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SUMMARY

This report presents the results of the third year research efforts of the
Grant. The investigations of the two previous years dealt with a constant
velcocity missile model. The last year activities were oriented to evaluate the
validity of the previously obtained results for more realistic variable speed
missile models. For this purpose an aerodynamic model provided by WL/MNAG was
used. Moreover, acceleration limits were imposed separately on each guidance
channel, simulating trimmed angle of attack limits. The study indicated that the
guidance law used in the previous (constant speed) analysis has to be modified
and incorporate a term for compensating the effect of missile longitudinal
acceleration. With this modification the homing performaznce of a variable speed
missile using mixed strategy guidance is very similar to the performance of a
constant speed model, as long as the terminal maneuverability of the missile

rzmains unchanged.




I. INTRODUCTION

During the first year of the three year grant [1] a Mixed Strategy Guidance
Law (MSG) was developed for a three-dimensional end-game scenario with eventual
electronic countermeasures (ECM). The operational effectiveness of MSG was
compared with conventional missile guidance laws, such as Proportional
Navigation (PN) and Augmented Proportional Navigation (APN). The comparison
clearly demonstrated that MSG had a much supericr effectiveness than the other
guidance laws. The objective of the second year research activity was to
generalize these results, obtained for a single engagement geometry (head-on)
and for a single set of missile and aircraft parameters, as well as to extend
the wvalidity of the comparison by a parametric investigation based on a non-

dimensional sensitivity analysis. The sensitivity analysis {2] lead to conclude

that, if the mixed strategy guidance (MSG) apprcach is used, a missile-target
maneuver ratio of 3 1is sufficient for a robust cperational effectiveness. The
effects cf engagement geometry-(initial target aspect angle and range) cn the
heming performance of the ”pu;ejguidance strategies”, which ceonstitute the kasic
of MSG, were similar to the well known results predicted by the classical
linearized guidance theory.

411 these previous results were based on a constant speed missile model, a
frequently used assumption in many investigations and one of the elements in
linearized guidance analysis. Unfortunately, for the terminal guidance phase of
an air-to-air missile this assumption is not valid. Long and medium-range guided
missiles reach their targets in an unpropulsed mode. loosing kinetic energy
(i.e. speed) for overcoming aerodynamic drag. Depending on speed and altitude
the missile deceleration can reach the level of 2-5 g's. Moreover, the
maneuveratility of the missile iIs also a function of the dynamic pressure. For

these reasons it seemed very important to evaluate the wvalidity of the results

obtained for a constant speed missile model in the more realistic variatle speed
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scenario. For this purpose an aerodynamic (lift and drag) model of the missile
was incorporated in the end-game simulation. (This model was provided to us by
WL/MNAG. ) Assuming a skid-to-turn aerodynamic configuration, the lateral
acceleration limit, imposed in the previous phases on the resultant acceleration
command, was replaced by limité imposed on each guidance channel separately.

The assessment of the variable speed model was performed in two phases. In
the first phase the initial speed was selected in order to allow the final
dynamic pressure tc be large enough for achieving the maximum acceleration
cemmand. In the next phase a lower 1initial spesd was selected leading to a
reduced final maneuverability.

For sake of completeness, the next section repeats the problem formulation
and gives a brief summary of previous results. In section III the main results
of the investigation are summarized including a periormance comparison at each

step.

II. BACKGROUND INFORMATION
2.1 PROBLEM FORMULATION |
The investigation deals with the terminal phase of an encounter between a
radar guided missile and a maneuvering aircraft which has the capability to use
electronic countermeasures (ECM). This problem has been formulated as a
two-person, =zerc-cum, imperfect information game in which both players may use
mixed strategies, [3].

In the investigation the following terminclogy is used:

a. The missile and the target aircraft called “pursuer" and “evader",
respectively.
b. A "guidance law" is the mapping of the estimated state into acceleration
commands.
C. The tandem combination of an estimater and a guidance law is called a "pure
3




guidance strategy".

d. A pure “"evader strategy" is a combination of a feasible maneuver sequence
and some countermeasure policy.

e. A "mixed strategy" 1is a probability distribution cver a set of pure
strategies.

Our investigation addresses this problem from the point of view of the
missile designer who wishes to determine, for a given set of evader strategies,
the optimal pure strategy set and the corresponding mixed strategy of the
pursuer that maximlzes the minimal value cof the perfcrmance measure, which is
the "Single Shot Kill Prcbability" (SSKP) of the missile.

The result of this maximum operation over the set of possible outcomes
assoclated with given pure strategies is Vm (the value of the mixed strategy

N

gzmel, which czn rte interpreted as the “"guarznteed SSKP" of the micsile, ag well

as the corresponding probability distributions (optimal mixed strategies).

Scenario Description
The main elements of the aésumed scenario are:

1) The encounter is three-dimensional (see Fig. 1).

2) The game starts and takes place in the vicinity of the collision course
and terminates when the range rate becomes zero.

3) In order to enhance survivability, the evader may make use of electircnic
contrameasures (ECM) simdltaneously with 1its maneuver. The ECM technique
considered in this work is electronic jinking (EJ} [4). It generates a
deterministic motion of the aircraft’s radar deflection center from

wing-tip to wing-tip. Whenever EJ is applied, the inherent stochastical

fluctuation of the radar reflection center, called the "glint noise,

becomes hardly observable.

>

For the sake of simplicity, 1t is assumed that the motion of the evader is
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confined to the collision plane (assumed to be horizontal}. Note that even
if this assumption is adopted and effects of gravity are neglected, the
motion of the pursuer will be three-dimensional beczuse the disturtances
caused -~ oJ or the "glint" noise have a predominant transversal compenent
(s,

Information Structure

Throughout the duration of the game the pursuer measures the relzative range

R, the closing velocity Vc’ and the line of sight angle A, relative to a

ol H 3 . 3 - - <o S s Y T ~ o o = = ~ +
reference line. It is assumed that the range and veloclty meazacurements zre exact
. - 3 . t 3 + + 128 3 - P - ~
and that the angle measurement is corruptec by ncise the velccity zand range

information is processed to give an accurate estimate ¢f the "time-to-go”, whils

the range and angle informaticn is processed and vields a "nolsy mezsuremernt” cof
thne evzder s relative peosition perpendicular to the reference iire The angular

measurement is perturbed either by the "glint" noise, or by E! intenticnallvy
g=neratad by the evader.
The evader knows when the game starts, but has neither measurements cn the

state of the game nor knowledge of the duraticn of the game.

