3D Plot

2.3.1.1. Longitudinal Movement

Longitudinal movement is the movement in the vertical plane. The inner loop
stabilizes the pitch rate q (rotational rate) where the outer loop controls the altitude of
the target as in Figure 5. the target’s altitude movement and the tracked path for the

missile are shown in Figure 6 by blue and red lines, respectively.



Langitudinal
Missile Plant

zscope
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Target Altitude Position

il

wscope

theta scope

Figure 5 Longitudinal Autopilot Architecture with PIDs

Figure 6 Target’s Altitude Position (Blue) and Response of the Missile (Red)

2.3.1.2. Lateral Movement

Lateral movement describes the movement in the horizontal plane. The inner loop

stabilizes the yaw rate r and roll rate p (rotational rates) where the outer loop controls

10



the lateral position of the target as in Figure 7. The target’s lateral movement and the

tracked path for the missile are shown in Figure 8 by blue and red lines, respectively.

0

yscope

v scope

L
rud v psi scope
A Inner PID rscope

Subsystem |§|

p scope

e

phi scope

@ signal 1

Target Lateral Reference

Figure 7 Lateral Autopilot Architecture with PIDs

Figure 8 Target’s Lateral Position (Blue) and Response of the Missile (Red)
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2.3.2. Autopilot Design Using Target — Missile Angle Information as Input

Inner and outer loops are used by classical PID control design. The inner loops
stabilize the fast dynamics such as rotational rates where the outer loops control the
main input such as position of the target or the angle between the missile and the

target.

2.3.2.1. Longitudinal Movement

As in Figure 9, the inner loop stabilizes the pitch rate q (rotational rate) where the
outer loop controls the pitch angle (the angle between the missile’s velocity vector
and missile — target line). The actual and tracked pitch angles for the system are

shown in Figure 10 by blue and red lines, respectively.

il

Zscope

u
-
3
i =

Cluter PID

Inner PIC W EOpe

theta scope

L

qscope

Figure 9 Longitudinal Autopilot Architecture with PIDs
where the Pitch Angle is the Input

2.3.2.2. Lateral Movement

The inner loop stabilizes the yaw rate r and the roll rate p (rotational rates) where the
outer loop controls the yaw angle (the angle between the missile’s velocity vector
and missile — target line’s projection into x-y plane) as in Figure 11. The actual and
tracked yaw angles for the system are shown in Figure 12 and Figure 13 by blue and

red lines, respectively.
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Figure 10 Actual (blue) and Tracked (red) Pitch Angle for

Longitudinal Autopilot Design

Inner PID

nud

phi

Subsystem

Figure 11 Lateral Autopilot Architecture with PIDs where

the Yaw Angle is the Input
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Figure 12 Actual (blue) and Tracked (red) Pitch Angles for Lateral Autopilot Design
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Figure 13 Actual (blue) and Tracked (red) Pitch Angles for Lateral Autopilot Design

Under Step Input
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2.4. LQR Design

The plant which is going to be considered in LQR design is,

X(t) = A()X(t) + B(tu(t) (5)

The plant is time-invariant for our case, so it is as in Figure 14 and Eq.5,

X = Ax + Bu

Main purpose of the LQR design is to find the matrix of the feedback gains [11] as in
Eq. 7,

u=—-KXx (7)

so as to minimize the performance index in Eq. 8,

J= lT(XQXT +URu")dt
2
0 (8)

where J is the performance index, Q and R are the symmetric semi-definite matrices
called weighting matrices. The Q and R matrices will be determined according to the

requirements on time-domain criteria (settling time, rise time) and control effort.

The solution for the regulator problem is achieved by transforming the dynamical
optimization into static one which is easier to solve. If supposed that there is a

symmetric, positive-semi-definite matrix P such as

i(xT Px) = —x" (Q + K" RK)x
dt 9)
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Figure 14 Plant and Feedback Controller for Linear Regulator Problems

then J, the performance index can be written as,

1, 1.
3 =X (O)PX(0) ~_ limx (HPX()

(10)
Under the asymptotically stable closed-loop assumption, J becomes,
[
J =—x"(0)Px(0)
2 (1)
For the closed loop system,
x = (A—BK)x = A X (12)
so, Eq. 9 becomes,
T .
~X"(Q+K'RK)=x Px+x"Px=x"(A'P+PA)x (13)

This equivalence must hold for every initial condition. Hence,
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g=A"P+PA +K'RK+Q=0 (14)

so the optimization problem can be stated as finding out the feedback gains K that
minimize J in Eq. 8 subject to Eq. 7. The Lagrange multiplier approach is used to

solve this optimization problem. The Hamiltonian is

H=Llx (0)Px(0) + ¢S
2 (15)

where S is a symmetric matrix of Lagrange multipliers. The necessary conditions are:

_oH

0= _g=ATP+PA +K'RK+Q

0S (16)
0= _As+sAT +x(0)

oP (17)
0=18—H= RKS - BPS

2 0K (13)

If R is positive definite then the feedback gains can be obtained as,

K=R'B"P (19)

so it is not necessary to solve the equation for S to obtain the feedback gains. Using

K =R™'B"P and the combination of the equations 16 -19,

0=A"P+PA+Q-PBR'B'P (20)

which is called the Algebraic Riccati Equation (ARE) [11].

2.4.1. Tracking Problem with LQR

It is easy to regulate all states through zero by the help of the LQR design. On the

other hand, in the tracking problem the states should go to the desired values from

17



their initial values. It is possible to track the desired values by LQR by assigning

errors as new states. For this purpose, an error state is defined as

€ = Xeom — X 21
Let

E= g (22)
then

| x A 0]yl [B

s

6 -1 0 L] 0

where

v=u (24)

Using the results of the Section 2.4, the control law v will be
v—[KlKJP] (25)
€

u=[v=-Kx-[Kge (26)

By this control law, LQR will regulate the error state through zero which is needed
for tracking. The overshoot and rise time can be controlled by the weighting

matrix Q.

2.4.2. Autopilot Design Using Target Position Information as Input
2.4.2.1. Longitudinal Movement

States for the longitudinal movement are z (altitude position), w (x-z velocity),

O(pitch angle) and q (pitch rate). Tracked state is z.

18



An error state has to be determined in order to regulate the error through zero with

LQR design. Since

€=Zyn—Z (27)

The A and B matrices have to be renewed as discussed in Section 2.4.1.

The feedback gains are found by MATLAB’s Iqr command, and the results are used
in the simulink model as in Figure 17. The actual and the tracked trajectories for the
3 degrees angle of attack and 1.0 Mach number are shown in Figure 15 and

Figure 16.

Figure 15 Altitude Tracking (Reference is Blue and Tracked is Red)
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Figure 16 Altitude Tracking (Zoomed) (Reference is Blue and Tracked is Red)

2.4.2.2. Lateral Movement

States for the lateral movement are y (side position), v (side velocity), v (yaw angle),
p (roll rate), r (yaw rate) and ¢ (roll angle). The tracked state will be determined by

the guidance algorithm; it is taken as y below.

An error state has to be determined in order to regulate the error through zero with

LQR design. Since
€= ycom -y (28)
The A and B matrices have to be renewed as discussed in Section 2.4.1.

The feedback gains are found by MATLAB’s Iqr command, and the results are used

in the simulink model as in Figure 18.

Actual and tracked trajectories are shown in Figure 19 and Figure 20 by blue and red

lines, respectively.

20
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Figure 19 Lateral Movement Tracking (Reference is Blue and Tracked is Red)

Figure 20 Lateral Movement Tracking (Zoomed)

(Reference is Blue and Tracked is Red)
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2.4.3. Autopilot Design Using Target — Missile Angle Information as Input
2.4.3.1. Lateral Movement

States for the lateral movement are y (side position), v(side velocity), y (yaw angle),
p (roll rate), r(yaw rate) and ¢ (roll angle). The tracked state will be determined by

the guidance algorithm, but is going to be y (yaw angle) for now.

An error state has to be determined in order to regulate the error through zero with

LQR design. Since

e=v, -¥ (29)

the A and B matrices have to be renewed as discussed in Section 2.4.1.

The feedback gains are found by MATLAB’s Iqr command, and the results are used

in the simulink model as in Figure 21.

The actual and the tracked trajectories are shown in Figure 22 by blue and red lines,

respectively.
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Figure 22 Yaw Error Angle Tracking (Reference is Blue and Tracked is Red)

2.4.3.2. Longitudinal Movement

States for the longitudinal movement are z (altitude position), w (x-z velocity),

O(pitch angle) and q (pitch rate). The tracked state is z.

An error state has to be determined in order to regulate the error through zero with

LQR design. Since

e=0, —0 (30)

the A and B matrices have to be renewed as discussed in Section 2.4.1.

The feedback gains are found by MATLAB’s Iqr command, and the results are used

in the simulink model as in Figure 24.

26



The actual and the tracked trajectories for the 3 degrees angle of attack and 1.0 Mach

number are shown in Figure 23 by blue and red lines, respectively.
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Figure 23 Yaw Error Angle Tracking (Reference is Blue and Tracked is Red)
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CHAPTER 3

GUIDANCE DESIGN

3.1. Introduction

Seeker and guidance systems are parts of the missile which are used for detecting
and tracking the target. Inputs for the autopilot systems are generated by the seeker

and the guidance system of the missile (Figure 25).

This chapter represents the seeker model for an infrared guided missile to be used,

and then the guidance algorithms to be applied to the system are studied.

3.2. Seeker Model

The seeker is a combination of electronic, optical, and mechanical components. The
heart of the seeker is the detector because it converts scene radiation into measurable
electrical signal. The seeker used in this study has a four-quadrant detector which has
four distinct photosensitive elements. This means that the electrical signal produced
by the detector is composed of four different detector outputs. If the electrical signal
produced by the detector is composed of only one detector output, then the target’s

location can be estimated too.

The seeker model which is used throughout the thesis is an improved model of the

one which was studied by Elzem Akkal in December, 2003 [8].

29



wo)sAS oY) Jo aIxmonns Gz aanbi4

o s e efiel

i a =
- =
£ _n_.__.._ H

zecedsponi oL

koS cigeifan
3

Az aiefiel

L

154 b L i
nd L
: . . e g X
mBE €
A P 1o | mpEEpa e
i+ ‘
=™ i
1137 etk ZonEpng Hgaaz
uwﬁ_w\._m...”. ol b TEN Aepsury
zadue
+ seddmon oL zaeian Az A 20 aaedaion oL
I
e
= | I
N = "
N e L - = afiney
o "
L3
iz nna :.
— |
. "l Py ] X
Eu T
ETTTHEF 1]
_W_ [T e T e ELLLE

camedsion oL

1

ERTTE]

o g AT REREL

k4
€ e 3

Fased o oL

30



3.2.1. Error-Angle Estimation

Error-angles are pitch and yaw angles. Pitch error angle is the angle between the
velocity vector of the missile and the Line of Sight vector between the missile and
the target where as yaw error angle is the angle between the velocity vector of the
missile and the Line of Sight vector’s projection into ground. It is obvious that ray of
light passing the lens from its center does not bend; so, the values of these angles
could be estimated. Hence if the distance of detector to the lens is known, and if the
spot center location could be estimated, the error angles can be estimated by the

following expressions (Figure 26):

Pitch Angle= 0=y, = atan(%) (31)

A
Yaw Angle= ¥ =y, = atan(sz (32)

Detector

Letis

Figure 26 Pitch Error Angle
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3.2.2. Spot Location Estimation
3.2.2.1. Direct Spot Location Estimation

If the infrared spot and the detector’s field of view are as in Figure 27, the spot center
location coordinates could be found by Eq. 33 and Eq. 34. These equations are used
in most of the applications, which is an approximation to the actual relationship
between the amount of shift in the voltages and the amount of shift in the spot center
location. Four area values can be used instead of four voltage values, which are

calculated using geometry once the spot center location is given.

