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ABSTRACT

This thesis deals.with‘ a simulation of a missile versus iarget engagement
scenario. After derivinsg siniplified wansfer functions for the missile seeker
head, missile autopilot, missile dynamics, and target dynamics, a three
dimensioual simulation is developed using classical proportional ravigation. The
scenario is simulated using state vériable design.’ A forward time solution of the
two dimensional problem is déveloped which is converted to an adjoint model.
The adjoint model is used to determine the optimal time to iritiate simplified and

tactical evasion maneuvers in order to maximize the final miss distance.
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THESIS DISCLAIMER

The reader is cautioned that computer programs developed in this
research may not have been exercised for all cases of interest. While every
‘ effort has Bee'n made, within the ﬁmc available, to ensure that the programs are
free of computational and logical errors, they cannot be considered validated.
Any application of these programs without additional verification is at the risk of
the user. . ‘ ‘ .
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I. INTRODUCTION

Since the early years of the Viemam War the surface-to-air missils has
become the largest threat to combat aviators. During the emergent age of iow
intensity conflicts, a goal of zero percent aircraf: losses must remain a high
priority to strike planners and decision makers. 1n‘or'der to minimize losses to
enemy antiair weapon systems, in particular surface-to-air missiles, these
systems must be generally understocd and tactics necessary to defeat these
missiles must be investigated.

Aircraft combat survivability is defined as "the capability of an aircraft to
avoid and/or withstand a man-made hostile environment.” [Ref. 1] Figure 1
diSplays the basic aircraft survivability relationships. The probability of an
aircraft being hit by antiair weapons is termed Py which is referred to as the
' susceptibility of the aircraft. Susceptibility is calculated by the product

PH =PA'PDIT'PLGD ' (1.1)
- where - -
Fa = probability the threat is active and ready to [engage the
aircraft.
Por = probability the aircraft is detected, identified, and tracked.
Pigp = probability the threat is launched, guided and either hits the

| ~ aircraft or detonates.close enough to cause a hit.
"l‘he vulncrabxhty of an am:raft is defines as the mabnhty to withstand the
damage caused by a hostiie envircnment. It can be measuxed by Px/u which is
the probability of an aircraft kill given it is hit by hostile fire. This| leads to the
relationship o |
probability of kill = susceptibility-vulnerability, | (1.2)' |
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Figure 1. Aircraft Survivability Diagram

or in cther words, ' : .
| Pg-= Py P/ B (13
It is obvious then that the probability of survival is _ o
|  Pg=1-Pg. [Ref. 1] 1.4)

Therefore, in order to increase the survivability of an aircraft, the probability
of kill must be reduced. One way that this can be achieved is by decreasing
PrLgp. The Ipr_dbability that a missile is succéssfully guidcd and .ither hits an
aircraft or detonates qlose' encugh to hit it, can be reduced by degrading the




guidance and control system of the missile. Tn§ employment of high
acceleration turns and random mareuvers are examples of methods that czn be
| This research develops a missile/target siin_ulation progrim using

classical proportional snlavigation. A tiree dimensional model is produced

’ass"ming a dual gimbal axis seeker head. Chapter IT intrecduces the id=a of

proportioral navigation and the actual guidance law is dévcloped. In Chapter

I the transfer functions for the individual missile subsysiems are determined.

The specifics of the cemputer simulation geomeiry are discussed leading to the

actval relationships used in the program. Additionally, a two dimensional |
forward time model is developer which is converted to an adjoint model. The "
adjcint model is a useful tool for analyzing time varving systems. It is used in
this thesis to determine optimal miss distance parameters. Chapter TV consists
of actual simulation resulis. Two typical sccnarios are conducted }to show the
capabilities of the program agains: various target maneuvers. Thc adjoint

model is then used to determine an optimal time to initiate various evasion |

“maueuvers. Conclusions and recommendations follow in Chapter V.

_ All computer simuladons are developed and conducted using the Mamx -
Labommry M2 TLAB) and the three dxmenslonal plots are generated usmg
the Display Intchfated Software System and Plotting Lasguage (DISSPLA}.




II. BASIC PROPORTIONAL NAVIGATION

~A. GENERAL

~ Proportional navigation is the basic guidance law used in the tfxajo'rity of the
threat missiles in operational use today. This method of guidance generates
missile acceleration commands proportional to the line of 'sight (LOS) rate.
Figure 2 shows the basic parameters and geometry associated with the two

dimensional missile/target engagement problem and the parameters are' defined
below:

Vi = arget velocity.
Vm = missile velocity.
* = target ilight path angle.
Yn = missile flight path angle.
R = missile to target range.
Ry = target range.
Rm =Ymissile range.

6 = line of sight angle.
. Gy = target line of' sight angle.
Iom- = missile line of sight angle.
B. CONSTANT BEARING COURSF.
Ak. constant beaﬁné course is one where the line of sightA bcfwccn the
target and the missile maintains a constant orientation in space. - As a result,
progressive lines of sight remain parallel to each other as the engagement

‘procedes. Similarly, the line of sight arngle, o, remains constant. Figure 3




C;

‘Rallonm' 4 , : ' ‘ ‘ \
Figure 2. Missile/Target Geometry

depicts the constant bearing course idea. As long as there is a positive closing
velocity between the niissile and the target, the constant bearing course
concept will ensure an intercept. Proportional navigation uses the constant

| bearing course idea by driving the line of sight rate, &, to zero. [Ref. 2]




~ Figure 3. Constant Bearing Course

C. PROPORTIONAL NAVIGATION SCHEME
| Figure 4 depicts the basic proportional navxganon scheme. Assummg that

the seeker head of the mxssxlc follows the: target, the transverse. accclcranon '.

perpendicular to the lin. of s:ght will equal the acceleration of the R vector in
that direction. Mathematically, the accelezation of R is '

Ay =(R+oxwxR)i,+ (2mexR+vo)xR)§, 21)

where L
R = missile/target line of sight vector.




R = closing rate along R.

acceleration along R. |

angular rate of change of R in inertial

space. ,
Am =  missile acceleration perpendicular to k..
Ay = target acceleration perpendicular to R.

Ar
At this point, a missile acceleration, Am, equzil to the target acceleration, Ag will

overall acceleration of 'R.

make the line of sight parallel to its original direction. As long as R remains

| Am.
Missile

. Figure 4. Vectorial Proportional Navigation Scheme




along R (w=0) a missile/target impact is assured. So, the tfémsverse

acceleration command is ,

| A-Ap =dxR+2(0xR). 2.2)
Assuming the line of sight rate is equal to the angular rate of change of R in
. inertial space, equation (2.2) now becomes
' A\-Ap =RS+2R6. | (2.3)

D. PROPORTIONAL NAVIGATION GUIDANCE LAW
In the classical propertional navigation scheme, the missile course is one in

which the rate of change of the missile heading is directly proportional to the
rate of rotation of the line of sight vector from the missile to the target. As a
result, this course change is intended to counteract the rotation of the line of
sight, thus returning to a constant bearing course. The movement of the missile
' and target cause the line of sight to roiate resulting in a differential displacement
between the missile and the targe. perpendicular to the range line. Figure 5
dépicts this geometry. [Ref. 3] The proportional navigation guidahce law
attempts to generate an ac'celcration c‘ommand, Ac, peyp'endicular to the Iiné of
sight. : o | | "
~ Assume a gyro stabilized secker head. If there is no torque applied to the

gyro, the.seeker will not rotate. Assuming the secker tracks the target, ‘the
| gyro angle will follow the|line of sight. Applying the equation of miotion for a
Agyro stabilized secker ‘ ' | , |

L =loQ 2.4
where

L ' = applied torque.

$pin angular velocity.




\Y; Target
A
c Vertical Displacement
Missiie |

Figure 5. Missile Acceleration Orientation

I = moment of inertia of the gyroscope.

Q = rate of precession of the gyroscope.