]
]

The rules of the game are such that at the beginning of the game
shortlv before it). each plaver "selects” through a chance mechanism cne cf 1its
pure strategies and plays according to it until the end cf the game.

2.2 MODELING
Evader Model

It 1s a constant speed point-mass model with 3 opticns of lateral
acceleration: (i)} No maneuver, (ii) Constant maneuver, (iii) Random phase
pericdical maneuver.

The roll dynamics of the evader 1is taken intc account by the time t

required to change the directicn of the maneuver.

4

The electrecnic jinking (EJ) is also periodical with random phase,
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. _er Model

The pursuer is a radar gulded heming missile represented by a simplified
a point-mass model with
~“Yimited lateral acceleration. Mcreover, it is assumed that the three-dimensicnal

{nterception is accemplished by two identical decouzled guidance channels

Ter

operating in perpendicular planes. Each guidance channel model consists of the
following elements:
The "seexer”, whlch reconstiructs it line of sight direction from radar
1) The " ; constructs the sig e n fr

T ST S = - = - ‘e o s ~ &
measuremsenis COrrubpied ULy Eiinv

Mm

tiv
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type nolse and provides the rel
lateral displacement with respect to a stabilized rererence. The generaticn

of this signal doesn't involve any delay.

e 2] The "estimater" extracts from the noicy signal of the "seeker” & cmocthed
M
i estimate of the relative state
4 -
i' 3) The "guidance computer"” determines the required laterai acceleraticn, the
i cemmand signal of the "auteopileot", taking intc account the acceleraticn
H limit.
¥
¥ ) . " . . . . . ;
:x 4) The "autopilot" and lateral missile dynamics are approximated (as a closed-
B
; locp svstem) bv a first-order transfer function between the required and
3 actual lateral acceleration.
Lethality Model

The probability of destroying the target (PK) is a single valued function
, of the actual miss distance determined by two gparameters: the cverall
 {
b .
; reliability of the guidance system (pK)max and a characteristic lethal radius
|
: Rg' If the miss distance R, is smaller than R, then P_=(P ) . For R,>R£ the

f { K K max f

following functional relationship is used.

ro

b

{ © (Pf
D (o = ¢ Y ovnd - -
‘K‘“fJ P’ max -xr{ 4 B ] }
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‘:'In an imperfect information scenario the miss distance is a random variable. For
':;j;a given pair of pure strategies, (cSe).1 and (ép)j, the“Single Shot Kill
Probability" (SSKP) is expressed by

Piy = E{PK(Rf)[(Be)i (5p)j} :

where the expectation 1is taken over the ensemble of all measurement noise
samples, as well as the random phases of the target maneuver and the EJ.
2.3 MIXED STRATEGY GUIDANCE CONCEPT

Application of the Mixed Strategy Guidance (MSG) approach generates an
optimzl mixed strategy based on an optimal set of pure guidance strategies. Fach
of the pure guidance strategies 1is composed of twec elements: a “perfect
information guidance law", developed on the basis of a linearized differential
game model {6), and an "estimator". The input for this guidance law is the
zero-effort miss distance, is based on the line of sight rate and a compensation
of own lateral acceleration. It is independent cf the evader acceleration as
implied by differential game tgeory. Since the scenaric is noise corrupted, the
actual input cf the guidance law comes from the “estimator”, in the form =
steady-state Kalman filter. Though assumptions on the evader maneuver's are
incorporated in the dynamic model of the "estimator”, the estimated zero-effort
miss distance doesn’t include the evader acceleration. For a given structure,
the "estimator"” is determined by a set of parameters to be selected by the
designer. The maximum dimension of such an "estimator” 1is either 4 or 6
depending on whether EJ is considered or not (see Fig. 5 in Ref. 1). Each
"estimator” design combined with the "perfect information guidance law” forms a
"pure guidance strategy".

In the "estimator" the random target maneuver and the eventual "electronic

4

Jinking are considered as stochastic processes, each aprroximated by a "shaping

filter" fed by white noise [7]. In the present investigation, each "shaning
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Al;¥§1ter" has the following form

s+a,
1 . .
G, = — ) 1=e, ]

! sz+2§.a.s+5?
171 i

where the subscript e stands for evader maneuver and J for electronic

¥ Jjinking. Fach shaping filter is fed by white noise of a given spectral density

1536 (i=e, j) where

B 1
g 2
$ =k (gn )
z e e max
and
2
. = k. (w )
J J Tmax
In zddition to the two sets of four parameters (., o,, ., @.) cne has to
_ i it v i
consider also le the spectral density c¢f the "glint", which is the inherent

3 e T o 3 + W V2l ba bl omnm = e e Ta -~ .. 0
LgnEr nas {in the limitaticns imposed by the

n

measurement noise. Thus the de

i  structure of the filter) a set of 9 parameters, which in a way constitute the

assumpticn made on the behavior of the evader. Based on these parameters, the
gains of the Kalman filter are computed by solving the appropriate algebraic
Riccati equation.
2.4 SUMMARY OF PREVIOUS RESULTS
First year

The investigation performed in the first year was reported in Ref. 1. For a
combined ECM/no-ECM scenario against a set of 90 pure evader strategies and for
a given set of engagement parameters, a Mixed Strategy Guidance (MSG) law called
M*, based on a pair of "pure gﬁidance strategies”, designated respectively "J"
and "L", was found to be satisfactory. The parameters of the shaping filters for

these guidance strategies were determined as follows:

Strategy "J": $ =0.04
gl
k =6.3 o =1.8 —_ ¢ =0.151 w =0.78 r/sec
e ) sec e e
k. =0.35 o, =38.0 —— ¢ .=0.155 w.=0.70 r/sec
J j sec J J
8
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rf.'guaranteed SSKP of slightly higher than 0.4, (Vm=O.402) compared to much lower

. values (below 0.1) achieved by PN and APN.

‘<'f§trategy “LM: ¢ =1.0 kj’

.5

e Sec Ce=0.15 we=0.1 r/sec

R
tl
O

k_ =0.10
e

In this environment and for the given set of parameters MSG achieved a

The PN guidance law in the comparison had a constant ‘“effective
proportional navigation gain" N'=3.0 and the estimated line of sight rate was
obtained from the seeker via a first-order low-pass filter with a time constant
of 0.3 sec.

In the APN, which 1includes the -estimate of the evader’s lateral
acceleration as a component of the estimated state, the guidance gain of N'=3
was selected. The estimator was a steady-state Kalman filter based on a "random
telegraph" type (first-order) target maneuver model with the parameter
A:=O'5 1/sec.