S

Ypps

S3

Figure 27 Direct Spot Location Estimation

— (Sl + Sz) _(83 + 84)
P S +S,+(5,+S,

(33)

— (Sl + 84) _(83 + Sz)
P S +S,+S5,+8S,

(34)

3.2.2.2. Spot Location Estimation with Radial Basis Neural Network

The four area values are inputs and X and Y components of the spot center location
are the outputs of the Artificial Neural Network model. Hence training data set must
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be composed of some input values and corresponding output values. If the input
points cover the input space uniformly, the possibility of learning the relationship
between inputs and outputs will be almost the same. However in our case, input-
output pairs are created using the expressions given below and the input of these
expressions are the outputs of the neural network, namely X;os and Ypos. Therefore,
we can only select output points, Xpes and Yoo, covering output space uniformly, the
spread of input points does not have to be uniform. Hence, a training data set is
created with more data than required for training. In other words, created training

data set is possibly over determined.

The target is considered as a circle. Since the possible spot center locations make a
circle too with the radius changing according to range between target and the missile,
training data set must be formed by selecting many X,os and Yo values in this circle
and estimating the areas corresponding to these locations. In this way 1319 input

output pair is created in order to train the radial basis neural network.

If “r” is the radius of the spot, then the spot location formulas can be found as

follows using the geometrical properties of the structure in Figure 28.

X X :
Sl = 7[%+%&Sin(ﬂ)+\/ r2 - szos ;05 +%aSin(M) (35)
r

r
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Figure 28 Spot Location Estimation
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3.2.3. Target Area Estimation

In infrared guided missiles, the range from missile to its target is unknown. So, only

the area of the target in its current position is an input for the seeker system.

The target is assumed as a circle with 2 meters radius and the target area’s
projections, spot area, onto the seeker detectors for different ranges (from 20 meters
to 6000 meters) are estimated. A faraway target has a very small area in the seeker
where a close target has a very large area. So, the missile does not need to know the

distance (Figure 29).

° O i

N

(a) (b) (©)

Figure 29 Four Quadrant Detector. Target is:
(a) Faraway (b) Middle (c) Close

After the spot area estimation, the spot center and the error-angle estimation can be

made.

3.3. Guidance Models

Guidance system’s inputs are error angles in both pitch and yaw planes which are
created by the seeker part. Guidance system makes some estimation and creates the
necessary acceleration (or position) values for the missile in order to give the
directions for the target’s next position. Since the pitch and yaw planes are

decoupled, guidance systems are designed for pitch and yaw planes separately [17].

35



The most popular guidance method is Proportional Navigation Guidance (PNG)
which has several subsets such as Classical PNG, Modified PNG, etc.

3.3.1. Classical PNG

The PNG law seeks to null the line of sight (LOS) rate by making the missile turn
rate be directly proportional to the LOS rate.

The proportional navigation guidance law issues acceleration commands
perpendicular to the instantaneous missile target line of sight, which is proportional
to the line of sight rate and closing velocity [2]. Mathematically, the guidance law

can be expressed as;

n,=NV, 21 (39)

In IR guided missiles, the line of sight rate is measured whereas the closing velocity

is taken as a constant [17].

The closing velocity V¢ is the negative rate of change of the distance from the

missile to the target. The closing velocity will be zero when Ryy is minimum,

V, =—Rm (40)

c

Since the target acceleration nt is perpendicular to the target velocity vector, the

angular velocity of the target ca be expressed as,

. nT
v (1)

where V7 is the magnitude of the target velocity.
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Missile

v

Figure 30 Classical PNG in 2D Space

The components of the target velocity vector in the Earth or the inertial coordinate

system can be found by,

V;, =-V; cos B (42)
V, =-V; sin 8 (43)

The target position components in the Earth fixed coordinate system can be found by

directly integrating the target velocity components,

Rri =Vy (44)

Rt> =V, (45)
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Similarly, the missile velocity and position differential equations are given by

Vi =a,, (46)
Vi =a,, (47)
Rwi =V, (48)
Ruz2 =V, (49)

where ay; amp are the missile acceleration components in the Earth coordinate

system.

The relative missile-target separations can be defined as,

RTMI = RTI - RMI (50)
RTMZ :RTZ_RMz (51)

From Figure 30, line of sight angle can be found by

R
A =tan M2 (52)

T™1

If the relative velocity components in Earth coordinates are defined by

VTMl :VTI _VMI (53)
VTMZ :VTZ _VMZ (54)

then the line of sight rate can be calculated by the direct differentiation of the

expression,

RTM IVTM 2 RTM 2VTM1

2
Rm

A= (55)
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The relative separation between the target and missile Rty can be expressed in terms

of its inertial components,
Ry = VR*mi1 + R’ (56)

Since the closing velocity is defined as the negative rate of change of the missile

target separation, it can be obtained by differentiating the preceding equation,

' — (R {Von s + R,V
V. =—Rm = (Rry; TMlé 2Vrm2) (57)
™

The magnitude of the missile guidance command n¢ can be found from the definition

of the proportional navigation,

n.=NV_ 1 (58)

The classical PNG can be separated into two groups: Pure PNG and True PNG.

Pure PNG (PPNG)

The commanded acceleration vector is perpendicular to the velocity vector of the

missile [13] (Figure 31).

V1

L
ne 05 VM

Figure 31 Pure PNG
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Since the acceleration command is perpendicular to the velocity vector of the missile,

the missile acceleration components in Earth coordinates can be found by,

a,,, = —Ng sin(L + HE + 1) (59)

ay, =Nccos(L+HE + 1) (60)

True PNG (TPNG)

The commanded acceleration vector is perpendicular to the LOS [13] (Figure 32).

V1

L
oS vy,

Figure 32 True PNG

Since the acceleration command is perpendicular to the instantaneous line of sight,

the missile acceleration components in Earth coordinates can be found by

trigonometry:
ay,; =—N¢sin A (61)
Ay, =Nc cosi (62)
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3.3.2. Modified Classical PNG

Classical PNG rule is a subject of the LOS angle rate. When the distance from the
target to the missile is very long, or the target is in static mode and the distance from
the missile to the target is not changing the derivative of the LOS angle is

meaningless, so the LOS angle itself can be added to the PNG rule as below:

n, =NV, A1+ K, (63)

where K3 is the LOS angle constant.

3.3.3. Gain Scheduled PNG

Since the derivative of the LOS angle is important for small distances where the LOS
angle is important in large distances, a gain scheduling can be made by using three or
more range values. The LOS angle and the navigation constants can be changed

according to the range as shown in Table 2.

Table 2 Gain Scheduled PNG

For the
Near Middle Far unknown
Range
Navigation , , , )
Constant N*(1) N°(2) N°(3) Interpolation
LOS Angle .
Constant K(1) K(2) K(@3) Interpolation
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3.3.4. Augmented Proportional Navigation

The line of sight angle can also be expressed as

A=t =Y (64)
Ry Ve(ty —1)

where y is the relative target-missile separation, and Rry is the range from the

missile to the target. The line of sight rate is,

. y+yt
1= e (65)
Vet go
where t,, 1s the time to go till intercept and can be defined as
ty, =t —t (66)

The proportional navigation guidance law can be defined mathematically as [2]

o 5 N(y+yt
nC:NVC}L=M (67)

2
teo

If the target maneuvers, the zero effort miss must be augmented by an additional

term. The new equation becomes [2],

ZEM rgruve = Y + Vg +0.50,t2 (68)

T go

where nr is the maneuver target acceleration level.

So, a perfectly plausible guidance law is [2],
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_ N'ZEMTGTMVR NV /'1+

C.APN 2
teo

N'n,

(69)

3.3.5. Modified Augmented Proportional Navigation

Modified augmented navigation is a combination of augmented and modified
navigation rules. It uses the LOS angle for the large distances, the LOS angle rate for

small distances and the acceleration of the target for the moving targets.

n _ N 'ZEM TGTMVR
C.APN — tz
go

EEVEVAP LA

+ KA (70)

3.3.6. Ideal PNG

Ideal PNG requires range information, so it is not suitable for IR applications, but for

RF applications.

In all forms of PN-based interception schemes, command acceleration, ac, which is
calculated based on the current states of the target and the interceptor, can be

expressed in the following general form [18]:

a, = ALX B1os (71)

where 0 1s the angular velocity of the LOS angle, A the navigation gain, and L is a
vector that varies for different navigation laws. The L directions used by the two

well-known guidance laws are defined below[18]:

Ideal proportional navigation guidance (IPNG):

L=re, +rde, (72)
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Pure proportional navigation guidance (PPNG):

L = -V, (interceptor velocity) (73)

Although, the IPNG may be of less practical use in missile guidance compared to the
PPNG, its mathematical tractability and robustness to the initial conditions of the

interceptor make it especially suitable for robotic interception [18].

The control input in an IPNG interception scheme, in an acceleration command form,

is given as

a,PNG =1 I’ Xglos (74)
where

r : position difference vector between the target and the missile

A : navigation gain
Oos : angular velocity of the LOS angle

610s can also be expressed as a function of r and r as follows,

QLOS =5 (75)

Substituting (75) into (74), one obtains [18]

Aoy = #{r x(rx f)} (76)
r

Since I X(rxr) =r(r.r)—r(r.r),

44



Qe = Ko (1,1, ) 1+ K, (1,1, )1

where Kp and Kd are calculated as [18]

K, (r,r,A)= A7)

K, (r,r,A) =—A(

r

i

(r.r)

Ir

)

3.3.7. Summary of the PNG Laws

PNG laws can be summarized as in Table 3.

Table 3 Summary of the PNG Laws

(77)

(78)

(79)

IR Long small Range_ Response to
Applications | Distances | Distances Information Target
Necessity Movement

Classical
PNG X X X
Modified
PNG X X X X
Gain
Scheduled X X X X
PNG
Augmented
PNG X X X
Modified
Aug. PNG X X X
Ideal PNG X X X X
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3.4. Scenarios
3.4.1. Static Target

Suppose that the target is at x=y=z=100 position. Missile’s position under classical

PNG and modified classical PNG algorithms are shown in figures below.