Applying this to the case when the seeker head tracks the target, Q is then

replaced by the rate at which the gyro is torqued in space. This is slmply G
which is the line of s1ght rate. [Ref. 4] Thus, equation (2.4) becomes '
L=los. 2.5
This torque is in turn applied to the control surface of the missile leading to
the relationship | |
Ap=KL =M @)
where k is a cbns_tant of proportionality. Referring to Figure 6, a relationship is

determined for Am in terms of the rate of change of the missile flight path angle,

¥.. Given the missile velocity vecter at some point in time, Vi(t), and suppose

the missile undergoes an acceleration, Am, during an interval of time, dt. The_

velocity vector is then dxsplaced and is represented by the vector V (t+dt)
The angle the vector is :raversed is sunply dy.,,, the dxfferenual missile fhght




Vo | Vv, teat

d,

Figure 6. Missile Acceleration Relationship

péth angle. [Ref. 4] For small angles (which are guaranteed by making‘ dt
small) the following relationsliip is obvious | 5 ' :
Andt=Vpdfm . X))
Dividing eqation (2.7) by the time interval, dt, the missile acceleration is
defined as ‘

Ap = vln-ﬂd:n‘,== VaTm: ‘ (2.8)
 Comb.  uations (2.6) and (2.8) § |
| Vofm=Kos. @9
Dividing through by Vp, the proportional navigation guidance law becomes
. _(do). | |
Ym -(Vm }7 - (210

10 V ‘ - X . . ‘»\\\ .




or

Tm = NG. (2.11)

| Equation (2.11) represents the classical proportional navigation eqﬁation where

"Ym=
G =

N =

rate of change of the missile heading.
rate of change of the line of sight. -
proportional navigation ratio.

- The navigation ratio determines the sensitivity of the missile system. A high

navigation ratio will lead to rather high gains resulting in large missile

commands for small éhanges in the line of sight rate. On the other hand, small

values for N will lead to small‘ missile commands for a given 6. Larger

nivigaﬁon ratios are preferred for

head onbwengagements and smaller ones are

preferred for tail chase cases. For this research the navigation ratio between

'three and five was chesen [Ref. 4],

1




III. SIMULATION DEVELOPMENT

A. INTRODUCTION
The development of the actual seeker head and autopilot transfer functions
is discussed. Ideal miésile and targét trajectory equations are used and the
‘state equations“ for these systems are gcncrated. Basic geomeuiq relationships
‘are used to develop the missile and target proportional navigaticﬁ equations.
Once these equations are détcnnined for the two dimensiunal problem, the sltatc
equations are then augmented to a three dimensional problem. The continuous
staté equations for the seeker head, autopilot, missile kinematics, and target
kinematics are converted to equatibns appropriate for digital simulation.
 Finally, the two dimensiona: forward time model is developed and converted to
an adjoint model. ' ‘
3. MISSILE SUBSYSTEM DEVELOPMENT
1. Subsystem Layout
A basic functional block diagram of a generic tactical missile sysiem is
~ shown in Figure 7. Although the exact configuration and description of cach

component depends on many different factors, -an 'atten'lpt will be madeto

develop a basic system sufficient for simplified simulation. Figure 8 shows the
typical physical location of the various missile subsystems.
2. Seeker Head Development |
ﬁe secker head can simply be thought of as the eye of the missile. It

is able to detect, acquire, and track a target by sensing some unique

12




target

sooker "1 fer ' [ 9"5"’:"“ o autopilot
w

airframe actuaters

Figure 7. Missile Subsystem Block Diagram
characteristic of the target itself. This usually consists of the radiation or
reflection of energy by the target. | |
A secker with a narrow field of view will be used. Figure 9 shows a
basic gimballed seeker head configuration. Here, the actual secker is mounted
ona gimballed platform and it maintains the target within the field of view by
rotating tﬁe platform. The inertial rotation rate of the line of sight provides the
mjssile with the required tracking information. [Ref. 5]
| Figure 10 displays a diagram for an actual secker head where
| 'B = secker head gimbal angle. -

The control torque to the seeker results in the following equation of motion

T=If - (3.1)
where - . _ |
‘T = applied torque.
I = moment of inertia.
ﬁ = angular accelgfation.

13




AR

Figure 8. Basic Missile Layout
lSolving forﬁ |

= T
5’7

The constants kj and k3 are determined by the time constant of the seeker head

system.

14

=-ky(B-0)~ksb @2 -
=-kB-kB+km. | i &)
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| Missile
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Aperture

~ Line of Sight Rate

°
, O

Y
y
Y

\ Field of

View

Target

Figure 9. G‘imﬁalled, Seeker Configuration -
- Now taking the Laplace Transform of equaﬁon ('3.3)_ é;id assuming
zero initial conditions | '

- L{B}=L{ kB-KxB+kc} | (3.4}

) ls\\ ,




Reference

Missile

) Figure 10. Secker Head Angle Definitions

B(s) = —KgsB(s)-kB(s)+kio(s) (3.5)
s2B(s) + kosB(s) + k;B(s) = ky0(s). o (3.6)
. Finally, the transfer functior becomes

B & K
ofs) ?'l-kzs'bk] (3-0-1[1*)1-. ‘ ' (3.7)

For this simulation the time constant of the secker I‘lead.‘ Ten, Was
chosen to be 0.1 second which is a good approximation of a real world sy;wm.
From equation (3.7) the constants k; and kz are defined in terms of this time
constant where | | |

K =(1/14) =100, 3.8)
ky =2(1/14)=20. .- o (3.9)

16




.Figure 11 dcpicts the signal flow graph of the seeker head system.

From this diagram ti:¢ continuous time state equation of the form

Xeh = Axsh +Bllsh

is casily determined. Selecting the state vector to be

a=[o)-f

and the input uy, =0, equation (3.10) becomes

, 0 1 0
Xey = ~100 =20 Xep + “sh'

(3.10)

3.11)

3.12)

BN u‘“

Figure 11. Seeker HMead Signal Flow Gréph" ,

3. Guidance and Autopilot Development

The gmdance law within the missile system determmes the best,

. trajectory for the missile based on the missile position, target position, xmssxle

capability and the desired objectives. A command is sent to the autopilot which

determines the control (i.c., actuator position and thrust) necessary to perfonn

such a command. In the propbnional navigation guidance léW, the missile

command. are generated in order to change the missile flight path rate

propornonally to the missile to target line of sight rate.

17




In this simulation a very simplified autbpilot will be used. Referring to
Figure 12, the transfer function is easily developed. The angle of attack of the
missile is assumed to be zero, so the velocity of the missile will be aligned with
the missile center line at an angle, vy,. Applying a torque to the missile about

the center of gravity results in tt  following equation of motion

Teom =1cg¥ | (3.13)
where ‘
Tom =  commanded torque.

Lg = moment of inertia about the:
center of gravity.

Y = angulaf acceleration of the
missile flight path.

Center of

Center of
Pressure

Figure 12. Basic Missile ‘Layo.ut'

18




Solving for ¥,

7=-’-;w-m-=-k'y,,, +KNB (3.14)

where k is determined by the slowest time constant of the missile/autopilot.

Now taking the Laplace Transtorm of equation (3.14) and assuming

zero initial conditions .
£ {im}=L{kin + N} - G1)
$?Ym (5) = —ksYpy (s) + kNsyp, (s) . (316)
(P +s)ym () = KNSB(s) 3.17)

Finally, the transfer fuhction becomes
Ip(s) N, e
B(s) s+k

where k is defined above. The autopilot time constant ,t,,,was chosen to be 1.0

second, so '
| k=1/14=1.0. ' (3.19)
- Figure 13 shows the signal flow graph for the missile autopilot system.
From this diagram the continuous state equation is easily determined. Selecting
‘the state vector to be |

| xp=[x]=[ta] (3.20)
_and the input ug=NB, the state equation becomes | .
| kg =[~lxg+[1luy. G2y -

19




-1

Figure 13. ‘Guidance Autopilot Signal Flow Graph

4, Missile and Target Dynémics | ,
The signal flow graphs for the target and missile dynamics are shown
in Figure 14 where A, = m?m.' A, is selected independently. The state

vectors are

i
X = J (322)

and
x={ '} (323)

Umx | i’u L, .
With up, =|. and u, = , the state equations become
Umy Yyl o




Missile Dynamics

L X ) ' @
1 Yi 1/s Yi 1/s Yt
>————————0

Target Dynamics B

Figure 14. Missile and Target Dynami'cs

0100] [00O
o000l j10]
*m={g. 0 0 1™ |0 o'

0000 0 1]

and

0100 00
L |o0o00l 1o
t“lo o 0o 1|* |0 O "

0000 |01

5. Overall System I;ayout

(324)

(3.25)

“Figure 15 shows the total system signal flow graph. The secker hqad
angle rate, B, is the estimate of the line of sight rate, &.