Second year

The research effcrt of the second year is summarized in Ref. 2. It was
oriented to test the sensitivity of the mixed strategy guidance (MSG) concept to
several parameters of interest. In order to generalize the validity of the
analysis the results are presented in a nondimensional form as functions of the
similarity parameters of the protlem. The investigation concentrated on
evaluating the sensitivity of‘ESG to the engagement geometry, pursuer-evader
maneuver ratio and warhead lethality. The strategy set of the evader, as well as
the relationships between the different "disturbance" element such as glint
noise, target maneuverability, electronic jinking were kept constant by
preserving the wvalues of the respeétive similarity parameters. Therefore no

change in the "optimal estimation" has been expected in the sensitivity

analysis. Since against the given evader strategy set the best estimator pair

0
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;_;’guidance strategies “J" and "L" (composing the optimal strategy pair for the

o' b Mot vutlone o g

- 300 A o4

~found in the first year investigation [1], any new optimal mixed strategy in

Z the'same environment was based on the same pure strategy pair (namely "J" and

$ .L-)-

First the guidance performance (miss distance) sensitivity of the two pure

:tﬁSG) to variations of the initial conditions of the engagement, such as initial

‘;i“target aspect angle and initial range (or time of flight), was tested.

- Both sensitivity tests lead to results which agree well with the phenomena

‘encountered in linearized guidance theory. It could be thus concluded that in a

- 3 R e N

e rather large domain of initial conditicns the concept of MSG and its performance

is not sensitive to the engagement geometry.

The sensitivity analysis of the homing accuracy measured by the normalized
A”average mics distance to pursuer-evader maneuver ratio p lead tec some new
observations. A maneuver ratio of u=2.0, which is certainly unsatisfactory for
interception a maneuvering target for PN with N’=3, doesn’'t seem to hurt too
much the accuracy of the "pure'éhidance strategies” in the environment for which

they were optimized (strategy "J" against periodical maneuvering combined with

EJ and strategy "“L", as well as APN, against constant maneuvers without
Jinking).
Moreover, increasing the maneuver ratio beyond up=3 doesn’'t Iimprove

substantially the guidance accuracy. These results confirm that, assuming a
satisfactory estimation of the relative state, the guidance law bas2d on linear
differential geme theory with perfect information {6é] has no need for a high
maneuver ratio.

The results indicate that the operational effectiveness of an optimal mixed
strategy guidance law, measured by SSKP is quite insensitive to the pursuer-
evader maneuver ratio for Szuz3. Its value is mainly determined by the warhead

lethality, Increased maneuverability makes some difference only for very large

10




foArheads. Similarly, the optimal mixed strategy itself (i.e. the probability

’j__warhead lethality. In the present case increased warhead lethality favors

strategy "L" at the expense of "J", which has very large miss distances against

¥ constant target maneuver without ECM. These conclusions lead to a cost-effective

f missile design with robust guidance performance with respect to all target

43

evasive strategies which are taken into account in the MSG design process.
In summary, the non-dimensional sensitivity analysis of Ref. 2 gave a

generalized demcnstraticn for the superior performance of the mixed strategy

- - (MSG) approach over PN and APN.

ITI. VARIABLE SPEED ASSESSMENT

3.1 AERODYNAMIC MODEL

The constant speed missile models used in most linearized guidance studies
completely neglect the aerodynamic and propulsion <characteristics of the
missile. In the present study-it is assumed that at the terminal guidance phase
considered for the analysis the rocket motor of the missile is burned out.
Consequently, the kinetic energy and the speed of the missile (Vp) are
continuously dissipated by the aerodynamic drag, while the mass (mp) remains
constant.

Assuming more or less horizontal flight the speed loss of the missile .s

governed by the differential equation

{/:—D/m (1)
P P P
The drag force Dp is given by
1 . 2
D =2 p(h) V35S (C) (2)
p 2P pp Dp

where p(h) is the air density at the flight altitude s, is the surface of

11
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1 2
p(h)VpSpCLp(aP) {3)

S]]

L =
p

D

{C.) = [CD ] + CL (ap)sinap (4a)
p o’ p p

the first part is the zero-1lift drag coefficient depending on the altitude while
uhédsecond part represents the lift dependent induced drag. All coefficients
re functions of the Mach number. The aerodynamic data used in the present phase

of the investigation was provided to us by WL/MNAG. It is summarized in Table 1.

-%2 [CD ] c, ()

E o’p P

.gi“ Mach No. h=0 . h=70 kft =5° «=10" a=15°

| 3 0.60 0.4765 0.5675 2.89 6.42 10.93

! 0.90 0. 4300 0.5100 3.07 6.94 11.61

'jf 1.20 0.6917 0.8266 3.42 7.84 13.41

i 1.50 0.6250 0.7455 3.52 7.84 13.51

; 2.00 0.5306 0.6344 3.19 7.28 12.7

i 2.50 0.4568 0.5435 2.90 6.65 11.75
§ 3.50 0.3293 0. 3960 2.47 5.78 10. 15
) 4.50 0.:590 0.3105 2.17 5.09 8.76

Table 1. Aerodynamic coefficients.

U 00h i b gm0 N 20 o 2 NG
4 i

The lateral acceleration of the missile is given by

a =L /m = p(h)V3s C

(e }/2 5
p - "pp popL_p M (5)

P

dwdagran. -

f It is assumed that in both guidance channels of the missile the trimmed angle of

f- attack is limited, due to physicel :imits cf the contrcl deflection by

{(ay)max' = [(e)) | =10 (6)

12
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a consequence of these constraints the resultant angle of attack of the

ssile is limited by

=10V 2 =14.14° (7)

o |

The actual resultant angle of attack ap is computed from the actual lateral

celeration (S), via

2
c ) = 2m_a /p(h)V'S
Lp(ap mp p p pp (8)

_by a search for the correct value of ap interpolating the data of Table 1.
The actual lateral acceleration is the resultant of the accelerations on

%the perpendicular pitch and yaw channels

(9)

?
|
;
i

where the actual lateral acceleration in each channel is obtained from the

Rt b+ st o+ 44

acceleration command (are ) derived by the guidance computer, via the first

order dynamics transfer function of the missile autopilot

tTa.=1(a_ ). -a. i=y, 2z (10)
p pi req’'i pi

S et SN - 40 Al
%8 f2 0 gl

3.2 MODIFIED LATERAL ACCELERATION COMMAND LIMIT
In the previous phases of the investigation the limit was imposed on the
resultant lateral accelération command as a circular constraint

: 1 ((a® ) o+ 2% )y 1Y% < 2 (11)
1 req y . r3q 2 p max

In context of a variable speed missile model it seemed more appropriate to
impose the constraint on each guidance channel separately, similarly to the

: constraint of the angle of attack

'\(a

) (12)
j req’y

) 7 | (a

| = (ap max

\ =

) {a )
req’z p max

This modification implicitly increased the missile maneuverability (in

13
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Yrst the effect of modifying the acceleration constraint had to be evaluated

*using a constant speed model only.