When the target is in the static mode, the augmented PNG is the same as the classical

PNG; and the modified augmented PNG is the same as the modified classical PNG.

Target Position x=100 v =100 z =100

z - altitude

Figure 33 Classical PNG for Static Target in 3D

Target Posilmon x =100 y =100 ¢ =100

2 - altude

40

0 10 ™ ™ 40 W & 70 W %0 o
Figure 34 Classical PNG for Static Target in x — z

46



Targel Pogtion =100 y =100 1 =100
e s :

.-/".-
.
.-,"
& o
-
.--"'
ED »
e
.
A
.1 att
-
F
.1 ] 3 ot
P
."".
N
_:ﬂ 1 1 1 | L i 1 ! i J
Ju} 10 .1 k1] an 50 1] /0 30 a0 1
]

Figure 35 Classical PNG for Static Target in x —y

Modified Classical PMNG
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Figure 36 Modified Classical PNG for Static Target in x —y
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Z - altitude

Figure 37 Modified Classical PNG for Static Target in x — z

Modified Classical PNG

150

z - altitude

Figure 38 Modified Classical PNG for Static Target in 3D

3.4.2. Slow Moving Target

Target is at y=z=100 for the first 50 seconds, then move to y=200 and z=200 in 20
seconds. Target is at y=z=200 for the last 30 seconds of the movement.
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Missile’s position under different kinds of PNG algorithms are shown in figures

below.

Slow Movement - Classical PNG

ey s
sond
50

100

z - altitude

a0

D}_J__,-"'_"-.
300

250

¥ ’ %

Figure 39 Classical PNG for Slow Moving Target in 3D
(Target is Blue and the Missile is Red)

Slow Movernent - Classical PNG
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Figure 40 Classical PNG for Slow Moving Target in X — z
(Target is Blue and the Missile is Red)
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Slow Movernent - Clagsical PNG
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Figure 41 Classical PNG for Slow Moving Target in X —y
(Target is Blue and the Missile is Red)

Figure 42 Modified Classical PNG for Slow Moving Target in X — z
(Target is Blue and the Missile is Red)

50



Sioms Wirsierary - Motket $5

=, o
e
xm
Vi -
1 1]
>
m
— s
. —_ 1o
1 . | R r
- z =
P - |
= — 0
S L
Litwrad Caormuany Ao

Figure 43 Modified Classical PNG for Slow Moving Target in 3D
(Target is Blue and the Missile is Red)
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Figure 44 Modified Classical PNG for Slow Moving Targetin x —y
(Target is Blue and the Missile is Red)
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Figure 45 Gain Scheduled PNG for Slow Moving Target in x —y
(Target is Blue and the Missile is Red)

Figure 46 Gain Scheduled PNG for Slow Moving Target in X — z
(Target is Blue and the Missile is Red)
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Figure 47 Gain Scheduled PNG for Slow Moving Target in 3D
(Target is Blue and the Missile is Red)

Slow Movernent - Augrmented PNG
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Figure 48 Augmented PNG for Slow Moving Target in X — z
(Target is Blue and the Missile is Red)
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Slow hovement - Augmented PMNG
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Figure 49 Augmented PNG for Slow Moving Target in x —y
(Target is Blue and the Missile is Red)

Slow Movernent - Augmented PNG
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Figure 50 Augmented PNG for Slow Moving Target in 3D
(Target is Blue and the Missile is Red)
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Figure 51 Modified Augmented PNG for Slow Moving Target in x — y
(target is blue and the missile is red)

Figure 52 Modified Augmented PNG for Slow Moving Target in x — z
(target is blue and the missile is red)
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Figure 53 Modified Augmented PNG for Slow Moving Target in 3D
(target is blue and the missile is red)

The least square error denotes the position difference between the target movement
and the missile’s movement. Minimum least square error can be 0 (missile is exactly
moving like the target) where the maximum can be infinity. For the performance
analysis of the guidance algorithms, minimum least square error is choosen as zero
and its performance score is 100, the maximum lease square error is choosen as the

missile is always at the y=z=0 position Figure 54.
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Figure 54 Performance Analysis
Performance analysis for the slow moving target is given in Table 4.
Table 4 Performance Scores for the Slow Moving Target
PERFORMANCE SCORE
(min=0, max=100)
PNG Algorithm Yaw Plane Pitch Plane
Classical PNG 74.55 68.5
Modified Classical PNG 97.8 92.75
Augmented PNG 78.63 70.11
Modified Augmented PNG 97.82 92.89
Gain Scheduled PNG 97.98 93.84
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3.4.3. Fast Moving Target

Target is at z=100 for the first 50 seconds, then move to z=200 in 2 seconds. z=200

for 8 seconds, then move to z=0 in 10 seconds. y plane movement is the same.

Missile’s position under different kinds of PNG algorithms are shown in figures

below.

Fast Movernent - PMNG

Hir g
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A
]
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7 - altitude
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]

200
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Figure 55 Classical PNG for Fast Moving Target in 3D
(target is blue and the missile is red)
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Figure 56 Classical PNG for Fast Moving Target in x — y
(target is blue and the missile is red)
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Figure 57 Classical PNG for Fast Moving Target in x — z
(target is blue and the missile is red)
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Figure 58 Modified Classical PNG for Fast Moving Target in X — z
(target is blue and the missile is red)
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Figure 59 Modified Classical PNG for Fast Moving Target in x —y
(target is blue and the missile is red)
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Figure 60 Modified Classical PNG for Fast Moving Target in 3D
(target is blue and the missile is red)
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Figure 61 Gain Scheduled PNG for Fast Moving Target in x — y
(target is blue and the missile is red)
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Figure 62 Gain Scheduled PNG for Fast Moving Target in x — z
(target is blue and the missile is red)
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Figure 63 Gain Scheduled PNG for Fast Moving Target in 3D
(target is blue and the missile is red)
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Figure 64 Augmented PNG for Fast Moving Target in x —y

(target is blue and the missile is red)
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Figure 65 Augmented PNG for Fast Moving Target in X — z
(target is blue and the missile is red)
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Fast Movernent - Augmented PNG

z - altitude

Figure 66 Augmented PNG for Fast Moving Target in 3D
(target is blue and the missile is red)

Figure 67 Modified Augmented PNG for Fast Moving Target in x —y
(target is blue and the missile is red)
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Figure 68 Modified Augmented PNG for Fast Moving Target in x — z
(target is blue and the missile is red)

cedmuis $rie

Figure 69 Modified Augmented PNG for Fast Moving Target in 3D
(target is blue and the missile is red)

Performance score is given as discussed in Section 3.4.2.6. Performance analysis for

the fast moving target is given in Table 5.
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Table 5 Performance Scores for the Fast Moving Target

PERFORMANCE SCORE
(min=0, max=100)

PNG Algorithm Yaw Plane Pitch Plane
Classical PNG 59.28 32.97
Modified Classical PNG 96.98 70.5
Augmented PNG 49.03 26.12
Modified Augmented PNG 97.14 73.80
Gain Scheduled PNG 97.96 75.26

3.4.4. Slow S Movement in Both Planes

Target movement is a sinusoidal movement in both planes with 0.05 Hz frequency

and 10 meters amplitude.

Performance score is given as discussed in Section 3.4.2.6. Performance analysis for

the fast moving target is given in Table 5.

66




Slow S Moverment

120
a4

e

g M

04

g Liise 200
150

-50 100
y X

Figure 70 Slow S Movement (Target is Blue and the Missile is Red)

Table 6 Performance Score for the Slow S Movement

PERFORMANCE SCORE
(min=0, max=100)

PNG Algorithm Yaw Plane Pitch Plane

Classical PNG 43.53 39.28
Modified Classical PNG 96.1001 86.4257

Augmented PNG 76.58 63.44
Modified Augmented PNG 96.8 86.87
Gain Scheduled PNG 97.24 87.23
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3.4.5. Fast S Movement in Both Planes

Target movement is a sinusoidal movement in both planes with 0.05 Hz frequency

and 1000 meters amplitude.

Fast 5 Movernent
o SRS S — . R -

1;moa-.... .

120 140 160 180 200 220

Figure 71 Fast S Movement (target is blue and the missile is red)

Performance score is given as discussed in Section 3.4.2.6. Performance analysis for

the fast moving target is given in Table 7.
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Table 7 Performance Score for Fast S Movement

PERFORMANCE SCORE
(min=0, max=100)

PNG Algorithm Yaw Plane Pitch Plane
Classical PNG 32.25 22.41
Modified Classical PNG 84.16 68.21
Augmented PNG 56.42 35.64
Modified Augmented PNG 84.94 69.47
Gain Scheduled PNG 86.2 71.28

3.4.6. Circular Movement

Target is moving on a circular path in 100 meters height.
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Figure 72 Circular Movement of the Target in x —y

(target is blue and the missile is red)
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Performance score is given as discussed in Section 3.4.2.6. Performance analysis for

the fast moving target is given inTable 8.

Table 8 Performance Score for the Circular Movement

PERFORMANCE SCORE
(min=0, max=100)
PNG Algorithm Yaw Plane Pitch Plane

Classical PNG 98.7 98.5
Modified Classical PNG 99.54 99.305

Augmented PNG 98.9 98.7
Modified Augmented PNG 99.75 99.412
Gain Scheduled PNG 99.86 99.687

3.4.7. Target is Dispensing IR Countermeasures

The term “countermeasure” in formal literature is used to define an action taken to
offset another action [12]. Countermeasure in IR band means preventing the weapon

or platform against infrared guided missiles.

There are several ways for IR countermeasuring which are already in use throughout
the world. Active countermeasures like ALQ-144 (Figure 73) and DIRCM (Figure
74) are used for confusing an infrared guided missile which is tracking a platform by

adding coded infrared signal to the platform’s own infrared signal. Passive
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countermeasures, known as flares, are burning chemicals which are used for hiding
the protected platform from infrared guided missile’s seeker. Flares are “very hot
fireworks” dispensed from air vehicles (Figure 75).General spectral specification of a

flare is shown in Figure 76 [13]. Main structure of a flare is shown in Figure 77 .

Figure 73 Active IR Countermeasure Example — ALQ-144 [20]

Figure 74 Active Countermeasure Example 2 — DIRCM [20]
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Figure 75 Flares Ejected by a C-130 Hercules Military Transport [21]

Flare Spectrum (2000K)

Radiometric Butensity

Warvelength, micrometers

Figure 76 Spectral Specification of a Flare [3]

72



Quier Jacket

- Foil Bandage
Pyrotechnic | Frame
Explosives

|~ Carpet Band
A

| Protecter / Starier

Figure 77 Main Structure of a Flare [3]

Trajectory of a flare can be estimated by using Figure 78. Angle of the dispensing
system determines the values of Vi, Vy, and V, values. If the drag coefficient is taken
as zero, this is the worst case for the missile, because the flare moves faster and goes

faraway from the target.

Figure 78 Flare Trajectory Analysis
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V.o 1s zero, Vyg is 50 meter/second and Vg is 320 meter/second in the simulations.