6. Three Dimensional State Definitions

Assuming that the missile is roll stabilized and controllable in both pitch

| and yaw, the state equations for the missile subsystems are extended.

.21
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The seeker head state matrix now becomes

By o
Pract ' (3.26)

Byaw
| Byaw |

xﬂl=

and the continuous state equation is obtained by simply augmentiig the two

dimensional problem.
) ‘ The resulting equation becomes

[« A%
where u,,,=[om:|.
LYvaw

The autopilot state matrix now becomes

[T“’*"‘“’] o (328)
and the continuous state equation is again simply "obtained from an

= augmentation of the two dimensional equation. The vresulting equation for the
autopilot is |

-1 0 10 |
x'p=[0.-l]x'p+[0 l]u" (3.29)




where .;,=[§ g][ﬂM]

Byaw
For the missile and target dynamics equations the state equations are
simply augmented with vertical position and vertical velority states.

These equations are

-
X
X=).' (3.30)
y
z
-i-
and the state variable dynamics become . | I
01000 0] [0 0 O]
10 00 0 0O0] |1 00
. 1000100 000 |
- *“loooo0o o010 @31
0co0oo0001| 000
0 000O0Of (001
Uy - ‘ |
where u=| uy |, the force per unit mass acting on the missile or target.
u, , ,
24




C. MISSILE AND TARGET GEOMETRY
1. Velocity Relationships ' |
Figure 16 shows the vectorial relationship of the missile and target

velocity. From this figure

Vo= Vo +Vay? +Ve? (332)

and

(3.33)

Figure 16. Velocity Relatibnéhip '

2. Line of Sight Angles - , , |

In order to sxmulaw the scenario in three dxmensxonal space a line of |

- sight angle i in'pitch and yaw must be dcf'med. Figurc 17 depxcts these angular

relationships. Given the target and missile posmon in Cartesian coordinates the
line of sight angles are defined as |

Opien =" (21 -2a) (- 2a P+ (i-yml | (30

25




w22y |

Figure 17. Pitch and Yaw Line of Sight Angle Definitions
and | |
Oyew =20 (¥~ Yea) /(%= 2m)]- - (335)

Figure 18 shows the target and missile line of sight angle definitions and thcse
angles are expressed mathematically as

On_pict = 20”2/ {u+ya? | S 3

Oon_yww =10 Y/ Xm], JRCED)

O_pich = tan” [%"‘J 2"’)’:] o (3.38)

Or_yow = tan~! [y /3, N )

2




Figure 18. Target and Missile Line of Sight Angle Definitions

3. Flight Path Angles | '

- The missile and target flight path angles are also defired in three
dimensions. Figure 19 depicts the geometric definitions. Mathematically,

1 2

melerige {(Y3:VyeVi)

Figure 19. Target and Missile Flight Path Angle Deﬂnitiops |

27




Ym;pit;:h =tan™! [vmz. / vaxz + me2 ]» (3.40)

Ym_yaw = tan”! [me ! Vi ]' (3.41)

Yo_pucn = a0 [ Ve /¥ + V47 ] V)

Te_yaw =120 [ Viy 1 Vg . (343)

4. Velocity and Acceleration in the Pitch. Plane |
The missile is' controlled in three dimensional space bv generating
acceleration commands in two onhogonal planes. These planes are defined as
the pitch plane and the yaw j:lane. The yaw plane is taken as simply the
horizontal XY plane and the pitch plane is the orthogonal 'plane rotated by the
angle Oyaw. Figure 20 depicts the geometric definition oi" the pitch plane. Given

Figure 20. Pitch Plane Definition




the missile velocity, and the angles Gyaw and Ym_yaw. the velocity in the pitch

plane is

Vn_pisch = Vin €05(Ym_yaw —Cyaw )- (3.44)
From the basic relationship for the missile: acceleration the missile

pitch acceleration is defined as -
Am_pitch = Vm_pirch " Ym_pitch- ' (345)
This accclération vector is then broken down into Cartesian coordinate system
cbmponents. Assuming that the pitch acceleration vector is perpendicular to
the vertical line of sight vector between the missile and target, Figure 21 shows

the orientation of the acceleration components. From this figure the following

 relationships are obtained
Xm_pitch = "(Am-_piu 'Siﬂcpich)coscy.w. (346)
Ym_pisch = ‘(Ap_pu -sin Upimn)Sin 0,,..,.' | (3.47)

4

Figure 21. Pitch Plzne Acceleration C}omﬁonents
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im_m = Am_m -COS oﬁldl' ‘ . | (3.48)

5. Velocity and Agceleration in the Yaw Plane
The missile yaw plane is depicted in Figure 22. Given the missile
velocity and the angle ¥m_piwch, the velocity in the yaw phne is simply
Vn_yaw = Vg -€0s Ym_pixch: (3.49)

M

|

Yaw Plane ~ . )

|

mysw XN
X / /
[ '% m

~ Figure 22. Yaw Plane Definition
Again, from the basic missile acceleratior relationship, the missile yaw

acceleration is defined as
A A"_ma ln_yav'?n;m' ) ' (350
The missile yaw acceleration components are depicted in Figure 23 and are |
given mathematically as :
Zm_yow = =Am_yaw SN Oypus (351)




Vm_yaw = Am_yaw *COS Oyay. .." (3.52)

mx yaw

Figure 23. Yaw ?lane Acceleration Components
6. Total Missile Acceleration Components
The input to the missile state equation is t'he vector consisting of the
three Cartesian éomponents of the overall missile acceleration vecton;. Given
the missile acceleration components in both the pitch and yaw planes, the total

missile acceleration components are

%m = Em_pich + Xm_yaw> . (359)
Yo = Ym_pich + Ym_yaw» (354
i = Zm_pich- | (359
Finally, the total missile acceleration is | ‘ ‘ -
| Ap =R+l + g2, L (356)

7. Target Acceleration Compopents
In this simuiation the target acce!eration éomponénts consist of the
three Cartesian components of the overall target acceleration vector. These
components are used as the input 0 the target kinematic equations. The input -
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vecor is dc‘te_rmincd‘ by the type of target maneuver desired. The overall target

acceleration is simply

| Ac=RZ+§2+32. (3.57)
8. Ciosing Velocity and Time To Go

From équation (3.48) ‘the velocity of the target in the pitch plane is

simply |
 Vi_pich = Y 0o5(Ye_jaw ~ Oy )- (3.58)
Now, the range rate, R, is found by simply projecting the missile and target
pitch plane vélpcitieS‘along the vertical line of sight from the missile to the
ﬁrge& Mathematically |

R = Vi_pich '°°S(Yz_pi:n = Opiwch ) = Vi _nitch 'COS(Ym-_pimn = O pitch ) (3.59)
Knowing that the range rate is the negative of the closing velocity, the time to
go is simply '

R

Time~to-go = R = — (3.60)

where R is the range from the missile to the target.

D. DIGITAL SIMULATION USING STATE SPACE METHOD
1. Discrete State Equation Definition
~ Given the continpou"s: state equations : o |
x(t) = Ax(t)+Bu(t), | (3.61)

y(t)=Cx(t)+Du(t), | (362
~ amore convenient form for digital simulationis |
x(k+1) = ®x(k)+Tu(k),’ (3.63)

y(k+1) = Cx(k)+Du(k). - (64
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The discrete state matrices are defined as
®=eAPT =14+ A-DT+(1/21)A2. DT> +(1/31)A3-DT3+..., (3.65)

=[1-DT+(1/20)A-DT2+(1/3)A%-DT>+..]B,  (366)
and for u(t) cénstant over [(k+l)-k]-DT. ' |
- 2. Missile Subsystem Discrete State Equations
The missile/target scenario is simulated -digitally using the MATLAB
software package. A built in system function is used to convert the continuous
state equatiéns to discrete time state equations. The discrete state equations
used in the simulation are defined as follows for the seeker head, autopxlot

missile dynamics and target dynamics respectively;

Xgh (k+1) = Dyxg (k) +Tgug (k), : (3.67)

Xgp (kK +1) = ®ppxg, (k) + Fypugy (k) | (3.68)

| X (K +1) = @ xgy (K)+ Ty (K), (3.69)
X (k+1) = ®x, (k) + L, (k). ' (3.70)

E. FORWARD TIME AND ADJOINT MODEL
- To accurately and sixﬁply assess miss distances for variou$ target
maneuvers, a two dimensional adjoint model is used. First, a forward time
model is cieveioped for tﬁe two dimensional missile/target engagement. Figure
24 shows the block diagram of the forward time model. All system mputs are
converted to. 1mpulscs for subsequem conversion to the adjoint’ model.