" The list of fixed parameters used in the simulation is given in Table 2.

. the constant speed m.del Vp=600 m/sec (used in earlier phases; was selected.

results of the comparison for both pure guidance strategies "L" and "J" and

Note that NJ indicates an ECM free envircnment.

Table 2. Fixed engagement parameters.

1 conditions (head-on)

! Initial pursuer heading wpo =0
i Initial evader heading Voo = 180°
3 Nominal time of flight tf = 5 sec
B Flight altitude h =8 knm
§‘¢1vaadergp§rameters
) 3 Velocity T V_ = 300 m/sec
;:”‘“ Lateral acceleration limit {(a ) = 50 m/sec
| e’ max
| Roll dynamics tR = 2 sec
j;: Glint parameters: ’
i Band width BW =2 Hz
B 2 Standard deviations o =3.7m
'g Z (in body axes) o, = 2.5 m
¥ ¢ =0.05m
* Z
3}- Amplitude of Electron%c Jinking wmax = 4.7 m
E» Pursuer parameters
: ' Mass = 103 kg
1 4 Surface of reference g = 0.285 m2
Lateral acceleration limit a = 150 m/sec
p max
E Autopilot time constant ™ = 0.2 sec
f: Constant roll angle ¢p =0
Warhead lethality range Re = 4.0m
Reliability factor (PK)max = 3.9
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&hble 3. Effects of modifying the acceleration constraint.
Vp =600 m/s (constant). Strategy L

o]
Circular Modified
wj[r/s] we[r/s] Mim] oim] SSKP | Miml oim] SSKP
: 0.00 | 3.80(2.22) 0.727 | 3.62(2.00) 0.757
& 0.50 | 4.30(2.35) 0.674 | 3.68(2.09) 0.747
: 0.75 | 5.11(2.57) 0.542 | 4.41(2.23) 0.638
¥ NJ 1.00 | 6.60(2.88) 0.376 | 5.73(2.59) 0.492
@ _ 1.50 | 5.10(2.55) 0.553 | 4.49(2.31) 0.644
9 2.00 | 3.20(1.86) 0.798 | 3.02(1.74) 0.817
i 2.50 | 2.80(1.75) 0.837 | 2.68(1.58) 0.848
fi 3.00 | 2.60(1.69) 0.842 | 2.51(1.58) 0.854
g 0.00 | 4.60(0.00) 0.813 | 4.64(0.03) 0.812
§ 0.50 | 5.80(2.19) 0.512 | 5.53(1.72) 0.556
R 0.75 | 6.63(2.71) 0.381 | 6.16(2.32) 0.444
. 0.0 1.00 | 7.50(4.41) 0.361 | 6.95(3.87) 0.416
J - 1.50 | 7.10(3.23) 0.367 | 6.71(2.50) 0.398
£ 2.00 | 6.60(2.01) 0.301 | 6.45(1.83) 0.325
j e 2.50 | 6.60(2.33) 0.237 | 6.56(1.36) 0.290
= 3.00 | 6.40(1.14) 0.299 | 6.20(1.01) 0.340 |
"~ po |
{ . 0.00 | 5.30(3.02) 0.647 | 5.10(2.72) 0.665
8- 0.50 | 7.20(4.13) 0.412 | 6.55(3.3%) 0.446
' 0.75 | 8.49(4.46) 0.290 | 7.55(3.64) 0.330
- 1.0 1.00 | 9.60(4.95) 0.233 | 8.64(4.27) 0.261
A 1.50 | 8.60(4.04) 0.248 | 7.92(3.62) 0.279
3 2.00 | 7.00(2.96) 0.328 | 6.72(2.52) 0.337
1 3 2.50 | 6.50(2.6G) 0.376 | 6.29{2.39) 0.406
i 3.00 | 6.40(2.30) 0.399 | 6.12(2.29) 0.427
| 0.00 | 8.90(5.38) 0.331 | 8.09(4.95) 0.370
ik 0.50 | 9.90(5.02) 0.209 | 8.65(4.24) 0.250
- 0.75 [10.81(4.96) 0.155 | 9.36(4.12) 0.184
. 3 2.0 1.00 !11.60(5.64) ©.145 [10.31(4.75) 0.171
E 1.50 [10.10(5.29) 0.198 | 9.35(4.75) 0.209
i 3 2.00 | 9.00(4.12) 0.241 | 8.51(3.90) 0.252
‘¥ 2.50 | 8.70(4.51) 0.276 | 8.27(4.03) 0.298
i 3 3.00 | 8.60(4.4%) 0.314 | 8.16(4.10) 0.326
A .
iF 0.00 | 9.70(4.27) 0.217 | 8.99(4.20) 0.251
i - 0.50 |[10.90(4.78) 0.156 | 9.52(4.13) 0.209
i : 0.75 {11.70(4.93) 0.134 {10.20(4.28) 0.178
1 3 3.0 1.00 {12.10(5.02) 0.137 {11.04(4.66) 0.148
¥ 1.50 |10.60(5.18) 0.188 {10.11(4.67) 0.181
; 2.00 | 9.30(4.43) 0.225 | 8.94(3.91) 0.209
H 3 2.50 { 9.20(4.41) 0.238 | 8.81(3.92) 0.239
: 3.00 { 9.20(4.41) 0.238 | 8.69(4.01) 0.260

average miss distance
standard deviation
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Table 4. Effects of modifying the acceleration constraint.
VP =600 m/s (constant). Strategy J.
e}

Circular Modified

wj[r/s} we[r/s] M(m] oim] SSKP | M{m] olm] SSKP
0.00 [25.40(3.91) 0.000 [20.71(4.30) 0.000