3.4.7.1. Modified Classical PNG

Figure 79 Target is Dispensing a Flare From Left — Modified Classical PNG (3D)
(target is blue and the missile is red)

Figure 80 No Flare — Modified Classical PNG (3D)
(target is blue and the missile is red)
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Figure 81 Target is Dispensing a Flare From Left — Modified Classical PNG (x —y)
(target is blue and the missile is red)
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Figure 82 No flare — Modified Classical PNG (x —y)
(target is blue and the missile is red)
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Figure 83 Target is Dispensing a Flare From Left — Modified Classical PNG (x — z)
(target is blue and the missile is red)
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Figure 84 No flare — Modified Classical PNG (x — z)
(target is blue and the missile is red)
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3.4.7.2. Modified Augmented PNG
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Figure 85 Dispensing a Flare From Left — Modified Augmented PNG (x — z)
(target is blue and the missile is red)

Dispensing a Flare From Left - Modfied Augmented PG
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Figure 86 Dispensing a Flare From Left — Modified Augmented PNG (x —y)
(target is blue and the missile is red)
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Dispensing a Flare From Left - Modfied Augmented PHG
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Figure 87 Dispensing a Flare From Left — Modified Augmented PNG (3D)
(target is blue and the missile is red)

Figure 88 Dispensing a Flare From Right — Modified Augmented PNG (x —y)
(target is blue and the missile is red)
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Figure 89 Dispensing a Flare From Right — Modified Augmented PNG (x — z)
(target is blue and the missile is red)
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Figure 90 Dispensing a Flare From Right — Modified Augmented PNG (3D)
(target is blue and the missile is red)

79



Conpamsas] Ton Furss - Modbea Augmansd PR
VX

Figure 91 Dispensing Two Flares From Right — Modified Augmented PNG (x — y)
(target is blue and the missile is red)
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Figure 92 Dispensing Two Flares From Right — Modified Augmented PNG (x — z)
(target is blue and the missile is red)
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Figure 93 Dispensing Two Flares From Right — Modified Augmented PNG (3D)
(target is blue and the missile is red)

3.5. Conclusions

Some of the PNG laws which are suitable for IR guided missiles have been explained
in this chapter. Effectiveness of these PNG algorithms has been studied on Matlab

Simulink simulations including target, missile, and IR countermeasure flares.

Performance scores of the different guidance algorithms based on different scenarios
show that the gain scheduled PNG is the best guidance algorithm discussed in this
thesis. The missile under gain scheduled PNG algorithm follows its target with 99%
accuracy for some of the scenarios. In addition to that, modified PNG and modified
augmented PNG are also effective guidance algorithms with more than 90% tracking

accuracies.

The simulations have been showed that when the target dispenses flares, the missile
will start to track the flares. So, tracking a target under flare dispensing scenarios is
not a subject of the guidance algorithms. It is related with the seeker part of the

system.
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CHAPTER 4

CONCLUSIONS

In this study, seeker part and advanced proportional navigation guidance algorithms

for an infrared guided missile are developed.

The work done in the thesis can be separated into two parts as autopilot and guidance
designs. The missile is stabilized and get ready to be commanded by the help of the
autopilots, and the target is tracked by the missile by the help of the guidance

subsystem.

The mathematical model of a generic missile is given in the first place in order to
understand the dynamics. The complexity of the dynamics increases the importance
of the mathematical model since unreliable models may cause serious problems in
field applications. Missile DATCOM software is used in order to find the
aerodynamic coefficients for the forces and moments acting on a missile. Some
programs have been created for automatic processing of the Missile DATCOM

software outputs.

PID and LQR techniques are used to design the autopilots. Inputs for the autopilots
are considered as real position of the target and the missile — target error angles
separately. Then these methods are applied to the linearized model in lateral and

longitudinal planes.

The seeker is modeled with a four-quadrant detector capability. Spot area, spot

center, and error angle estimations are done by the seeker part.
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Different kinds of proportional navigation guidance algorithms are used as the
guidance method. Advantages and disadvantages of the guidance algorithms have
been studied based on some scenarios including the slow and fast movements and

flare dispensing targets.

This study shows that different guidance algorithms can be used for different
scenarios. If suitable algorithms are combined and suitable constants are applied, the
guided missile can track the target very precisely. In addition, the seeker part has to
be improved with tracking algorithms in order to recognize IR-countermeasures and

not to follow them.

As a future wok, seeker and guidance algorithms could be improved with tracking
algorithms. Target’s mathematical model could be implemented as well. Next, some
studies could be done for obtaining an optimum flare dispensing technique (such as

dispensing one flare, dispensing two flares, dispense flare and run away, etc.).

Contributions of the present study can be summarized as:

Development of a four-quadrant detector, range independent seeker.

- Improvement of present PNG algorithms for a particular guided missile.

Development of a base for optimum flare dispensing studies.

Creating a “user manual” for the software “Missile DATCOM?”.
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APPENDIX

A.l. MATHEMATICAL MODELING

The mathematical model of a missile with six degrees of freedom can be described
by twelve nonlinear first order differential equations. These equations can be
analyzed in two groups: kinematics equations, which are the consequences of
transformation matrix applications, that constitute a relationship between the
reference axis systems through the use of Euler angles, and dynamic equations,
which are derived by applying Newton’s laws of motion, that relate the summation
of the external forces and moments to the linear and angular accelerations of the
body [7] [8]. Six degrees of freedom (6DOF) represents for longitudinal, lateral,

vertical movements and attitude of the motion. They are presented in Figure 94.

A.1.1. Coordinate Systems and Transformation Matrices

Two reference frames can be used to describe the motion of a missile: earth fixed
coordinate frame and missile body coordinate frame. These reference frames are

shown in Figure 95.

A.1.1.1. Earth Fixed Coordinate System

The Earth fixed coordinate system is assumed to be inertial because the range of the
missile is short compared to the radius of the earth, and the motion of the missile is
much faster compared to the earth motion [1]. Its axes are X, Y, and Z. The X-axis
points towards north, the Z-axis points downwards to Earth’s center, and the Y-axis

is the complementing orthogonal axis found by the right hand rule.
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Longitudinal (forward and backward thrust) Vertical (aircraft moves upward and downward)

Lateral (aircraft moves from side to side) Pitch (nose pitches up or down)

Roll (wings roll up or down) Yaw (nose moves from side to side)

Figure 94 Six Degrees of Freedom [15]

A.1.1.2. Missile Body Coordinate System

The origin is located at the missile centre of gravity, and the axes are fixed relative to
the missile body. Its axes are X, y, and z; or X;, Yy, and Zy. The x-axis is along
the center line of the missile body and positive forward. The y-axis is perpendicular
to the x-axis and is along the lateral side of the missile; it is positive to the right.
The z-axis is mutually perpendicular to the x and y axes and contained in the plane of

the centered yaw motivators. If y is horizontal, then z is positive downwards.
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X or
Inertial Frame (earth axes)

X

g y zor
Zy

Figure 95 Missile Body and Earth Axes

A.1.1.3. Rotation Matrices

There is a relationship between the coordinate axes that makes a connection between
vectorial quantities specified in different coordinate systems. This is achieved by axis
transformations. Any set of axes can be obtained from any other set by a sequence of
three rotations. For each rotation a transformation matrix is applied to the vectorial
quantities. The final transformation matrix is simply the product of the three

matrices, multiplied in the order of the rotations. [8]

It is important to note that the sequences of rotations affect the final position [14].

This condition can be seen clearly in Figure 96.
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90° 90°
X X z z
90°
y X X
V4 y y
(a)
X
X
X 90° 0
90° Y y z
y
Z 7 X z y
(b)

Figure 96 (a) Rotation in x, y, z Order (b) Rotation in z, y, x Order

Rotation of the systems own axes is arbitrary, but the common law of the aeronautics
states that first rotate the system by y (yaw angle) about Z axes, then by 0 (pitch
angle) about new Y axes, and by ¢ (roll angle) about the latest X axes which are

called Euler Angles [14].

Transformation matrices are used for converting one type of reference system to
another. They are usually the direction cosines matrices defined in terms of the Euler
rotation angles. The angular orientation of the body is given by the Euler angles.
Following is the corresponding direction cosine matrix, which is the combination of

the rotation matrices:
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1 0 0 cosf 0 -—sind| cos¥W sin¥ O
T, (¥,0,0)=RR,R, =|0 cos® sind| 0 1 0 —sin¥ cos¥ 0
0 —sin® cos®|sind 0 cosl 0 0 1

(59)

Ts,1 representation stands for the transformation from the Earth axis to the body axis

system.

A.1.2. Equations of a Missile
A.1.2.1. Dynamic Equations
A.1.2.1.1. Force Equations (Translational Dynamic Equations)

The time derivative of a body’s linear momentum is equal to the external forces

applied to it [14] as shown by the following equation:

SF=L (60)

where F is force and L is linear momentum.

Some assumptions have to be made before starting the derivation:
e Mass of the missile remains constant.

e Miissile is a rigid body.

Linear momentum is product of mass and velocity. If an infinitesimal element of
mass is chosen in a body, and a point p fixed is fixed in space specified at random
which creates a vector S connecting the elemental mass and the fixed point p; the

linear momentum L becomes,

dL = S dm, (61)
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By spreading this supposition to the whole body, the linear momentum can be

formulated as follows,

L =m(R-W) (62)
where m is mass, W is the velocity of the center of gravity relative to the body, and

R is the absolute center of gravity.

If W is small enough to be neglected, the force equation can be reduced to,

The linear velocity has scalar components u, v, and w along the x, y, and z axes; and
the angular velocity has scalar components p, q, and r, about x, y, and z. Denoting

the unit vectors by i,j, and k linear velocity can be stated as:

R =ui+Vj+wk (64)

Then, the acceleration of the center of gravity is,

R=R+w*R (65)

X . . .
where R =ui+V j+wk is the scalar derivative of velocity. Then,

k
ri=i(qw—rv)+ j(ru— pw)+k(pv—qu) (66)
W,

S
*
o)
Il
C o .
< O

Denoting the force components by Fx, Fy, and Fz we have,
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F, = m(Uu+qw—rv)
F, =m(V+ ru — pw) (67)

F, =m(W+ pv—qu)

A.1.2.1.2. Moment Equations (Rotational Dynamic Equations)

The time derivative of a body’s angular momentum is equal to the external moment

applied to it [14].

Angular momentum can be stated as follows:

H = R*(R-W)m+§r, *w* rdm,) (68)

The first term of the angular momentum is the vector product of the linear

momentum and the position vector of center of gravity. The second term can be

written as,
r=Xi+yj+zK
® = pi+qj+rk
i ] ok
w*r=p q rl=i(@z-ry)+ j(rx—pz)+k(py —gx) (69)
X y z
[ j k i{p(y> +2%)—qgxy —rzx}
r*o*r = X y z =+ j{pz* +x*)—ryz - pxy}

qz—ry rx—pz py—qgx| +k{p(x*+y?)— pzx—aqyz}

i{p§(y2 +2z*)dm, —q§xydmi -~ r§ zxdm. }
jﬁri *@*rdm; = j{q§(z2 +x7)dm, —r§ yzdm, — p§xydmi} (70)
k{r§(x2 +y?)dm, — p§ zxdm, —q§ yzdm, }

The last equation can be written in compact form as follows:
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i{plxx _qlxy _rlxz}
fr.*w*rdm, = jial,, —rl, - pl } =Ow (71)

k{rlzz - plzx _qlzy}

And finally, the angular momentum of the body is,

H =R*(R-W)m+0®aw (72)

If the position vector R = 0 is chosen for all circumstances, the angular momentum

becomes the matrix product of the inertia tensor and the angular velocity vector.