The forward time mode is used to show the miss distance due to heading |

error (where heading error is defined as the error in missile heading from a
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collision course) and the miss distance due to target maneuver. The missile to

target range is defined as ,
R=V, -time-to—-go (3.71)
where , v |
time—to—go = Tgpy —t. (3.72)
"I'li'is model shows the miss distance throughout the course of the engagement .
The last value of miss distance is the miss distance at Tgna.

An adjoint model is used to anaiyze linear time varying systems [Ref. 6].
Tﬁe major advantage of the adjoint technique is that the miss disfance for all
final times is generated in one run rather than the multiple runs required when
using a Monte Carlo simulation. Following the rules for adjoint construction

[Ref. 6], Figure 24 is converted to the adjoint model depicted ir: Figure 25.
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Forward Time Model

Figure 24.
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IV. SIMULATION RESULTS

A. OVERVIEW
" This section presents the results of the computer simulations. The scenario
is conducted for several different initial conditions and with several different
targst maneuvers. The following aésumptions are made throughout: |
| 1. The missile is limited to 20 g's in either plane.
The acceleration due to gmﬁty is ignored.
The target is capable of instantaneous acceleration.
The target is limited to a maximum of 8.0 g's.
The maximum missile speed is 3000 feet per seéond.
The maximum target speed is 1500 feet per second.
The proportional navigation constant is 4.

PN AWM oA W N

The missile is pointed toward the target at launch.

B. THREE DIMENSIONAL ENGAGEMENTS AGAINST
VARIOUS TARGET MANEUVERS

1. Scenario 1: A Constant Velocity Target
The simulation is initially conducted with the missile engaging a

constant velocxty target. Figure 26 depcts the scenario geometry. The initial

' condmons are

xm(0) = O feet
ym(0) = O feet
zm(0) = O feet'
-vmx(0) = 3|000'fps
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Figure 26. Constant Velocity Ta_rget Scenario Geometry
~ vmy(0) = Ofps
vmz(0) = O fps
xt(0) = 30000 feet

y0) = Ofeet
20) = 500 feet
vix(0) = Ofps
vty(0) = 1000 fps
viz(0) - = O fps.
Figure 27 depicts the scenario that reflects these initial conditions.
In this case, the aircraft is attempting to stay on the outer edge of the missile

envelopé.
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Target Path

Figure 27. Tactical Scenario for Constant Velocity Target
2. Scenario .2: A Constant Acceleration Target '
Ia this scenario, thé Itargct is accelerates at a constant rate of 15
| feet/sec/sep in the y direction. Figure 28 shows the scenario geometty. The
initial conditions arc
xm(0) = 0 feet
ym(0) = 21000 feet
Ze(0) = Ofeet
vmx(0) = 2100fps
- vmy(0) = -2100 fps
vmz(0) = Ofps
xt(0) = 21000 feet
740) = Ofeet
2(0) = 500 feet
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Figufe 28. Constant Acceleration Target Scenario Geometry

vix(0) = Ofps

vty(0) = 1000 fps
viz(0) = Ofps.
xdd(0) = 0 fps2
yddt(0) = 15 fps®
24dt(0) = 0 fps2
Bd(0) = —45°.

Figure 29 depicts the scenario that reflects these iritial conditions. In . -

this case there is overlapping missile envelope coverage and the aircraft is

attempting to strike a target located within this region. The missile is launched

when the target enters the SNM radius.




ingress. Route

Figure 29. Tactical Scenario for Const'ant Acceleration Target

3. Scenario 3: A Two Dimensional 'l‘arget Acceleratxon
- Figures 26 and 27 depict the initial conditions for this scenario. The
target performs a6.5 g level tum toward the missile at a range of 12,000 fect.

- The target acceleration 13

=-65322sm(7, l,m,,) o S @n -
§:=6.5-32.2-cos(Y,_yaw) @42
5=00. @43
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4. Scenario 4: A Three Dimensional Target Acceleration
Figures 28 ard 29 depict the initial conditions for this scenario. The
target performs a three dimensional maneuver toward the missile and into the

vertical at a range of 12,000 feet. The target acceleration is

%, =—6.5-32.2-sin(¥,_yaw) Y
§,=6.5:32.2-c05(Y,_yaw) 4.5)
Z = 6.5-32.2-cos(7t;m ). (4.6)

5. Three Dimensional Simulation Results
Figures 30-75 display the results of the three dimensional simulations.
Figures 30-46 relate to the constarit velocity target scenario. Figures 41-52
x;elate to the constant acceleration scenario. Figures 53-64 relate to the two
dimensional target acceleration scenario. Figures 65-75 relate to the three

dimensional target acceleration scenario.
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Figure 30. Scenario 1: Missile to Target Range
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Figure 31. Scenario 1: Missfle Acceleration |Ap|
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- Figure 34. Scenario 1: Missile Yaw Flight Path Angle v, .,
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Figure 35. Scenario 1: Missile Yaw Flight Path Angle Rate Yu_yo
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Figure 38. 'Scenario 1: Seeker Head Yaw Angle By"
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Figure 39. Scenario 1: Seeker Head Yaw Angle Rate Byaw
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Figure 41. Scenario 2: Missile to Target Rahge
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‘Figure 42. Scenario 2: Target Velocity \'A
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Figure 43. Scenario 2: Missile Acceleration |Ap|
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- Figure 44. Scenario 2: Missile Pitch Flight Path Angle vy, pitch
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Figure 47. Scenario 2: Missile Yaw Flight Path Angle Rate ¥, _yaw
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Figure 53.

Scenario 3: Missile to Target Range
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Figure 59. Scenario 3: Missile Yaw Flight Path Angle Rate v, _yaw
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Figure 61. Scenario 3: Seeker Head Pitch Angle Rate Bpmi
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Fi.gure 64. Scenario 3: Three Dimensional Plot
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" Figure 65. Scenario 4: Missile to Target Range
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Figure 66. Scenario 4: Missile Acceleration |Ay|
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Figure 67. 'Scenario 4: Missile Pitch Flight Path Angle Tm_pitch
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C.. MISS DISTANCE ASSESSMENT

A two dimensional adjoint model is used to investigate the missile to target |

miss distance due to a variety of evasion mancuvers. The optimal time to
_initiate these maneuvers is determined.
Three maneuvers are used:

1. Step Target Acceleration.

2 Barrel Roll.
, 3. Split'S’.
" Additional variablesl are
Ve = closing velocity.
mn = ftarget acceleration magnitude.
VpHE = missile veloéity due to heading
error.

W, = maneuver frequency.

- L = half period of Split 'S'.

The following initial conditions are constant throughout all siraulations:

N = 40
Te = . . 6.0 seconds. |
Ve = 2500 feet per second.
VeHE = 0.0 feet per second.

T = l.O'Isecond.
Toh = 0.1 second.»
1. -Step Target Acceleration o
The step acceleration is simulated by multipiying a step input signél ”by
the magnitude of the target accclcratioh, M. Target acceleraﬁpn:\ of 1.0, 6.0,

and 8.0 g's are simulated.
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2. Barrel Roll

A two dimensional Barrel Roll maneuver can be represented by a
sinusoid of frequency ®,. A shaping ﬁher is used to simulate the maneuver.
[Ref. 7] Figure 76 depicts a typical Barrel Roll maneuver and Figure 77 shows |
the shaping filter equivalent where w, equals 1.0 radian/second. The filter is
converted to a block diagram whicﬁ is simulated using state variable design.
The block diagram is shown in Figure 78. A 4.0 and 6.0 g Barrel Roll maneuver

are simulated.