0.50 [13.60(7.84) 0.163 [10.10(6.47) 0.300

0.75 | 8.78(3.94) 0.229 | 5.81(3.21) C.484

NJ 1.00 | 4.60(1.37) 0.58% | 3.91(2.19) 0.726
1.50 | 3.20(1.86) 0.801 | 3.21(1.70) 0.815

2.00 | 2.80(1.75) 0.823 | 3.17(1.75) 0.804

2.50 | 3.00(1.60) 0.828 | 3.21(1.80) 0.795

3.00 | 2.90(1.58) 0.830 | 3.15(1.89) 0.795

0.00 | 4.60(0.00) 0.815 | 4.64(0.03) 0.814

0.50 | 4.80(0.99) 0.694 | 4.93(1.25) 0.643

0.75 ! 4.92(1.22) 0.641 | 5. 09(1.20) 0 587

0.0 1.00 | 4.70(1.39) 0.674 | 4.87(1.44) 0.648
1.50 | 4.00(0.90) ©.810 | 3.97(1.13) 0.815

2.C0 | 4.20(0.92) ©.808 | 4.27(0.96) 0.792

2.50 | 4.50(0.95) 0.780 | 4.61(C.78) G.757

- 3.00 | 4.S0{(0.00}) ©0.750 ! 4.50(0.38) 0.70¢%
0.00 | 4.40(0.94) 0.809 | 4.10(1.10) 0.821

0.50 | 4.50(1.36) ©0.706 | 4.49(1.43) 0.695

0.7 4.46(1.237) 0.701 | 4.63(1.39) 0.666

1.0 1.00 | 4.30(1.33) 0.725 | 4.56(1.45) 0.684
1.50 | 3.90(1.26) 0.808 | 3.96(1.26) 0.798

2.00 | 4.00(1.28) 0.811 | 4.14(0.59) 0.805

2.50 | 4.10(1.30) 0.804 | 4.24(1.10) 0.793

3.00 | 4.30(0.93) 0.788 | 4.44(1.00) 0.763

0.00 | 3.80(0.88) 0.864 | 3.30(1.14) 0.885

0.50 | 4.30(1.63) 0.720 | 4.15(1.42) 0.745

0.75 | 4.17(1.43) 0.735 | 4.36(1.35) 0.714

2.0 1.00 | 4.00(1.28) 0.762 | 4.34(1.41) 0.712
1.50 | 3.60(1.50) 0.825 | 3.76(1.27) 0.818

2.00 | 3.60(1.22) 0.855 | 3.72(1.19) 0.847

2.50 | 3.60(1.22) 0.866 | 3.76(1.04) 0.856

3.00 | 3.60(0.85) 0.869 | 3.75(0.98) 0.858

0.00 | 3.60(1.50) 0.820 | 2.86(1.17) 0.877

0.50 | 4.20(1.88) 0.706 | 3.85(1.49) 0.765

0.54 | 3.86(1.51) 0.770 | 4.08(1.25) 0.771

3.0 1.00 | 3.70(1.52) 0.800 | 4.17(1.36) 0.751
1.50 | 3.70(1.52) 0.806 | 3.80(1.3%9) 0.802

2.00 | 3.40(1.46) 0.860 | 3.63(1.14) 0.854

2.50 | 3.40(1.18) 0.879 | 3.55(1.04) 0.871

3.00 | 3.30(1.17) 0.887 | 3.50(1.00) 0.883

average miss distance
standard deviation

q X
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Table S. Effects of modifying the acceleration constraint.
Vp =600 m/s (constant). Optimal mixed strategy.

o
Circular Modified

wj[r/s] we[r/s] SSKP SSKP
0.00 0.402 0.415

0.50 0. 446 0.545
0.75 0. 402 0. 568

NJ 1.00 0.471 0.598
1.50 0.664 0.721

2.00 0. 809 0.811

2.50 0.833 0.824

3.00 0.837 0.827
0.00 0.814 0.813

0.50 0.593 0. 5585

D.75 0. 497 c.52¢

0.0 1.00 0.501 0.52
1.50 0.565 0.235%6

2.00 0.528 0.536

2.50 0. 4890 J.501

3.00 0.501 ¢. 507

0.00 0.719 0.735

0.50 0.543 0.558

- 0.7 0. 474 0.482
1.0 ©1.00 0.453 0.452
1.%0 0. 498 0.513

2.00 0.544 0.548

2.50 0.567 0.3581

3.00 0.573 0.579
0.00 0.569 0.603
0.50 0.437 0.473
0.75 0.414 0.423

2.0 1.00 0.421 0.415
1.50 0.478 0. 484

2.00 0.516 0.52

. 2.50 0.540 0. 550

3.00 0.562 0. 566

0.00 0. 487 0.534

0.50 0.402 0. 460

0.75 0.418 0. 446

3.0 i.00 C.433 0.420
1.50. 0. 464 0. 461

2.00 0.509 0.500

2.50 0.525 0.524

3.00 0. 528 0. 541
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fvThe comparison lead to the conclusion that the modification of the acceleration
Vzconstraint slightly increased the value of the guaranteed SSKP, slightly changed
~ the optimal mixed strategy and also affected the optimal strategy set of the

-z

k. evader. The quantitative changes are summarized in Table 6.

?“ Table 6. Effects of modifying the acceleration constraint.
Circular Constraint Modified
{
E Guaranteed SSKP 0.402 0.415
%~ [Optimal Mixed Strategy (L/J) 0.553/0. 447 0.548/0. 452
- , |
NJ, w =0.0 r/s i NJ, ©,=0.0 r/s
& |Optimal Strategy Set ' Coom e
3 |of the Evader N, WeTO- T w8 |
. ot w.=3.0, w=0.5r/s | ©.=2.0, w =1.0 r/s
4 3 J & !
! )
,z F-
1 3 In the seguel! the modified perfcrmance level will serve as a basis of
d comparison for the variable speed missile model.
g 3.3 VARIABLE SPEED MISSILE - FIRST ASSESSMENT

b= For the variable speed assessment the initial conditions of the end-game

SR ghE + S0

€ngagement have to be carefully selected in order to allow a meaningful

£ b Yook At T

comparisen with the ceonstant speed model. In the examples for evaluating the

i effect of speed variations an altitude of 8 km waslselected. It was assumed that
altitude variations (since target maneuver is confined to the horizontal plane)
are neglectable and therefore air density is constant.

Moreover, in order to keep both the nominal duration of the end game and

the initial range unchanged the initial missile velocity was selected in such a

Way that the average speed is the same as of the constant speed model. For the

UL NUTYN

example presented here (h=8 km and Vp=600 m/sec, tf=5 sec, R°=450° ‘m) the

initial missile velocity of Vp =645 m/sec was found to be appropriate. N
)

e,

The results of the comparison for the two pure sirategies (L and J) and the

H
1.
&
t
P
3|

optimal mixed strategy are presented in Tables 7-9 respectively.
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Table 7. Compariscn of variable and constant speed models.