As we mentioned before, the time derivative of a body’s angular momentum is equal

to external moment applied to it.

- d
M=H _H(Gw) (73)

The external moment has L, M, and N components about the x, y, and z axes; and

the angular momentum H has scalar components Hy, Hy, H, where

Hx = plxx_qlxy_rlxz
H,=ql, -rl, -pl, (74)
Hz :rlzz_plzx_qlzy

Differentiating the angular momentum:

H = F+o* H (75)
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i i K
=H,i+H, j+H,k+|p q T (76)

i{p Ly, +(rp =), —(r+ pa)l,, +(r* =g, +ar(l,, —1,)}
= j{ql, +(pa -1, —(p+ar)l, +(p*> = r*)l, +rp(l, —1,,)} (77)
k{r Izz +(qr_ p)lzx _(q+ rp)lyz +(q2 - pz)lxy + pq(lyy - Ixx)}

The components of the external moment can be found as follows:

M_=ply, +(rp=a)l, —(r+ pa)l, +(r* —g*)l, +ar(l,, —1,)
My =al, +(pg-r)l, —(p+anl, +(p’ =), +rpl, —1,) (78)
My =11, +(@r—p)l, —@+rp)l, +(@* = pH)l, +pa(ly, — 1)

In general, I,y and Iy, either vanish identically or are small enough to be neglected
because there is a mass symmetry about the x-z plane [14]. The moment equations

can be reduced to,

ply—(r+ pa)l, +qr(l, —1,,)
Aly, +(p* =), +rp(l, —1,) (79)
rl, +(ar-pl,+pa(l, —1,)

M,
MM
My

Also, due to the rotational symmetry of the missile, I,y and I,, terms are taken to be

equal to each other. Then,

ML = plxx
MM :quy+rp(|xx_|zz) (80)
My =rl,+pa(l, —1,)
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A.1.2.2. Kinematics Equations
A.1.2.2.1. Translational Kinematics Equations

Velocity expressed in body axis system can be transformed to earth axis system by

the following expression:

X u
Y | =T | v (81)
y4 w

where Tsy; is the direction cosine matrix shown in Eq. 59; X,Y,Z are the position of
the body with respect to the Earth fixed reference frame; and u,v, and w are the

velocities with respect to body frame.

X =UCEY +V(SEEY —Cdsy) + W(S@sECy + Sdsy)

y =uctsy +V(sgstsy +Cgcy )+ W(Cgs sy —sgey) (82)
Z =—Us@ +vsgc O + wegc O

A.1.2.2.2. Rotational Kinematics Equations

The Euler rates with respect to the body rotational rates are given by the following

expressions [14]:

O = p + tan 8{qsin @ + r cos D}

9=qcos<D—rsin® (83)

¥ rcos® +qsin ®

cosd
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A.1.3. Forces and Moments Acting on a Missile

The forces and moments acting on a missile are given as Fx, Fy, Fz, and My, My,
and M. Actually, these forces and moments are total of some distinct forces and
moments. Aerodynamic, thrust, and the gravitational effects have to be taken into
consideration while talking about these forces and moments. In fact, these forces and

moments can be rewritten as:

F, =F,+mg, +T,
F, =F, +mg, +T, (84)
F, =F,+mg, +T,

M, =L+L,
My, =M +M (85)
M T
My =N+N,

In the above equations, Fay, Fay, Faz, L, M, and N are the forces and moments which
only occur due to aerodynamic effects on the missile flight. g., g,, and g, are
the body frame components of the gravitational acceleration. Ty, Ty, T,, Lt, Mr, Nt

are the thrust force and thrust moment components.

A.1.3.1. Introduction to Motion Parameters

Aerodynamic forces and moments can be expressed by the help of some motion

parameters. These are explained in detail below:

Angle of Attack: The angle between the x-axis and the projection of the missile
velocity vector on the reference plane (Figure 97). It is positive when the missile

velocity component along the y-axis is positive. It is shown by a.
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a =tan™ (ﬂJ (86)

Body™~
axis .
et o (alpha),
“\ : angle of
Flight path nitack
{Helatih
wind)

Local horizon

Past
flight path

Figure 97 Angle of Attack Description [16]

Angle of Sideslip: The angle which the missile velocity vector makes with

the reference plane of the missile (Figure 98). It is shown by f3.

B = tan”' (Xj (87)
u
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I} (beta),
side slip angle )

—

Flight path

(Relative —=
wind)

Figure 98 Angle of Sideslip Description [16]

Mach Number: The ratio of the airspeed to the speed of sound. If C is the speed of

the sound, then Mach number can be expressed as:

M= (88)

where V; =+/u® +v? +w? . C can be stated as C =,/)RT where R is the universal

air gas constant, T is the ambient temperature which changes with altitude, and vy is

the specific heat ratio of the air.

Air Density: Mass of air per unit volume. This parameter can be expressed as:

PV (89)

The term p is the air density and calculated as follows:
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1-0.00002256h)**¢, h <10000m
_ {po( ) (90)

0.412x100-000151(h=10000) " hy 5 10000m

where p, is the air density at sea level (1.223 kg/m’), h is the altitude and V is

the missile velocity.

A.1.3.2. Force and Moment Coefficients

Aerodynamic forces and moments can be represented with their coefficients. If
reference area is s, reference length is 1, dynamic pressure is g, and Cx, Cy, and Cy

are coefficients for forces respectively; then the forces can be stated as follows:

F, =05C, o1
Fy = qsC, (92)
F,=qsC, (93)

If C, Cum, and Cy are moment coefficients, moments can be stated as:

L=gsIC, (94)
M =gsIC,, (95)
N =qsIC,, (96)

C, : Axial force coefficient

C, : Side force coefficient

C, : Normal force coefficient

C; : Rolling moment coefficient
Cn : Pitching moment coefficient

C, : Yawing moment coefficient.
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Force and moment coefficients can be found from lookup tables that are created from
Mach number, angle of attack, angle of sideslip, pitch fin deflection, roll fin
deflection, and yaw fin deflection. Force and moment coefficients’ table are going to
be created by the help of the software Missile DATCOM. Functional forms of
the coefficients, which are out of the scope of this discussion, can be found in other

books.

The derivation of non-dimensional form of aerodynamic forces and moment

coefficients can be found as follows [14]:

C, =C, 7
d d
C, :Cyﬂ,8+CyrrN+Cy§r5r +CyppN+Cy535a (98)
d
CZ :Czaa+ququ+Cy565e (99)
d d
C| :C|p pN+Clﬁﬂ+Clﬁaaa+ClrrN+Clé}5r (100)
d
C =C +C —+C_. 0 101
m maa mqrqzv mé, “e ( )
d d
C =C +C r—+C .06 +C p—+C .0 102
n nﬂﬂ n, 2\ né, =r nppzv né, ~a ( )

A.1.4. Summary of Missile Equations

Translational Dynamic Equations:

> X/m=(u+qw-rv)-d, g
DY /m = (V+ru— pw) —d,, g (103)

>'Z/m=(w+ pv-qu)-d,,g
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U=—qw+rv+ZX/m—gsin0
== V=pw-ru+>Y/m+gsingcosd (104)

quu— pV+ZZ/m+gcos¢cos0

u=—qw+rv+ ¢, +T—X—gsin¢9
m m

: c}s T, .

V=—ru+ pw+—C, + —+ gsingcosd (105)
m m

W=—pv+qu +ECZ +T—Z+gcos¢c0s0
m m

Rotational Dynamic Equations:

L=pl, +rp—a)l,, —(r+p@l, +(r* =g, +qr(l,, —1,)
M =ql, +(pg-n)l, —(p+ar)l, +(p* —r*)l, +rp(l, —1,) (106)
N =rl,+(qr—p)l,—(@+rml, +@>—p>)l, +pa(l,, —I4)

ply,=L—(rp—a)l,, +(r+pal, —(r* —g*)l, —ar(l,, —1,)
::quy =M —(pq—f)lyz +(p+qr)|xy _(p2 _rz)lzx _rp(lxx_lzz) (107)
rl, =N—(@r-pl,+@+rml, - -p>)l,-pa(l, -1,)

Because of the symmetry about x and z axes, I, and I,, are very small as to be

insignificant. Then,

: : | Izz_l
p=(r+ pg)-—2—qr( L)+ > L/,

IXX IXX

::>q:—(p2—rz):i—rp(—lxxl_lzz)+ZM/Iyy (108)
vy Yy

: - I, =1,
G pq(WI—)+ZN/IH

23 23

Briefly, six nonlinear differential equations for missiles can be written as:
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. I, -1 q
p=(r+pq):“—qr( “I ”)+CLIO'SI

< | |~ qsl
q=—(p*—ri)tm _ppleley, Cuds (109)
Iyy Iyy IW
: . I, — 1. C,qsl
r=—(ar - p)7*~ pq( WI )+ qu
Translational Kinematical Equations of Motion:
X =UCEY + V(SO Y —Cdsy) + W(S@sECy + Sdsy)
Y =UC Y +V(SgsBsy +Chey) +W(Cs sy — Ssgcy)
Z =—UsO +Vsgch + weged (110)
Rotational Kinematical Equations of Motion:
O = p +tan 8{qsin D + r cos D}
0 =qcos®—rsin® (111)

¥ rcos® +gsin ®

cosd

A.1.5. Linearization of the Equations

The practical controller design in aerospace studies involves linearization of the 12
nonlinear equations of motion. Linearization is based on certain assumptions which

are stated below:

For each point of linearization, a constant ambient temperature (T), ambient density

(p) and velocity (Mach number) are assumed.

Angle of attack (o), angle of sideslip (B), fin deflections (3,, d., O;) are assumed to be
small (a0 < 15°, B<15° &,¢,<15°).

Rolling motion is constant and very small (¢ = 0°, p = 0%/sec).
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Components of the gravitational accelerations are assumed to be external

disturbances (neglected).

Since the angle of attack and sideslip are small, they are approximated as:

(112)

A 2 2
Taking into account the equations above and rememberingv VU VW e

can say that V' ZU and so U=0. Now, we can reduce the 12 nonlinear state
equations (Eq. 105, Eq. 109, Eq. 110, Eq. 111) taking into account the assumptions

made above.