BARREL ROLL
| EASY 360' ROLL

OUTBOUND HEADING

INBOUND HEADING

Figure 76.. Typical Barrel Roll Maneuver
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Figure 77. Shgping Filter Equivalent of a Barrel Roll

n 2 B — %
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B -1
A ‘ mtz

1

. Figure 78. Barrei Roll Block Diagram
3. Split 'S’ ' A
A two dimcnsio_nal Split ‘S’ l:{aneuver is represented 'by a periodic
‘square ‘wave with period 2L. A shaping filier is also used to simulate the .
maneuver. [Ref. 7) Figuré 79 depicts a typical Split 'S’ mancuvc;r‘ and Figure
. 80 shows the shaping filter eqmvalent where L equals 1.0 second Ths block
diagram of thls filter is shown in Figurc 81 A 4.0 and 6. 0 2 Split 'S’ maneuver
 are simulated. |
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4. Forward Time and Adjoint Model Simulation Results
Figures 82-95 show the results of the forward time and adjoiht model
simulétions. Figures 82-87 show the results of the step acceleration maneuver.
Figures 88-91 show the results of tﬁc Barrel Roll evasion maneuver. Figufcs

02-95 show the results of the Split 'S’ evasion maneuver.

~ SPLIT'S'

- o ROLL INVERTED.

‘\

“Figure 79. Typical Split 'S' Maneuver
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 Figure 81. Split 'S’ Block Diagram
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140 Forward Time - 1 g Step Acceleration

10C

y miss
2

lFigure 82. Forward Time, 1 g Step Acceleration

20 Adjoint - 1 g Step Acceleration

Figure 83. Adjoint, 1 g Step Acceleration
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Forward Time - 6 g Step Acceleration

y miss

Figure 84. Forward Time, 6 g Step Acceleration

Adjoint - 6 g Step Acccleration

y miss

Figure 85. Adjoint, 6 g Step Acceleration
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1000 -

y miss

Forward Time - 8 g Step Acceleration

Forward Tinie, 8 g Step Acceleration

.y miss

Adjoint - 8 g Step Acceleration

Figure 87. Adjoint, 8 g Step Acceleration
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Forward Time - 4 g Barrel Roll

Forward Time, 4 g Barrel Roll

2500
2000

Adjoint -4 g Barrel Roll




x104 Forward Time - 6 g Barrel Roll

y miss

Figure 90. Forward Time, 6 g Barrel Roll

Adjoint - 6 g Barrel Roll |

Figure 91. Adjoint, 6 g Barrel Roll |
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Forward Time - 4 g Split S

Time

Figuré 92. Forward Time, 4 g Split 'S’

~ Adjcint -4 g Split S

y miss

Figure 93. Adjoint, 4 g Split 'S’
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Forward Time - 6 g Split S

Figure 94. Forward Time, 6 g Split 'S’

Adjoint - 6 g Split S

Figure 95. Adjoint, 6 g Split 'S’




V. CONCLUSIONS AND RECOMMENDATIONS

A. CONCLUSIONS | '
Clearly, the classical proportional navigation model of the missile guidance
and contfol sysiem is sufficient for simple trajectory study. The use of the

seeker head ahgle rate, B, as the estimate of the actual line of sight rate, &,

gives accurate enough information for target tracking in a benign eavircnment. -

The three dimensional model of the missile tracks a maneuvering target in one,

two, or three dimensions with enough accuracy to cause an aircraft kill. A

navigation ratio of 4.0 generates sufficient missile acceleration commands for
the simplified scenarios studied.
The adjoint model proves to be a very useful indicator of miss distance

properties. - With the step acceleration evasion maneuver, the optimal time to

initiate it is about 2.0 seconds, or 5000 feet (closing velocity is 2500 feet per
second), prior to missile impact. The miss distance increases as the target's g

. loading increases. The maximum ‘miss distance of 140 feet is achieved with an .

8.0 g mancuver. ‘ v
With the Barrel Roll maneuver, the optimal time to ‘initiate it is about 3.5

seconds, or 8750 feet, prior to missile impact. The miss distance again

 increases with increased target g loading. The maximum miss distance of 5000 -

feet is achieved with a 6.0 g maneuver.

- With the Split 'S' maneuver, the optimal time to .initiate it is about 1.8

* seconds, or 4500 feet, prior to missile impact. The miss distance increases with
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increased target g loading. The maximﬁm miss distance of 2600 feet is

achieved with a 6.0 g mancuver.

Clearly, the maximum miss distance énd optimal time to maneuver depends
on the evasion maneuver used. In general, it is recommended that a maximﬁm
g evasion maneuver be initiated when the missile is between 1.0 angl 1.5 miles
prior to impact. |
B. RECOMMENDATIONS FOR FURTHER STUDY

The simulations-developed in this thesis provide a verj good generic model
which can be easily modified for more complex missile systems. The programs
arc easily adjusted for systems with different system time constants and
navigation ratios. ' |

The problems associated with measurement noise and seexer head
measurement €ITors niight be inchﬁgatcd to see their role in miss distance
evaluation.

. It is also recommended that target Electronic Counter Measures (ECM) be

gdded to the simulation of the evasion maneuvers to see their effects on miss

distance.
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APPENDIX A-THREE DIMENSIONAL PROGRAM .
ciear
clg i
% | | e
% LT Francis C. Lukenbill, USN
% 08 August 1990

" % This program simulates a 3 dimensional target/missile
% engigemcnt scenario using classical proportional navigation. =
% -

% DEFINE STATES _
% | .
% ms={xm - missile x coordinate
% xdm - missile velocity-x directicn
% ym - missile y coordinate
% ydm - missile velocity-y direction
% zm - missile z coordinate |
% zdm - missile velocity-z direction]} | -
% , - .
AM=[(010000 -
"~ 000000
000100 -
000000 .
000001 .
600000);
BM={000 ‘
100
1000 - | - g
010 : : ' , h .ot

83 -




000
0013];

%
%
%
%
%
o
%
*

AS={ 0 1 0 O
'-100-200 O
0001
. 0 0-100-20);

Seeker' Head

beta=[beta pitch - seeker head pitch angle
‘betad pitch - seeker head pitch angle rate
beta yaw - secker head yaw angle
betad yaw - seeker head yaw angle ratc]

BS=[{0 O
100 0
00
0 100];

. Autopilot

gammadm={gammadm pitch - pitch body angle rate
' gammadm yaw - yaw body angle rate ]

RARARKRE KRR

5

10

Q
(]
b
.e

BP=[1 0
0 il

%
%  Targe

%o

% =[xt - tizget x coordinzte




%

xdt - target velocity-x direction
yt - target y coordinate
ydt - target velocity-y direction
zt - target z coordinaie
zdt - target velocity-z direction]

RRAERKRRKRR

AT=[010000
000000
000100

000000
000061
000000j;

BT=[000
100
000
010
000
001];
%

%
dat=.01;

~  [phis,dels}= c2d(AS,BS,dt);
~ [phim,delm]= c2d(AM,BM,dv);

[phia,dela)= c2d(AP BP,dt); .
[pbit,deh]: ch(AT,BT,d:);

tfinal= 15.0;

kmax=tfinal/dt +1; -
% S
%  INITIALIZE VARIABLES
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%  DISCRETE REPRESENTATION

.....




%  navigation ratio
%
nr=4.0;
NR=(nr 0
0 ur);
%

%
beta_pitch0 =0.0;

betad_pitch0=0.0;
beta_yaw0d =0.0;
betad_yaw0d =0.0;

beta(:,1 )=(beta_pitch0
betad_pitch0
beta_yaw0
betad_yaw0 ;-

% -
% initial missile body angle rates
%

* gammadm_pitch0=0.0;

gd(mmadrn_yawo =0.0;

gammadm(:,1)=( gammadm_mtcho
gammadm_yaw0 J;

initial missile states

xin0 =0.0;
3000.0;
=0.0;;

000,
: =0.0;

2m0=0.0;

% initial secker head angles and angle rates




ms(:,1)=[xm)
xdm0
ym0
- ydm0
zm0
zdm0];

. %

% initial target states
%

xt0 = 30000.0;

xdt0=0.0;

yt0 =0.0;

' ydt0= 1000.0;

zt0 =500.0;
2d10=0.0;

ts(:,1)=[xt0
‘xdt0
ytO
ydtO
z0
zd0);
%

‘%  initial range information

%

_ nOé(xtO-me)';

x(1)=rx0;

T1yO=(yt0-ym0);

ry(1)=ry0;

rz0=(zt)-zm0);

rz(1)=rz0;

rmO=sqrt(xm0/*2 + ymO"2 + sz"Z).
rm(l)=m\0‘ :




nO=sqri(xtir2 + ytOr2 + zt0A2);

rt(1)=rt0;

10 =sqrt((xt0-xm0*2 + (yt0-ym0)*2 + (zt0-zmO)Y*2);
1(1)=10;

- %

%

% initial time

%

time(1)=0.0;

% .