X £00

N LATTR MR SR A &S
—— T TITT I F

:

Constant speed, V =600 m/s | Variable speed, V_ =645 m/s!
P ! P |
- ! -
we[r/s] {m] olm] SSKP | Minl olm) SSKP
0.00 3.62(2.00) 0.757 i 2.09(2.29) 0.679
0.50 3.68(2.09) 0.747 ! 3.92(2.28) ©.720
0.75 4.41(2.23) 0.638 1 4.18(2.22) 0.678
NJ 1.00 5.73(2.59) 0.492 5.67(2.70) 0O.493
1.50 4.49(2.31) 0.644 } 4.90(2.51) 0©.581
2.00 3.02(1.74) 0.817 3.16(1.87) 0.801
2.50 2.68(1.58) 0.848 ] 2.83(1.68) 0.836
| 3.00 2.51(1.58) 0.854 I 2.61(1.71) ©0.840
! 0. 00 ? 4.64(0.03) 0.812 ( 4.66(0.05) 0.806
| 0.50 | 5.53(1.72) 0.536 | 5.35(1.54) 0.582
' i S.75 ' 6.16(2.32) 0.444 , 5.50(2.17) 0.482
0.0 1.00 6.95(3.87) 0.416 6.91(3.73) 0.390
! 1.50 ’ 6.71(2.90) 0.398 | 7.05(3.06) 0.383
I 2.00 6.45(1.83) 0.325 | 6.58(1.92) 0.305
! | 2.50 | 6.56(1.36) 0.290 | 6.82(1.40) 0.243
| 3.00 6.20(1.01) 0.340 ‘ 6.38(1.05) 0.303
I
! 0.00 5.10(2.72) 0.665 5.54(3.19) 0©.631
i 0.50 6.55(3.39) 0.446 6.70(3.59) 0.436
: Q.75 7.55(3.64) 0.330 7.54(3.85) ©.347
o | 100 8.64(4.27) 0.261 8.70(4.46) 0.263
| 1.s0 7.92(3.62) 0.279 8.35(3.73) 0.257
| 2.00 6.72(2.52) 0.337 [ 6.96(2.79) 0.326
| 2.50 6.29(2.3%9) 0.406 6.51(2.53) 0.375
| 3.00 6.12(2.29) 0.427 6.43(2.38) 0.392
; 0.00 8.09(4.95) 0.370 f 9.09(5.30) 0.305
.50 S.65(4.24) 0©.250 © 14(4.39) 0.213
0.75 9.36(4.12) 0.184 ( 9.59(4.25) 0.183
2.0 1.00 10.31(4.75) 0.171 | 10.44(4.76) 0.160
L 1.s0 9.35(4.75) ©.209 | 9.51(4.90) 0.213
2.00 8.51(3.90) 0.252 | 8.65(4.05) 0.254
2.50 8.27(4.03) 0.298 8.46(4.18) 0.289 -
3.00 | 8.16(4.10) 0.326 8.34(4.31) 0.337
——— e
0.00 8.99(4.20) 0.251 11.70(3.25) 0.062
0.50 9.52(4.13) 0.209 10.43(4.07) 0.153 ;==
0.75 10.20(4.28) 0.178 10.28(4.20) 0.159
3.0 1.00 11.04(4.66) 0.148 10.74(4.68) 0.165
1.50 10.11(4.67) 0.181 10.05(5.02) 0.205 .-
2.00 8.94(3.91) 0.209 9.39(4.43) 0.213
| 2.50 8.81(3.92) 0.239 9.60(4.33) 0.201
' 3.00 2. £ar4 011 0 240 i o 80(4.34) 0.198

average miss distance
standard deviation

X1
o

19




Table 8. Compariscn of variable and constant speed models.
h=8 km. Strategy J.

f Constant speed, V =600 m/s | Variable speed, V_ =645 m/s!

| P i pO '

o lr/s] o lr/s) | Mim) clm) SSKP | Mim] olm) SSKP g

| | | i

g | 0.00 20.71(4.30) 0.000 f 23.09(4.07) 0.000 :

E | 0.50 10.10(6.47) 0.300 1 12.69(7.12) ©0.190 |

X | 0.75 5.81(3.21) 0.484 8.27(4.48) 0.293 |
e NJ ¢ 1.00 3.91(2.18) 0.726 5.32(2.78) 0.543
, } 1.50 3.21(1.70) 0O 8i5 f 3.72(1.96) 0.727

; | 2.00 3.17(1.75) 0.804 | 3.28(1.92) 0.787 |

- i 2.30 3.21(1.80) ©.795 i 3.48(1.92) ©0.773 ‘
g | 3.00 3.15(1.89) 0.795 { 3.26(1.79) 0.793
;A | 0.00 4.64(0.03) 0.814 | 2.63(0.03) 0.816
| 3 ‘o 0.50 | 4.93(1.25) 0.543 ; 4.81(1.14) 0.691
- I 0.75 | 5.09(1.30) 0.587 | 4.97(1.22) 0.632
i3 0.0 | 1.00 | 2.87(1.44) 0.648 i 4.83(1.42) 0.659
X ! 1.50 ! 3.97(1.13) 0.815%5 ; 4.11(1.31) 0.792
i 2.00 l 4.27(0.96) 0.792 l 4.25(0.91) 0.799
{ . 2.50 | 4.61(0.78) 0.757 f 2.53(0.73) 0.778
‘e . 3.00 | 4.90(0.58) 0.709 g 4.77(0.54) 0.748

[ -

g L o0 3.10(1.10) 0©.82% 2.81(0.88) 0.717
' 0.50 4.49(1.43) 0.695 4.65(1.40) 0.694
- [ 0.75 | 4.63(1.39) 0O.666 4.53(1.38) 0.688
;- 1.0 | 1.00 4.56(1.45) 0.684 4.45(1.39) 0.709
i | 1.50 3.96(1.26) 0.798 4.06(1.37) 0.787
b3 | 2.00 4.14(0.59) 0.805 4.12(1.16) 0.801
g i 2.50 | 4.24(1.10) 0.793 4.18(1.05) 0.804
s | 3.0 | 4.44(1.00) 0.763 4.38(0.90) 0.783
: L o.00 | 3.30(1.14) 0.88S 4.78(1.38) 0.666
: | 0.50 4.15(1.42) 0.745 4.59(1.56) 0.688
; | 0.75 4.36(1.35) 0.714 4.31(1.33) 0.724
i 2.0 1 1,00 4.34(1.41) 0.712 4.16(1.45) 0.738
: [ 1.50 3.76(1.27) 0.818 3.78(1.46) 0.799
H ; 2.00 3.72(1.19) 0.847 3.70(1.17) 0.846
: P 2.50 | 3.76(1.04) 0.856 ? 3.76(1.00) 0.859
; i 3.00 i 3.75(0.98) ©.858 E 3.70(1.02) 0.864
i 0.00 2.86(1.17) 0.877 5.23(2.19) 0.485
; 0.50 3.85(1.49) 0.765 4.69(2.07) 0.635
i 0.75 4.08(1.25) 0.771 4.11(1.50) 0.737
i 3.0 1.00 4.17(1.36) 0.751 3.97(1.30) 0.788
i 1.50 3.80(1.39) ©.802 3.80(1.46) 0.789
3 2.00 3.63(1.14) 0.854 3.64(1.16) 0.846
K 2.50 3.55(1.04) 0.871 3.61(1.09) 0.859
] | 3.00 3.50(1.00) 0.883 3.62(1.02) 0.873