A.1.5.1.1. Linearized Translational Dynamic Equations of Motion

InEq.2.47,U=0 ®~0, p~0and also the gravity terms are neglected and so:

- F,
v=—-r-u

m (113)
w=—-+(q-U

A.15.1.2. Linearized Rotational Dynamic Equations of Motion

The missile is mechanically symmetric, so the lateral moments of inertias are taken

to be equal i.e. Iy = Iz. Using this fact together with p = 0, we have the following:
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L
IX
g=" (114)
Iy
N

A.15.1.3. Linearized Translational Kinematics Equations of Motion

Using the assumptions @ = 0, small 6 and small ¥, (i.e: s6 = 0 and c6 = 1), we have:

y=tu-y+v (115)

Z=-U-0+w

where u = constant (0.86 Mach). Also, we assumed that sOs'¥ term is a higher order

term (HOT) and so it is neglected.

A.15.1.4. Linearized Rotational Kinematics Equations of Motion

Using the assumptions @ = 0, small 6 and small ¥ and a negligible rtanf, we have

$=p
0-q (116)
w=r

To continue linearization, the expansion of aerodynamic force and moment
coefficients are substituted into Eq. 2.33 — Eq. 2.38 and then the Eq. 2.39 — Eq. 2.44

are utilized, so we have the following aerodynamic force and moment equations:
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Q AC AC. d Q,AC, d
F,=(— y”)-v+(Q" “)er+(Q AC, )-8, +Q,AC, 5, +—— 2" p
y u 2u Yar Yaq 2u
AC, Q,AC, d
FZ=(Qd =)W+ (). 1+ (Q,AC, )-8,
u 2u %
Q,Ad*C,, Q,Ad’C,  Q4AC,
L=(—— ) P+(Q,AdC,, )-8, +Q,AdC,, &, + ‘ o L+ . =B
AdC,, Q,Ad*C,,
M=(L)'W+(d27u“)~q+(QdAde,e)'58
Q, AdC, Ad?C, Q,Ad?C,
N = (— ")-v+(Qd o0 -)-r+(Q,AdC, )-8, +Q,AdC, 5{"#

(117)

p

Substituting the force and moment expansions in Eq. 2.59 into Eq. 2.55 — Eq. 2.58

together with the assumption of decoupling (very small roll motion), the linear state

equations can be grouped as:

c) Pitch Plane (Longitudinal) State Equations

-1 |0 1 ~u 0 0
W um um m
- 1=]0 0 0 1 ol" 0[O (118)
4 o, QAIC,  QAdC, . Q,AdC,
q a7 Em BN
| ul, 2ul, | L
d) Roll-Yaw Plane (Lateral) State Equations
~.. [0 1 u 0 0 ] 0 ) 0 ]
v 0 QsAC,, 0 Q;AC, d 4 Q,AC, gcos(6,) v QAC,,  QAC,
\'/ um 2um 2um v m (119)
| |o 0 0 1 0 0 0 0o |
v|_| QAdC, QAdC,  Q,AdC, v | |QAdC, Q,AdC, 5,]
. [=]o 0 0 + ' -
r ul, 2ul, 2ul, r 1, I A
D Q,AdC,, . Q,AdC,  Q,Ad’C, . P| | QuAdC, QyAdC,
4 ul, 2ul, 2ul, K I, .
-4 o 0 0 tan(6,) 1 o | | o |
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A.2. MISSILE DATCOM USER MANUAL

Missile DATCOM is useful software that helps to create force and moment
coefficients’ lookup tables. It uses missile’s physical properties and Mach number,
angle of attack, angle of sideslip for filling the table. 20 Mach numbers and 20 angle

of attack values can be used in a run with the software.

The software uses for005.dat file as an input file and creates other forxxx.dat files.
Input file for005.dat can be modified by any text editor program. for006.dat is the

main output file which includes all the force and moment coefficients.

A.2.1. Input File (for005.dat)
A.2.1.1. Control Card Inputs

Control cards are one line commands which select program options. Although they
are not required inputs, they permit user control over program execution and the

types of output desired. Control cards enable the following:

Printing internal data array results for diagnostic purposes (DUMP)

Outputting intermediate calculations (PART, BUILD, PRESSURES, PRINT AERO,
PRINT EXTRAP, PRINT GEOM, PLOT, NAMELIST, WRITE, FORMAT)

Selecting the system of units to be used (DIM, DERIV)

Defining multiple cases, permitting the reuse of previously input namelist data or

deleting namelists of a prior case (SAVE, DELETE, NEXT CASE)
Adding case titles or comments to the input file and output pages (*, CASEID)

Limits the calculations to longitudinal aerodynamics (NO LAT)

Missile DATCOM input file starts with the control card inputs which determine the
output formats. Many different control cards are available. There is no limit to the

number of control cards that can be present in a case. If two or more control cards
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contradict each other, the last control card input will take precedence. All control

cards must be input as shown, including any blanks. Control cards can start in any

column but they cannot be continued to a second card. Misspelled cards are ignored.

Control cards can be located anywhere within a case.

Some of the control card inputs can be summarized as in Table 9:

Table 9 Control Card Inputs

Name Explanations
CASEID A user supplied title to be printed on each output page specified. (up yo 73
MISSILE characters)
This option is used for determining the units for the user inputs and outputs.
DIM M “DIM M means meters. “DIM IN (inches)”, “DIM FT (feet)”” and “DIM
CM(centimeters)” are also possible.
SOSE Second-order shock expansion method will be used. This option has to used
for the Mach numbers greater than 2.0.
DERIV DEG All output derivatives are set to either degree or radian (DERIV RAD)
measure.
Dynamic derivatives are computed and the results output for the
DAMP configuration.
PART Permits printing of partial aerodynamic output.
BUILD Th_|s control card instructs the program to print the results of a configuration
build-up.
Internal data blocks, used in the computation of the case, are written on tape
DUMP CASE | unit 6 (“for006.dat™"). This control card automatically selects partial output
(PART). This control card is effective only for the case in which it appears.
This control card causes the program to select the Newtonian flow method
HYPER for bodies at any Mach number above 1.4. HYPER should normally be
selected at Mach numbers greater than 6.
This control card instructs the program to print all namelist data. This is
NAMELIST useful when multiple inputs of the same variable or namelist are used. This
control card is effective only for the case in which it appears.
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Table 9 (continued)

This card indicates termination of the case input data and instructs the
NEXT CASE program to begin case execution. It is required for multiple case "runs". This
card must be the last card input for the case.

This control card permits the program to cycle through all of the input cases
without computing configuration aerodynamics. It can be present anywhere
NOGO in the input stream and only needs to appear once.

This option is useful for performing error checking to insure all cases have
been correctly set up.

This control card inhibits the calculation of the lateral-directional
derivatives due to sideslip angle, and the roll rate and yaw rate derivatives if
NO LAT the control card DAMP is selected. Large savings in computation time can
be realized by using this option. This option is automatically selected when
using TRIM.

A data file for use with a post-processing plotting program is provided when
PLOT this control card is used. A formatted file is written to tape unit 3
(“for003.dat™).

This control card instructs the program to print the body and fin alone
pressure coefficient distributions at supersonic speeds. Only pressure data to
15 degrees angle of attack for bodies and at zero angle of attack for fins are
printed. The body pressure output at positive angle of attack is written to
tape unit 10 (““for010.dat™). The fin pressure output is written to tape unit 11
(““for011.dat™). The body pressure output and local Mach number at zero
angle of attack are written to tape unit 12 (““for012.dat™). This control card
is effective only for the case in which it appears.

PRESSURES

When the SPIN control card is input, spin and magnus derivatives are
computed for body alone. If the configuration being run is a body + fin sets,
SPIN the spin derivatives are still computed for body alone. A PART or BUILD
card must be input for body alone derivatives to be printed out. This control
card is effective only for the case in which it appears.

This control card causes the program to perform a trim calculation.
Component buildup data cannot be dumped if TRIM is selected. The use of
TRIM this control card is the same as if the namelist TRIM was included except
that the defaults for namelist TRIM are used. This control card is effective
only for the case in which it appears.

A.2.1.2. Namelist Inputs

After the control card inputs, “namelist inputs” takes place. “Namelist input parts”
start with “$” and the name of the namelist, and end with “$”. All properties of a

missile are determined by namelists.
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Namelist inputs are column independent, and can begin in any column including the
first. If a namelist is continued to a second card, the continued card must leave
column 1 blank. Also, the card before the continued card must end with a comma.
The last usable column is number 79 if column 1 is used and column 80 if column 1

is blank.

The same namelist can be input multiple times for the same input case. The total
number of namelists read, including repeat occurrences of the same namelist name,

must not exceed 300.
The three namelist inputs

$REFQ SREF=1.,$

$REFQ LREF=2.$

$REFQ ROUGH=0.001,$
are equivalent to

$REFQ SREF=1.,LREF=2.,ROUGH=0.001,$

The last occurrence of a namelist variable in a case is the value used for the

calculations.
The three namelist inputs

$REFQ SREF=1.,$
$FLTCON NMACH=2.,MACH=1.0,2.0,$
$REFQ SREF=2.,$

are equivalent to

$REFQ SREF=2.,$
$FLTCON NMACH=2., MACH=1.0, 2.0,$

Any variable can be initialized by using the constant UNUSED; for example,
LREF=UNUSED sets the reference length to its initialized value.

Certain variables are input as arrays instead of single values, such as ALPHA. If the

array list is too long to fit on one card, it must be continued on the following card
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with the variable name repeated and the array index of the first continued value. For

example:

$FLTCON

NALPHA=20., ALPHA=0.,2.4.,6.,8.,10.,12.,14.,16.,18.,20.,
ALPHA(12)=22.,24.,28.,32.,36.,40.,44.,48.,52.,
NMACH=5., MACH=0.2,0.8,1.5,2.0,3.0, ALT=0.,10000.,
ALT(3)=20000.,30000.,40000.,%

The namelists can be input in any order.

Only those namelists required to execute the case need be entered.

All Missile Datcom namelist inputs are either real numbers or logical constants.
Integer constants will produce a nonfatal error message from the error checking
routine and should be avoided. All namelist and variables names must be input in
capital letters. This also applies to numerical values input in “E” format, i.e.

REN=6.0E06 is acceptable, while REN=6.0e06 is not.

¢ XCG = 1.0884 >
_ —
CHORD=0.10 CHORD—0. “——TNOSE = 0.30
SSPAN=0.2 SSPANF0.25 «——LREF =0.20
CHORD=025 1
(HORD=0.15 i

O DREF =0.07 =DNOSE
BNOSE = 0.

-

LCENTR =1.2358

Figure 99 Missile Model

General Properties of Infrared Guided Surface to Air Missiles is shown in Table 14

and a generic IR guided missile is shown in Figure 108.
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A.2.1.2.1. Reference Quantities

Inputs for this namelist are optional and are defined in Table 10. A vehicle scale
factor (SCALE) permits the user to input a geometry that is scaled to the size desired.
This scale factor is used as a multiplier to the user defined geometry inputs; it is not
applied to the user input reference quantities (SREF, LREF, LATREF). If no
reference quantities are input, they are computed based upon the scaled geometry.
XCG is input relative to the origin of the global coordinate system (X=0, Figure 1)
and is scaled using SCALE. Instead of specifying the surface roughness height
ROUGH, the surface Roughness Height Rating (RHR) can be specified. The RHR

represents the arithmetic average roughness height variation in millionths of an inch.