%  SIMULATE THE SYSTEM

for (i=1:kmax-1)

% e

% _calculate missile and target speeds

% |
vm(i)=sqri(ms(2,i*2 + ms(4,i*2 + m:s(6,i)*2);
vi(i)=sqri(ts(2,i)A2 + ts(4,i)*2 + ts(5,i) 2);

%

% calculate line-of-sight angles

% | g
sigma_pitch(i)=atan2((ts(5,i)-ms(5,i)),sqrt((ss(1,i)-ms(1,i))"2...

His(3,)yms3,)2)); |
sigma_yaw(i)=atan2{(ts(3,i)-ms(3,i).(abs(1s(Li)-ms(1 i)
sigma: )={sigma_pitch(i)
sigma_yaw(i) J;
calculate missile and target linc-of-sri}ght angles |

RRK

sigmam_pitch(i)=atan2(ms(5,i),sqrt(ms(1,i)*2 + ms(3,i)2));
sigmam_yaw(i) =s:an2(ms(3,i),ms(1,i));
sigmat_pitch(i)=atan2(1s(5,i),sqrt(ts(1,i)*2 + ts(3,i)"2));
sigmat_yaw(i) =atan2(ts(3,i).s(1,i));
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update seeker head states

beta(:,i+1)=phis*beia(:.i) + dels*sigma(:,i);
sci up secker head angle rate vector

betad(:,i)=[beta(2,i)
beta(4,i));
calculate missile and target flight path angles | |

gammam_pitch(i)=atan2(ms(6,i),sqrt(ms(Z,i)*2 + {4, Yoo,
gammam_yaw(i) =#tan2(ms(4,i),ms(2,i)};
gammat_pi:ch(i)=atan2(ts(6,i),sqri(ts(2,i}*2 + ts(4 iy2));
gammat_yaw(i) =atan2(ts(4,i).ts(2,)); ’

update’ autopilot states
gammadm(:,i+1)=phis*gammain: -i+ + drla*NR*berad(:,i);

compute missile veloc: b &= RZ {pitch) plane (R'=Rxy)

. if (sigma_pitch(i»=0.0! | .
vm_pitch(i)=bs(vin(iV zos(sigm . y v \)-gammam_yaw(i)));

limit pitch acceleration to Appioxitnde'y 20 g's

if (abs(vm_pitch(i)*gammadm1.i))<=644.0)
m_?iWh(iMPiwh(i)‘gmldmu.i):

else , ' '

am_pitch(i)=644.0°sign(vm_pitch()*gammadm(1,i));

end o -

clse '
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end

vm_pitch(i)=0.0;
am_pitch(i)=0.0;
end

calculate missile pitch acceleration vector components

am_pitch_x(i)=abs(am_pitch(i)*sin(sigma_pitch(i)));

* xddm_pitch(i) =-am_pitch_xy(i)*cos(sigma_yaw(i));

yddm_pitch(i) =-am_pitch_xy(i}*sin(sigma_yaw(i));
2ddm_pitch(i) =am_pitch(i)*cos(sigma_pitch(i));

compute inissile velocity in the XY (yaw) plane

if ((sigii.am_yaw(i) - sigmat_yaw(i)}~=0.0)
vn_yaw(i)=abs(vm(i)*cos(gammam_pitch(i)));

limit yaw accelerzidon to approximately 20 g's |

if(abs(vm_yaw(i)*gammadmy(2,i)}<=644.0)
. am_yaw(i)=vm_yaw(i)*gammadm(2,i);
else :
am_yaw(i)}=644.0*sign(vm_yaw(s)*gammadm(Z.1));
end
clse .
vm_yaw(i)=0,0;
am_yaw(i,=0.0; -

calculate missile yaw acceleration vector components

xadm_ya'y(i)=~am_yaW(i)‘sin(ﬁism..)'!w(i)):
yddm_yaw(i)= am_yaw(i)*cos(sigma. yaw(i));

compute overall missile acceleration components

0
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xddm(i)=xGdm_pitch(i) + xddm_yaw(i);
yddm(i)=yddm_pitch(i) + yddm_yaw(i);
zddm(i)=zddm_pitch(i);

compute total missile acceleration magnitude
am(i)=sqrti(xddm(i)*2 + yddm(i}*2 + zddm(i)A2);
generate miss:le input vector
um={[xddm(i)
yddm(i)
zddm(i)];
up<ate missile states
ms(:,i+l';;:;.3him‘ms(:,i) + delm*um;
set".argct acc~leration components
if (r(i)<=0.0) ,
xddt(i)=-6.5*32.2*sin(gammat_yaw(i));
yddt(i)= 6.5*32.2"cos(gammat_yaw(i));
zddt(i)=0.0; ' :

else
xdd(i)=0.0;
yddt(i)=0.0; -
zdd(i)=0.0;
end g

compute target acceleration magnitude
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at(i)=sqrt(xddt(i)*2 + yddt(i)*2 + zdde(i)*2);

generate target input vector
ut=[xddt(i)

ydds(i)

zddi()};

'update target states

- ts(5,i+1)=phit*ts(;,i) + delt*ut;

calculate time to go

vt_pitch(i)=ab§(vt(i)“cos(sigma__yaw(i)-gammat_iaw(i)));
rdot(i)= vt_pitch(i)*cos(gammuat_pitch(i)-sigma_pitch(i))...

- vm_pltch(x)‘cos(gammm_pxtch(n)-sxgma_pnch(x))
ttg(l)=r(x)/(-rd0t(1)).

calculate updated range information

|(1+l)=sqn((ts(l,x+l)-ms(l.1+l))“2 + (ts(3,1+l)-ms(3,x+l))"2‘...
+ (15(5,i+1)-ms(5,i+1)*2);

rm(i+1)=sqrt(ms(1,i+1)A2 + ms(3,i+1)A2 + ms(5,i+1)*2);

rt(i+1)=sqri(ts(1,i+1 2 + ts(3,i+12 + ts(5,1+l)“2).

rx(i+1)=(ts(1,i+1) - ms(1,i+1));

ry(i+1)=(ts(3,i+1) - ms(3,i+1));

rz(i+1)=(ts(5,i+1) - ms(5,i+1));

set up missile and target trajectory data for plotting in 3-D

missile(i,:)=[ms(1,i) ms(3,i) ms(5,i)];

target(i,:) =(ts(1,i) ts(3,1) ts(5.)];




RRKER

% update time vector
% .
time(i+1)=time(i) + dt;
% ' ! ' i
% check to see it engagement is at closest point of approach
% .
- if(r(i)<r(i+1)),break,end

end;

PLOT RESULTS

time to go

plot(r(1:i-1),ttg(1:i-1)),grid xlabel(Range - FEET'),
ylabel(‘Time-to-go - SECONDS");titleCRANGE vs TIME TO GO;

pause,clg

%

% range data

% :
plot(time,r),grid,xlabelCTIME'),ylabel('FEET’)
title(CRANGE VS TIME')

pause,clg

%

% missile and target velocity information
%

- plot(time(1 1),vm).gnd,xlabel(‘TIME ).Ylabel('FEET/SEC')

utle('MISSILB VELOCITY VS TIME'); .

pause,clg

plot(time(1 :i),vt),grid,xlabel("l'[ME').ylabel('FEBT/SEC')
titleCTARGET VELOCITY VS TIME');

. pause,clg

%

' . %  missile and target acceleration information

%
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plot(time(1:i-1),am(1:i-1)),grid xlabelCTIME"), ylabel (FEET/SECA2')
title(MISSILE ACCELERATION VS TIME; :

pause,clg

plot(nn'le(l'x),at),gnd,xlabel("l'll\dE ),ylabel('FEETISEC"Z')
titleCTARGET ACCELERATION VS TIME');

pauseclg

%

% filght path angles
% .

plot(time(1:i),gammain_pitch),grid,xlabel(TIME'),ylabel(RADIANS')
title(MSL PITCH FLIGHT PATH ANGLE VS TIME);

pause,clg

plot(time(1 x),ganunam_yaw).gnd,xlabel(”l'[ME ).ylabel(RADIANS')
title(MSL YAW FLIGHT PATH ANGLE VS TIME);

pause,clg |

plot(time(1:i-1),gammadm(1,(1:i-

1))),grid,xlabelCTIME"),ylabel (RADIANS/SEC")

title(MSL PITCH FLIGHT PATH ANGLE RATE VS TIME);

. pause,clg ‘

plot(time(1:i-1),gammadm(2,(1:i-

1))),grid, xlabel(TIME"),y}abel (RADIANS/SEC’)

title(MSL YAW mc;m PATH ANGLE RATE VS TIME)

pause,clg

% .