average miss distance
standard deviation

20




- g1

- B

;
v
i
!

1
i 4

2004 rwid 0usl
i il

h=8 km. Optimal mixed strategy.

Table 9. Comparison of varlable and constant speed models.

{7 Vp=600 m/s | Variable

uj[r/s] we[r/S] SSKP SSKP
0.00 0.415 0.299
0.50 0. 545 0.423
0.75 0.568 0. 462
NJ 1.00 0.598 0.521
1.50 0.721 0.663
2.00 0.811 0.793
2.50 0.824 0.801
3.00 0.827 0.814
0.00 0.813 0.812
0.50 0.595 0.643
0.75 0.509 0.566
0.0 1.00 0.521 0. 541
1.50 0.586 0.612
2.00 0.536 G.S82
2.50 0.501 0.543
3.00 0.507 0.552
0.00 0.735 0.679
0.50 0.558 C.580
. 0.75 0.482 0.538
1.0 . 1.00 0.452 0.513
©1.50 0.513 0.554
© 2.00 0.548 0.592
2.50 0.581 0.615
3.00 0.57¢ 0.611
0.00 0. 603 0.507
0.50 0.473 0.479
0.75 0.423 0. 486
2.0 1.00 0.415 0.484
1.50 0.484 0.541
2.00 G.521 0.586
2.50 0.550 0.608
" 3.00 0. 566 0.632
0.00 0.534 0.299
0.50 0. 460 0.423
0.75 0. 446 0.483
3.0 1.00 0.420 0.514
1.50 0. 461 0.532
2.00 0. 500 0.567
2.50 0.524 0.569

3.00 0.541 0.576 |
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1'significant cl.ange in the evader’'s optimal strategy set, as summarized;

Table 10. Comparison of variable and constant speed models.

"

Constant speed Variable speed -

Guaranteed SSKP 0.415 0.299
Optimal Mixed Strategy L/J 0.548/0. 452 0. 440/0.560 ,;E

NJ, we=0.0 r/s NJ, we=0.0 r/s
Evader’s Optimal Strategy Set

w.=2.0, w =1.0r/s w.=3.0, w =0.0 r/s
e J e

1
| S—

The reason for the performance degradation was revealed by a detailed

& analysis of the variable speed results. It was found that the geometry of an

interception against constant evader maneuver 1is characterized by a rather

-important change in the angle between the line of sight and the missile velocity .

the missile induces a rotation of the line of sight not accounted for in thﬁ{w'
pPresently used guidance law, which was developed for a constant speed missile

model [6].

3.4 GUIDANCE LAW IMPROVEMENT -
In the currently used guidance law, as in all linearized studies, only'
accelerations perpendicular to the line-of-sight are accounted for. The miﬁiii?{
the referéﬁ?é@

-
B e
g e

[ 2

acceleration vector, perpendicular to the line-of-sight in

coordinate system attached to the initial line of sight, is

0 a
3 = a = BT apx
®oN T pNy py
a a
pNz pz




L a_, a__, a
i- where px py pz

- matrix between the two coordinate systems

cosy _cosh siny cos8
E. ¢p p ( Wp P
; B = cosy_siné_sing -siny cos¢p | siny sin®_sing +cosy_ cos¢
_:' cosy_sinb _cos¢ +siny sing | siny_sinB cos¢ -cosy_sing

¥ here wp ep are the flight path angles depicted in Fig.
L
' s

pursuer’s roll angle.

— Since by definition

a =V
. pX P

p- Ao B oaip i

¥

N a censtant speed model this term vanishes, arnl enly apy

i

ORI, .4 Bl

- . . ﬁu&ﬁaﬁ
- coordinate system aligned with its velocity vactor, and B is the transfornation*

(13) for the required acceleration vector

is Y

% 0 Vp

i 3 ' T

H - = = B
(aPN)req aRNy = 3ry

: aRNz %Rz

pa 24 o
o

one obtains, from the two non-zero equaticns, the required 1atera

"

Components aRy and ap, as functions of the required acce

Pendicular i i and Iy A e
32 to the 1line of -sight (aRNy and aRNz) oA

=‘  acceleration VD. The correction terms (with respect to the cons??%%é I .

i : .

14
' 23

2 - derivation of the guidance law. The nonvanishing longitudinal acceleratlon~-f
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Table 11. Effect of guidaﬁce law improvement.
h=8 km. Strategy L.