Table 10 Reference Quantity Inputs

Name Explanation
SREF Reference area
LREF Longitudinal reference length

LATREF | Lateral reference length

XCG Longitudinal position of C.G. (+aft)

7CG Vertical position of C.G. (+up)
Boundary layer type:

BLAYER TURB for fully turbulent

NATURAL for natural transition

ROUGH | Surface roughness height

RHR Roughness Height Rating

SCALE Vehicle scale factor

A typical input for the reference quantity input is shown in Figure 100:
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¢ LREF =0.20

A

‘ +—— XCG=1.884 »

O DREF =0.07

|

=
F L

Figure 100 A Typical Input for the Reference Quantity Input

A Reference Input code example is given below:

SREFQ

SREF=0.159043, reference areca
LREF=0.20, Longitudinal reference length
XCG=1.88400,  Longitudinal position of center of gravity

A.2.1.2.2. Flight Conditions

This namelist defines the flight conditions to be run for the case. The program is
limited to 20 angles of attack and 20 Mach number/altitude combinations per case at
a fixed sideslip angle, aerodynamic roll angle, and panel deflection angle. Therefore,
a "case" i1s defined as a fixed geometry with variable Mach number/altitude and

angles of attack.
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A typical input for the flight conditions input is as follows:

$FLTCON

NALPHA=15.0,

ALPHA=-21.0,-18.0,-15.0,-12.0,

ALPHA(5)=-9.0,-6.0,-3.0,0.0,3.0,6.0,9.0,

ALPHA(12)=12.0,15.0,18.0,21.0,

NMACH=13.0,

MACH=0.40,0.60,0.80,0.90,0.95,1.00,1.10,

MACH(8)=1.20,1.40,1.60,1.80,2.00,2.20,

BETA=S5,
ALT=4000.0,

$

number of angle of attacks
angle of attacks

angle of attacks. (5) means this raw
starts with he fifth angle of attack

angle of attacks. (12) means this raw
starts with he twelfth angle of attack

number of mach numbers
Mach numbers

Mach numbers. (8) means this raw
starts with he eighth Mach number

Sideslip angle

altitude

In addition, the inputs in the Table 11 can also be used.

Table 11 Additional Flight Condition Inputs

Name | Explanation

REN Reynolds numbers per unit length

VINF Freestream velocities
TINF Freestream static temperatures
PINF Freestream static pressures
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Any of the following combinations satisfy the minimum requirements for calculating

atmospheric conditions (Mach and Reynolds number):

MACH and REN

MACH and ALT

MACH and VINF and TINF
VINF and ALT

VINF and TINF and PINF

A.2.1.2.3. Axisymmetric Body Inputs

This namelist defines the axisymmetric body properties of the missile. This namelist

can be used according to options.

OPTION 1: The geometry is divided into nose, center body, and aft body sections.
The shape, overall length, and base diameter for each section are specified. Note that
not all three body sections need to exist on a configuration; for example, a nose-

cylinder configuration does not require definition of an aft body.

Inputs for OPTION 1 can be summarized as in Table 12:

Table 12 Axisymmetric Body Inputs for Option 1

Name Explanation

XO or X0 | Longitudinal coordinate of nose tip

Type of nose shape:
CONICAL or CONE (cone)
OGIVE (tangent ogive)

POWER (power law) HAACK (L-V
constrained)

KARMAN (L-D constrained)

TNOSE

POWER Exponent, n, for power law shape: (r/R)=(x/L)n
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Table 12 continued

LNOSE Nose length
DNOSE Nose diameter at base
BNOSE Nose bluntness radius or radius of truncation
Truncation flag:
TRUNC .TRUE. if nose is truncated
.FALSE. if nose is not truncated
LCENTR | Centerbody length
DCENTR | Centerbody diameter at base
Type of afterbody shape:
TAFT CONICAL or CONE (cone)
OGIVE (tangent ogive)
LAFT Afterbody length
DAFT Afterbody diameter at base (must be > 0. And not
equal to DCENTR)
Nozzle diameter for base drag calculation DEXIT not
DEXIT defined gives zero base drag DEXIT = 0. Gives “full”
base drag DEXIT= exit gives base drag of annulus
around exit only
BASE Flag for base plume interaction: .TRUE. for plume
calculations .FALSE. for no plume calculations
BETAN Nozzle exit angle
JIMACH Jet Mach number at nozzle exit
PRAT Jet/freestream static pressure ratio
TRAT Jet/freestream stagnation temperature ratio
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3
t DEXIT

Figure 101 Asymmetric Body Structure

OPTION 2: The longitudinal stations and corresponding body radii are defined,

from nose to tail. Inputs for OPTION 2 can be summarized as in Table 13.
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Table 13 Axisymmetric Body Inputs for Option 2

Name Explanation

XO or X0 Longitudinal coordinate of nose tip

NX Number of input stations (2 < NX < 50)

X Longitudinal coordinates X(NX) must be the end of the body
R Radius at each X station L

Indices of X stations where the surface slope Is discontinuous.

DISCON Example: X(1)=0.,4.,8.,12.,16.,20., DISCON=3., Defines a

discontinuity at X=8. (third value)

BNOSE Nose bluntness radius or radius of truncation

Truncation flag:

TRUNC .TRUE. if nose is truncated

FALSE. if nose is not truncated

DEXIT

Nozzle diameter for base drag calculation
DEXIT not defined gives zero base drag
DEXIT = 0. Gives “full” base drag

DEXIT= exit gives base drag of annulus Around exit only

A typical input for the axisymmetric body input is shown in Figure 102:

\ «— LWHEAD =1.58—»«——LNOSE

A A

DEXIT DCENTR =0.07 DNOSE =0.07 BNOSE =0.02—

'y

LCENTR =1.23538 >

Figure 102 A Typical Input for the Axisymmetric Body Input
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$AXIBOD

A typical input for the axibod conditions input is as follows:

TNOSE=OGIVE,
LNOSE=0.30,
DNOSE=0.0700,
BNOSE=0.02,
LCENTR=1.23580000,
DCENTR=0.0700,

DEXIT=0.070,

FINSET-1 (WING) INPUTS

type of nose shape

nose length

nose diameter at base
radius of truncation
centerbody length
centerbody diameter at base

nozzle diameter for base drag
calculation

A typical input for the finest-1 input is as follows:

$FINSET1

SSPAN=0.0,0.25,
CHORD=0.250000,0.219423,

XLE=0.58580000000,

SWEEP=15.000000,STA=0.0,

NPANEL=4.0,

PHIF=0.,90.,180.,270.,

ZUPPER=0.01425,0.01425,

LMAXU=0.0344,0.0344,

semi span locations
panel chord at each semi-span location
distance from missile nose to chord leading edge

sweepback angle at each span location. STA means
chord station used in measuring sweep. STA=0.0 is
leading edge, STA=1 is trailing edge

Numbers of panels in fin set

roll angle of each fin measured clockwise from top
vertical center looking forward

thickness to chord ratio of upper surface. Input
separate value for each span station.

fraction of chord from section leading edge to
maximum thickness of upper surface. Input separate
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value for each span station.

LFLATU=0.9312,0.9312,% fraction of chord of constant tickness

XLE(3)

XLE(2)

XLE(1)

XHINGE ;Hinge line

Figure 103 Finset Structure I

Varying Body Radius Placement

XLE(1)

Body Centerline

50% Root Chord

Figure 104 Finset Structure 11
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FRSET 1 PARNEL 1

FREET 2 PRKEL 1

FHSET 1 PENEL 4
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FIMSET .'_|'\.=N-_-_.‘1-"""-l-

FINSET ! PRHEL 3 T—
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CENTER
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/
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VIEW LOOKING FORWARD
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Figure 105 Finset Structure I11
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T < XLE 2.5358

SSPAN 0.4p
| SWEEP 1%°

«—CHORD 0.55_,

CHORD 0.4294

Figure 106 A Typical Finset Input

##*xFINSET-2 (TAIL) INPUTS****

“ XLE 3.1358

SWEEP
25°

v

ICHORD 0.4

T
/ SSPAN
l 0.3

CHORD 0.26

Figure 107 Tail Finset Structure
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$FINSET2

SSPAN=0.0,0.200000,
CHORD=0.150000,0.100108,
XLE=1.4358000000,
SWEEP=25.000000,STA=0.0,
NPANEL=4.0,
PHIF=0.,90.,180.,270.,
ZUPPER=0.01425,0.01425,
LMAXU=0.0344,0.0344,
LFLATU=0.9312,0.9312,$

$DEFLCT

This namelist permits the user to fix the incidence angle for each panel in each fin
set. The variables are given in Table 14. Note that the panel numbering scheme is
assumed to be that shown in Figure 108. The array element of each deflection array
corresponds to the panel number. The scheme for specifying deflection angles is

unique, yet concise. The scheme used is based upon the body axis rolling moment:

"In Missile Datcom a positive panel deflection is one which will produce a negative
(counterclockwise when viewed from the rear) roll moment increment at zero angle

of attack and sideslip."

DELTA1=4.000,4.000,4.000,4.000, deflection angles for each panel in fin set 1
DELTA2=0.000,0.000,0.000,0.000, deflection angles for each panel in fin set 2

Position of the panel hinge line for Each fin
set, measured from the coordinate system

XHINGE origin. XHINGE is NOT measured from the
Body nose unless XO=0.

SKEW Hinge line sweepback for each fin set

122



Table 14 General Properties of Infrared Guided Surface to Air Missiles

Missile Range Speed
Alternative Length/ Mass e p Altitude .
. Min/Max | (Mac Guidance
Name /Diam./Span | (kg) (m)
(km) h)
(cm)
—————————— "SA-9 Gaskin" | 180/11/30 | 30 0.5/6 1.5 /5000 IR
Ain Sakr Egyptian Strela | 134/7/10 10 /4.4 - 50/2400 | IR
Blowpipe 140/8/28 | 11 0.5/3 1.5 /2000 IR/CLOS
Crotale 293/16/54 | 85 0.5/10 2.3 4/5000 IR/BR
FIM-43A Redeye 122/7/14 | 8 /3.4 /1500 IR
FIM-92A Stinger 152/7/9 10 0.3/5.5 30/4800 | IR
EIM-92B/C | Stinger 152/7/9 10 0.2/5.5 2.2 30/4800 | IR/UV
HN-5A - 13 0.8/4 - 80/2500 | IR
Igla-1 "SA-16
9K310 Gimlet" - 13 0.5/6 2.5- 1/5000 IR
MIM-72A Chaparral 291/13/54 | 84 0.5/4 2.5 15/3000 | IR
Mistral - 17 0.3/6 1.5 /3000 IR
QW-1 - 17 0.5/5 - 30/4000 | IR
RIM-116 /13 /43 73 /7 1 - IR+RF
Roland 3 240/16/50 | 67 0.5/8 1.7 20/4000 IORS/SACL
dual-

SAVH-IRS i ) ) i ) colour IR
Strela SATSANS 1 y3s/o/o o |0ss7 |18 | 4568000 |IR

Grail
Strela-2M "SA-7B Grail" | - 10 0.5/5.6 1.8- | 45/4300 | IR
TAN-SAM | "Type 81" 270/16/60 | 100 0.5/7 24 /3000 IR
Tien Kung 1 - - /70 4+ 100/24k | SAR/IR

"SA-13

Gopher" - - 0.5/5 2 - IR
__________ SA-L4SAN- | 10 |oss |18 |/s000 |IR

8 Gremlin
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Figure 108 Generic IR Guided Missile

A.2.2. Output File (for006.dat)

Missile DATCOM provides aerodynamic coefficients for the missile characterized

by the input file according to angle of attacks and the mach numbers. If the input

includes only one angle of attack and only one Mach number, output file will contain

only one “run” and of course only one output for all coefficients.