% . secker head angle mfonnanon
% '

; plot(ume(l 1-1) beta(1 (l‘x-l))).gnd,xlabel("l'IME'),ylabel('RADlANS') |
- title(SEEKER HEAD PITCH ANGLE VS TIME));
pauseclg -
" plot(time(1:i-1),beta(2,(1 1-1))).gnd,xlabel("l‘lME'),yl bel('RADIANS/SEC)
title(SEEKER HEAD PITCH ANGLE RATE VS mm‘).
pausecig '
‘plot(time(1 x-l),be:a(3,(l i-1))),grid,xlabel"TIME' ),ylabel('RADIANS’)
nue('smaxsn HEAD YAW ANGLE VS 'l'IME)
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pause,clg

plot(time(1:i-1),beta(4,(1:i-1))) ,grid,Xlabel("l'IME'),ylabel('RADIAN S/SEC)
tile('SEEKER HEAD YAW ANGLE RATE VS TIME);

pause,clg o

end; |
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APPENDIX B-FORWARD TIME AND ADJOINT PROGRAMS

%
% Lukenbill, F. C. 20 November 1990 , ,
% This program simulates the forward time and adjoint models with a

% step acceleration evasion maneuver. o
%

%

% Initialize Variables
%

tm=1.0;

tsh==0.1;

a=1/tm;

b=2*(1/tsh);
c=(1/tsh)*(1/tsh);
N=4.0;

Ve=2500;

Tf=6.0; 4
ki=1/(Vc*Tf);
HE=0.0*pi/180;
Vm=2000.0;
VmHE=Vm*sin(HE);
Atgt=257.6;;

%

% Input State Matricies
% .

- A=[0
0
0

1 -VmHE
0
0
0 0
0
0

o
o O OO

-c*ki
0

-b | c*ki

CE-E-E-E--

- N -W-N--
N-N-N-X-%
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oo
o o
oo
© o

o O O
oo

oo o

C=[-1000010 0 CJ
x .
% Input Timing Information
% o
dt=0.01;
kmax=Tf/dt+1;

% .
. % Set up impulse function |
@ | | ,
impulse=zeros(1,kmax);
- impulse(1)=1/dt;
%

% Initialize vectors

% ' .

x=zeros( ', kmax);

* y=zeros(1,kmax);
. time=zeros(1,kmax);

% | -
% Simulate the System (Forward Time Solution)
% .




" for (i=1:kmex-1)
ki=1/(Ve*\ Tf-time(i))):
A=[0 1 0 0 0 0
0 0o 1 0 0 0
0 0 -a 0 a*N*vc 0
0 0 0 0o 1 0
<*i 0 0 < b c*d
0o 0 0. 0 0 "0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
[Phifwd,Delfwd]}=c2d(A,B dt)

oo o=000OO0CO0C

x(:,i+1) = Phifwd*x(:,i) + Deliv d"'lmpulse(l)

y(:,i+1) = C*x(,i+1);
. time(i+1)=time(i)+dt;
end;
¥

% |
9% Plot Results
%

xlabel('Time');,ylabel('y miss ),gnd ;pause;
%

% Reinitialize variabler and vectors
% '
de=0.01;

kmax=Tf/dt+1;
impulse=zeros(1,kmax);
impulse(1)=1/dt;
x=zeros(9,kmax);

y=zeros(1,kmax};
time=zeros(1,kmax);

time(1)=dt;

%
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plot(time(1:i),y(1,(1:1))); ntle(’Ferward Time- 8¢ Step Acceleration');




% Simulate the System {Adjoint Solution)
%
for (i=1:kmax-1)

ki=1/{Vc*(tirue(i)));

A<t 1 0 © ¢ O 0 0 -VmHE
0 0o :* 0O O o0 . ©¢ .0 O

0 0 -a O0a*tN*v¢ 0O 0 95 O

0 0o 00 0 1 o0 0" 0 O
<*i 0 0 < b c*%i O 0 0

c 6 0 o0 o0 ¢ 1 ¢ 0

0 0 0 O O O0. 0 A O

0 o 0o o o0 o0 0 o0 O

5 o0 0 o0 O o0 o0

[Phiadj,Deladjl=c2d(A",C ,dt);
x(:,i+1) #IPhiadj"'x(:,i) + Deladj*impulse(i);
y(:,i+1) = B"*x/.,i+1);
- time(i+1)=time(i)+dt,
end;
>
%
% Plot Results
% . |
plot(time(1:i),y(1,{1:i)));title(Adjoint - 8 g St=p Acceleration’);
xlabel(Time');,ylabel('y miss');grid;pause; ‘
end; oo
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%
% Lukerbill, F. C. 20 November 1990
% This progran: simulates the forward time and adJomt models with a
% Barrel Roli maneuver.
%
%
% Initialize Vzriables
at
m=1.0;
tsh=0.1;
a=1/tm;
b=2*(1/tsh);
c=(1/tsh)*(1/tsh);
N=4.0;
Ve=2500;
T=6;

i=1/(Vc*Tf);
HE=u.0*pi/180;
VYm=2000.0;
VmHE=Vm*sin(HE); -
Atgt=193.2;
wit=1.0;
W=wt*wt;
ATGT-wt*(Atgt*Atgt)/l‘f
% S
% Input State Matricies
%

A=[ O -VmHE 0

o OO
-0

*
B

-C

C OO0 OO0

=

oCc oo
~N-N-E-X-X-N-3

1
0
0
0
0
0
0

9O

S = O 0O 0O O O
o

- E-E-E-E=
- E-E-N-X-




il
o

O~~000Q0O00O0

UK

%

C=-1000010 0 0 0 O}
%

% Input Timing Informaion
% ' .
dt=0.01;

kmax=Tf/dt+1;

% Set up impulse function
% ' ‘ ‘
impulse=z=ros(1 kmax});
impulse(1)=1/dt;

% .

% Initialize vectors .