Output file of Missile DATCOM includes the items in Table 15as a summary:

Table 15 Output Files Contents

Name Explanation

CN Normal force coefficient

CM Pitching moment coefficient

CA Axial force coefficient

CY Side force coefficient

CLN Yawing moment coefficient

CLL Rolling moment coefficient

CNA Normal force coefficient derivative with
ALPHA
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Table 15 continued

Pitching moment coefficient derivative with
ALPHA

CYB Side force coefficient derivative with BETA

CMA

CLNB Yawing moment coefficient derivative with

BETA

Rolling moment coefficient derivative with
CLLB BETA
CL Lift coefficient
CD Drag coefficient

CL/CD | Lift to drag ratio

Center of pressure position, measures\d from
the moment reference center, divided by
reference length. Positive values indicate c.p.
forward of the moment reference point.

XCP

CNQ Normal force coefficient due to pitch rate

CMQ Pitching moment coefficient due to pitch rate

CAQ Axial force coefficient due to pitch rate

Normal force coefficient due to rate of

CNAD change of angle of attack

CMAD Pitching moment coefficient due to rate of
change of angle of attack

CYR Side force coefficient due to yaw rate

CLNR | Yawing moment coefficient due to yaw rate

CLLR | Rolling moment coefficient due to yaw rate

CYP Side force coefficient due to roll rate

CLNP | Yawing moment coefficient due to roll rate

CLLP Rolling moment coefficient due to roll rate

Some coefficients like “yaw moment aileron derivative coefficient” can not be found
directly in the output file. But, this coefficient can be found by changing the “fin
deflection angles”, running the Missile DATCOM again, substituting the two outputs

for the “Yawing moment coefficient”.
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A.2.3. Automated Processing Recommendations for the Output File

Automated processing of the outputs is a very complex issue due to a large number

of coefficients and numbers. The following procedure should be followed in order to

obtain aerodynamic coefficient lookup tables:

e Open the for006.dat file in Excel format.

[ Y3

e Be careful for the “.” and “,” changes. Because Excel reads “.” as decimal

({34

place separator and txt files reads “,” as decimal place separator.

e Save the excel file to the same folder with a different name. (for example

deneme.xls)
e Use the
[NUMERIC,TXT,RAW]=xlsread(‘....... \deneme.xIs');

command in Matlab to assign all cells of the deneme.xls into the Matlab side.

e Use the command below to found the “axial force coefficient” for example:

clc;
[satir,kolon]=size(RAW);,
topla=zeros(satir, 1);
for i=1:satir
k=RAW{i,5};
if isstr((RAW{i,5})
k=RAW{i,5};
if stremp(k,'CA")
topla(i)=i;
end
end
clear k;
end
sifirolmayan_ca lar=nonzeros(topla);

clear a;

=L

m=1;

clear i;

n=length(sifirolmayan_ca_lar);

for i=1:n
a(j,m)=RAW {(sifirolmayan_ca lar(i)+2),5};
a(j+1,m)=RAW {(sifirolmayan_ca_lar(i)+3),5};
a(j+2,m)=RAW {(sifirolmayan_ca_lar(i)+4),5};
a(j+3,m)=RAW {(sifirolmayan_ca lar(i)+5),5};
a(j+4,m)=RAW {(sifirolmayan_ca lar(i)+6),5};
a(j+5,m)=RAW {(sifirolmayan_ca lar(i)+7),5};
a(j+6,m)=RAW {(sifirolmayan_ca_lar(i)+8),5};
a(j+7,m)=RAW {(sifirolmayan_ca_lar(i)+9),5};
a(j+8,m)=RAW {(sifirolmayan ca lar(i)+10),5};

126



a(j+9,m)=RAW {(sifirolmayan ca lar(i)+11),5};
a(j+10,m)=RAW {(sifirolmayan_ca_lar(i)+12),5};
a(j+11,m)=RAW {(sifirolmayan_ca_lar(i)+13),5};
a(j+12,m)=RAW {(sifirolmayan_ca_lar(i)+14),5};
a(j+13,m)=RAW {(sifirolmayan_ca_ lar(i)+15),5};
a(jt14,m)=RAW {(sifirolmayan ca lar(i)+16),5};
m=m+1;

end

clear s;

for s=1:9
Cx(:,:,8)=a(:,s*13-12:5*%13);

end

Some numbers in this code have to be rearranged for the appropriate input file.

In the case that a coefficient that is not directly written to output file like aileron

derivative coefficient, a small code must be written to subscribe two output files.

Standard output for the file for005.dat above is shown inTable 16:

Table 16 Standard output for the file for005.dat

wxxsss £ |GHT CONDITIONS AND REFERENCE QUANTITIES *##

MACH NO =0.70 REYNOLDS NO = 1.010E+07 /M
ALTITUDE= 5000.0 M DYNAMIC PRESSURE= 18541.54 N/M**2
SIDESLIP = 0.00 DEG ROLL = 0.00 DEG
REF AREA = 0.159 M**2 MOMENT CENTER = 1.088 M
REF LENGTH =0.20 M LAT REF LENGTH = 0.20M

----- LONGITUDINAL ----- -- LATERAL DIRECTIONAL --

ALPHA CN CM CA CY CLN CLL

-9.00 -0.748 -1.389 0.023 0.000 0.000 0.000
-8.00 -0.666 -1.229 0.023 0.000 0.000 0.000
-7.00 -0.582 -1.061 0.023 0.000 0.000 0.000
-6.00 -0.496 -0.896 0.023 0.000 0.000 0.000
-5.00 -0.412 -0.731 0.023 0.000 0.000 0.000
-4.00 -0.329 -0.570 0.023  0.000 0.000 0.000
-3.00 -0.245 -0.416 0.023 0.000 0.000 0.000
-2.00 -0.162 -0.271 0.023 0.000 0.000 0.000
-1.00 -0.081 -0.133 0.023 0.000 0.000 0.000
0.00 0.000 0.000 0.023 0.000 0.000 0.000
1.00 0.081 0.133 0.023 0.000 0.000 0.000
2.00 0.162 0.271 0.023 0.000 0.000 0.000
3.00 0.245 0416 0.023 0.000 0.000 0.000
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Table 16 continued

4.00
5.00
6.00
7.00
8.00
9.00

ALPHA

-9.00
-8.00
-7.00
-6.00
-5.00
-4.00
-3.00
-2.00
-1.00
0.00
1.00
2.00
3.00
4.00
5.00
6.00
7.00
8.00
9.00

0.329
0.412
0.496
0.582
0.666
0.748

CL

-0.735
-0.656
-0.575
-0.491
-0.409
-0.327
-0.244
-0.161
-0.080
0.000
0.080
0.161
0.244
0.327
0.409
0.491
0.575
0.656
0.735

0.570  0.023
0.731 0.023
0.896 0.023
1.061 0.023
1.229  0.023
1.389  0.023
CD CL/CD
0.139 -5.270
0.115 -5.694
0.094 -6.143
0.075 -6.583
0.059 -6.961
0.046 -7.139
0.036 -6.830
0.029 -5.659
0.024 -3.310
0.023  0.000
0.024 3.310
0.029 5.659
0.036 6.830
0.046 7.139
0.059 6.961
0.075 6.583
0.094 6.143
0.115 5.694
0.139 5.270

0.000
0.000
0.000
0.000
0.000
0.000

X-C.P.

1.858
1.845
1.823
1.806
1.775
1.730
1.698
1.668
1.647
1.647
1.647
1.668
1.698
1.730
1.775
1.806
1.823
1.845
1.858

0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000

X-C.P. MEAS. FROM MOMENT CENTER IN REF. LENGTHS, NEG. AFT OF
MOMENT CENTER

Frxxxxx FLIGHT CONDITIONS AND REFERENCE QUANTITIES

*hkkkhkkkk

MACH NO
1.010E+07 /M
ALTITUDE

18541.54 N/M**2

SIDESLIP
DEG

REF AREA

M

REF LENGTH =

M

0.70 REYNOLDS NO
5000.0 M DYNAMIC PRESSURE
0.00 DEG  ROLL

0.159 M**2  MOMENT CENTER
0.20 M LAT REF LENGTH
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Table 16 continued

---------- DERIVATIVES (PER DEGREE) ----------
ALPHA CNA CMA CYB CLNB CLLB

-9.00 0.0805 0.1572 -0.0356 -0.0400 0.0105
-8.00 0.0828  0.1639 -0.0350 -0.0459  0.0086
-7.00 0.0850 0.1663 -0.0356 -0.0468  0.0075
-6.00 0.0850  0.1649 -0.0356 -0.0460  0.0065
-5.00 0.0834 0.1632 -0.0353 -0.0445 0.0054
-4.00 0.0835  0.1575 -0.0349 -0.0428  0.0042
-3.00 0.0834  0.1494 -0.0343 -0.0407  0.0031
-2.00 0.0822  0.1417 -0.0336 -0.0382  0.0021
-1.00 0.0812  0.1354 -0.0330 -0.0362 0.0010
0.00 0.0808 0.1331 -0.0327 -0.0355  0.0000
1.00 0.0812  0.1354 -0.0330 -0.0362 -0.0010
2.00 0.0822  0.1417 -0.0336 -0.0382 -0.0021
3.00 0.0834  0.1494 -0.0343 -0.0407 -0.0031
4.00 0.0835  0.1575 -0.0349 -0.0428 -0.0042
5.00 0.0834  0.1632 -0.0353 -0.0445 -0.0054
6.00 0.0850 0.1649 -0.0356 -0.0460 -0.0065
7.00 0.0850  0.1663 -0.0356 -0.0468 -0.0075
8.00 0.0828 0.1639 -0.0350 -0.0459 -0.0086
9.00 0.0805 0.1572 -0.0356 -0.0400 -0.0105

PANEL DEFLECTION ANGLES (DEGREES)

SET FIN1 FIN2 FIN3 FIN4 FINS FIN6 FIN7 FINS&
1 0.00 0.00 0.00 0.00

2 0.00 0.00 0.00 0.00
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