%

x=zeros(11,kmax);

. y=zeros(1,kmax);
time=zeros() kmax);
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%

% Simulate the System (Forward Time Solution)
% .

for (i=1:kmax-1) ‘ :

- K=1/(Ve*(Tf-time(i))):

Yo ST it A A e B IR

A=[ O 1 0 0 0 0 0 0 -VmHE O
0 o 1. 0 0 ©0 0 0 0 O
0 0 -a 0 a*N*Vc 0 0 0 0 0
0 o 0 0 1 0 0 0 0 O

<6 0 0 < b cki 0O 0 0 0
0 0 0 0 0 0 1 0 0 0
0 ©o o 0 0 O 0O ©0 0 1
0 0 0 0 n 6 0 0 0 0
0 0 0 0 0 0 0 0 0 0
0 C o. O 0 0 0 0 0 0
0 0 0 0 0 0 0 ATGT O -W

[Phifwd Delfwd}=c2d(A,B,dt);

x(:,i+1) = Phifwd*x(:i) + Delfwd*impulse(i);
yG.i+l) = CoxGitl)
time(i+1)=time(i)+dt;

end;
y(i)

%

% Plot Results :
plot(time(1:i),y(1,(1:1)));titte(Forward Time - 6 g Barre! Roll');
xlabel(Time');,ylabel('y miss');grid;pause; ‘ 2
% ,

% Reinitialize variables and vectors

% ‘ .
de=0.01;

kmax=Tf/dt+1;
impulse=zeros(1,kmax);
impulse(1)=1/dt;
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x=zeros(11,kmax);

y=zeros(1,kmax);
time=zeros(1,kmax);
time(1)=dt;
% ¢
% Sim~late the System A(A'djoint Solution)
% |
for (i=1:kmax-1)
ki=1/(Ve*(tme(i)));
CA=[ 0 1 0 0 0 0 o ¢
0 o 1 0 o0 o0 o0 o
0 0 -a 0 a*N*vVc 0 0 0
0 0 0 0 1 0 0 0o
<*k 0 0 < b c*ki O 0
0 0 0 0 0 0 1 0
0 0 0 0 0 0 0 0
0 0 o 0 -0 0 0o 0
0 0o 0 o0 0 0 0 0
0 0 0 0 0 0 0 0
.0 0 0 0 0 0 0 ATGT
[Phiadj,Deladj}=c2d(A",C,dt); '

x(:,i+1) = Phiadj*x(:,i) + Deladj*impulse(i);
y(:,i+1) = B'*x(:,i+1);
time(i+1)=time(i)+dt;
end; '
y@i)
%
% Plot Results

- %

plot(time(1:i),y(1,(1:i))):titleCAdjoint - 6 g Barrel Roll');
xlabel("Time');,ylabel('y miss’);grid;pause; '
end;
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- .
% Lukenbill, F. C. 21 November 1990
% This program simulates the forward time anc adjoint models with a
% Spilt 'S' maneuver
% .

% Initialize Variables

%

tm=1.0;

tsh=0.1;

a=tm;

b=2*(1Ash);

c=(1/tsh)*(1/tsh);

N=4.0;

Ve=2500;

TI=6; '

ki=1/(Vc*TY),

HE=0.0*pi/180;

Vm=2000.0;

YmHE=Vm?*sin(HE);

Atgt=193.2;

L=1.0;

al=pir2/L.A2;

2=pi*16*Atgt"2/(L*pi*2*TY);

a3=9*al;
‘ad=a2;

% .
% Initialize State Matricies -
% | ' ‘ » ,
A=[ 0 -VmHE 0 000
0 000
0 000.
0 000
0

0

(= = I =)

<*k 000

00

OO0 O0O0 -~
-~ 0000 Oo




coocoocooo
cooooc oo
cocoocooco
coococooo
ocooowcoo

R

o
o
oS

CoOoO~==~00O0UVOO

=
b

% .
C=-1000010000 000}
%

. % Input Timing Information

%

dt=0.01;

kmax=Tf/dt+1; .

% Set up impulse function'

%

impulse=zeros(1,kmax);
impulse(1)=1/dt;

% o
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0
0
0
0
0
0
0

CO OO0 O0C OO

1 010
0 000
0 000
O 100
-al 000
0 001
0 0-a30};




% ‘Initialize vectors

%
x=zeros(13,kmax);
y=zeros(1,kmax);
time=zeros(1,kmax);
% \
% Simulate the System (Forward Time Solution)
% | ‘
for (i=1:kmax-1) : '
ki=1/(Ve*(Tf-time(i))); | ‘
A=[ O 1 0 0O O | 0 0 0 -VmHE 0 000 .
0 0 1 0 0 0 0 0 0 0 000
0 0 -a 0 a*N*v¢ 0 0 0 0 0 000
0 0 0 0 1 0 0 0. 0 0 000
<*ki 0 0 < b c¢*ki0O 0 O0 0 000
0 0 0 0 0 0 1 0 0 0 000
0 0 0 0 0 0 0 0 0 1 010
0 0 0 0 0 0 0 0 0 0 000
0 0 0 0 0 0 0 0O 0 0 000
0 0 0 0 0 0 0 0 0 0 100
0 0 0 0 0 0 0 a2 o -a1 000
0 0 0 0 0 0 0 0 0 0 001
0 0 0 0 0 0 0 ad 0 0 0-a30];
[Phifwd,Delfwd]=c2d(A,B,dt); ' :
x(:,i+1) = Phifwd*x(:,i) + Delfwd*impulse(i);
-y(:,i+1) = C*x(:,i+1);
time(i+1)=time(i)+dt; . , .
end; o - ' | y
0 | S |
% C . | v
% Plot Results '
%

plot(time(1 1).y(1.(l1))),ude('Forward Time-6g Spht S')
xlabel("l'ime').,ylabel( y miss’); gnd.pause.
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% .

% Reinitialize variables and vectors
%
de=0.01;
kmax=Tf/dt+1;
impulse=zeros(1,kmax);
impulse(1)=1/dt;
x=zeros(13,kmax); .
! " y=zeros(1,kmax);
time=zeros(1,kmax);
%
% Simulate the System (Adjoint Solution)
% o
for (i=1:kmax-1)
| ki=1/(Vc*(time(i)));
A=[{ O 1 0 0 0 0 0 0 -VmHE 0 000
0 0 1 0 0o 0 0 0 0 0 000
0 0 -a 0 a*N*Vc 0 0 0 0 0 000
0 0 0 0 1 0 0 0. 0 0 000
<*k 0O O < b c*ki O 0 0 O 000
0 0 0 0 0 0 1 0 0 0 000
0 0 0 0 0 0 0 0 0 1 010
0 0 0 0 0 o 0 0 0O 0 000
. 0 0 0 0 0 0 0 0 o0 0 000
0 0 o 0 0 0 o 0 0o O 100
0 .0 0 o0 o0 O o0 a2 0 -a 000
f 0 o o 0 o0 O 0 0 O 0 001
. o -0 o0 0 O0 o0 O a4 0 0 0-a30}; .
{Phiadj,Deladj]=c2d(A’,C,dt); o .
x(:,i+1) = Phiadj*x(:,i) + Deladj*impulse(i);
y(:i+1) = B*x(:,i+1); |
time(i+1)=time(i)+dt;
end; ’
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(i)

% .

% Plot Results

%

plot(time(1:i),y(1,(1:0)));titleCAdjoint - 6 g Split S");
1 xlabel(Time');,ylabel('y miss’);grid;pause;

end;
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APPENDIX C-DISSPLA PLOTTING PROGRAM

CC Lukenbill, F. C. 6/15/90
CC This code i is used to generatc the three dimensional plots

cc

- DIMENSION MSLX(300), MSLY(300), MSL¢.(300)

10
~ 1000

TGTX(300),TGTY(300), TGTZ(300)
NUM=100
DO 10 I=1,NUM
READ (10,1000) MSLX(), MSLY(I;,MSLZ(I)
READ (11,1000) TGTX(),TGTY(D), TGTZ()
CONTINUE

FORMAT (3(1X,IE15.7))
CALL COMPRS
CALL AREA2D(8..8.5)
CALL X3NAME('X AXISS$',100)
CALL Y3NAME('YAXISS',100)
CALL Z3NAME(Z AXISS',100)
CALL VOLM3D(7..7.7)
CALL VIEW/(80000.,24000.,2000.) |
CALL GRAF3D(0.,4000.,24000.,0.,4000.,24000.,0. 400,2400)
CALL GRFITI(0.,0.,0.,0.,1.,0.,0.,1,,1.)
CALL AREA2D(7.,7.)

= CALL GRAF(0.,1.,6.0.,1..6.)
' CALL GRID(2,2)

CALL END3GR(0) :
CALL GRFITI(0.,0.,0.,0.,1.,0,,1.,1. 0..)

CALL AREA2LC,/.7.)

CALL GRAF(0.,4000.,24000,0.,4000.,24000.)
CALL DASH .

CALL CURVE (MSLY MSLX,NUM,0)
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CALL RESET(DASH)

CALL CURVE (TGTY,TGTX,NUM,0)
CALL GRID(2,2)

CALL END3GR(0)

CALL DASH

CALL CURV3D(MSLX,MSLY,MSLX,NUM,0)
CALL RESET(DASH)

CALL CURV3D(TGTX,TGTY,TGTX,NUM,0)
CALL ENDPL(0)

CALL DONEPL

STOP

END
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