Variable speed, Vp =645 m/s Constant speed
o]
Original Improved Vp=6OO m/s
o lr/s) w lr/s] | Him] oln]  SSKP M{m] olm] SSKP | Mim] o(m] SSKP
0.00 4.09(2.29) 0.679 | 3.73(2.09) 0.732 | 3.62(2.00) 0.757
0.50 3.92(2.28) 0.720 | 3.66(2.08) 0.752 | 3.68(2.09) 0.747
0.75 4.18(2.22) 0.678 | 4.34(2.21) 0.653 | 4.41(2.23) 0.638
NJ 1.00 5.67(2.70) 0.493 | 5.67(2.62) 0.500 | 5.73(2.59) 0.492
1.50 4.90(2.51) 0.581 | 4.48(2.30) 0.646 | 4.49(2.31) 0.644
2.00 3.16(1.87) 0.801 | 3.03(1.77) 0.815 | 3.02(1.74) 0.817
2.50 2.83(1.68) 0.836 | 2.68(1.62) 0.851 | 2.68(1.58) 0.848
{7 3.00 2.61(1.71) 0.840 | 2.50(1.59) 0.854 | 2.51(1.58) 0.854
' 0.00 4.66(0.05) 0.806 | 4.64(0.05) 0.811 | 4.64(0.03) 0.812°
0.30 $.35(1.54) 0.582 | 5.47(1.61) 0.560 | 5.53(1.72) 0.556°
0.75 5.90(2.17) 0.482 | 6.08(2.22) 0.450 | 6.16(2.32) 0.444
0.0 1.00 6.91(3.73) 0.390 | 6.88(3.85) 0.421 | 6.95(3.87) 0.416
1.50 7.05(3.06) 0.383 | 6.69(2.91) 0.402 | 6.71(2.90) 0.398
2.00 6.58(1.92) 0.305 | 6.44(1.81) 0.323 | 6.45(1.83) 0.325.
2.50 6.82(1.40) 0.243 | 6.55(1.33) 0.290 | 6.56(1.36)..0.290.,
3.00 6.38(1.05) 0.303 | 6.19(1.02) 0.345 | 6.20(1.01) 0.340°
0.00 | 5.54(3.19) 0.631 | 5.09(2.68) 0.667 | 5.10(2.72) 0.665-
0.50 6.70(3.59) 0.436 | 6.48(3.29) 0.446 | 6.55(3.39) C.446;
0.75 7.54(3.85) 0.347 | 7.42(3.59) 0.337 | 7.55(3.64) 0.330.
1.0 1.00 8.70(4.46) ©0.263 | 8.56(4.25) 0.265 | 8.64(4.27)—0.261,
1.50 8.35(3.73) 0.257 | 7.95(3.57) 0.272 | 7.92(3.62) _.0:279¢
200 | 6.96(2.79) 0.326 | 6.69(2.53) 0.348 | 6.72(2.52) X0 3IZ
2.50 | 6.51(2.53) 0.375 | 6.29(2.37) 0.402 | 6.29(2.39) :0:406¢
3.00 6.43(2.38) 0.392 | 6.10(2.27) 0.426 6.12(2.2215£25§§L§,;
0.00 9.09(5.30) 0.305 | 8.12(4.99) 0©.2373 ! 8.09(4.
0.50 9.14(4.39) 0.213 | 8.59(4.17) 0.252 | 8.65(4.
0.7 9.59(4.25) 0.183 | 9.24(4.06) G.184 | 9.36(4.
2.0 1.00 0.44(4.76) 0.160 }10.18(6.75) G.174 [10.31(4.
1.50 9.51(4.90) 0.213 | 9.32(4.70) 0.210 | 9.35(4.
2.00 8.65(4.05) 0.254 | 8.47(3.85) 0.253 | 8.51(3.
2.50 8.46(4.18) 0.289 | 8.30(4.07) 0.294 | 8.27(4.
3.00 8.34(4.31) 0.337 | 8.17(4.09) 0.333 | 8.16(4.1
0.00 {11.70(3.25) 0.062 | 9.02(4.23) 0.253
0.50 [10.43(4.07) 0.153 | 9.35(4.21) 0.223
0.75 [10.28(4.20) 0.159 [10.08(4.20) 0.178
3.0 1.00 {10.74(4.68) 0.165 |10.94(4.60) 0.148
1.50 [10.05(5.02) 0.205 |10.06(4.62) 0.179
2.00 9.39(4.43) 0.213 | 8.91(3.94) 0.212
2.50 9.60(4.33) 0.201 | 8.81(3.86) 0.240
3.00 9.80(4.34) 0.198 | 8.64(3.99) 0.260
;\
M= average miss distance
¢ = standard deviation
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Table 12. Effect of guidance law improvement.

- - h=8 km. Strategy J.
: Variable speed, V_ =645 m/s
: P,
. Original Improved
.
v uj[r/s] ue{r/s] Mim] o(m] SSKP | Mim] olm] SSKP | Mim])
0.00 |23.09(4.07) 0.000 |{23.16(4.48) 0.000 |[20.
0.50 [12.69(7.12) 0.190 |{10.68(7.05) 0.300 |[10.
0.75 8.27(4.48) 0.293 | 5.92(3.35) 0.478 | 5.
1.00 5.32(2.78) 0.543 | 3.94(2.20) 0.726 | 3
1.50 3.72(1.96) 0.727 | 3.13(1.68) 0.821 | 3. X
2.00 3.28(1.92) 0.787 | 3.14(1.73) 0.806 | 3.17(1.7S),
2.50 | 3.48(1.92) 0.773 | 3.16(1.82) 0.7% | 3.21(1.80)z
3.00 3.26(1.79) 0.793 | 3.09(1.84) 0.805 3.15(1¥§')
0.00 4.63(0.03) 0.816 | 4.65(0.03) 0.811 | 4.
0.50 4.81(1.14) 0.6%91 | 4.95(1.25) 0.636 | 4.
G.75 4.97(1.22) 0.632 | 5.11(1.30) 0.5s81 | 5.
1.00 4.83(1.42) 0.639 | 4.90(1.45) ©.641 | 4.
1.50 4.11(1.31) 0.792 | 3.96(i.12) 0©.816 | 3.
. - 2.00 4.25(0.91) 0.799 | 4.25(0.96) 0.755 | 4.
H 3 2.50 4.53(0.73) 0.778 | 4.59(0.78) 0.762 | 4.
§ o | 3.00 4.77(0.54) 0.748 | 4.87(0.57) 0.717 | 4.
0.00 4.81(0.88) 0.717 | 4.17(1.¢7) 0.818 | 4.
I 0.50 4.65(1.40) 0.694 | 4.52(1.45) 0.690 | 4.
- 0.75 4.53(1.38) 0.688 | 4.64(1.39) 0.663 | 4.
- | 0.0 1.00 4.45(1.39) 0.709 | 4.53(1.49) 0.683 | 4.
- 1.50 4.06(1.37) 0.787 | 3.98(1.25) 0.799 | 3.
& 2.00 4.12(1.16) 0.801 | 4.09(1.11) 0.808 | 4.
- 2.50 4.18(1.05) 0.804 | 4.27(1.03) 0.793 | 4.
13 3.00 4.38(0.90) 0.783 | 4.41(0.95) 0.769 | 4.
X 0.00 4.78(1.38) 0.666 | 3.40(1.13) 0.881 | 3.
iE 0.50 4.59(1.56) 0.688 | 4.23(1.46) 0.727 | 4.
i 3 0.75 4.31(1.34) 0.724 | 4.36(1.36) 0.712 | 4.
E 1.0 1.00 4.16(1.45) 0.738 | 4.37(1.40) 0©.710 | 4. iy
iE 1.50 3.78(1.46) 0.799 | 3.70(1.29) 0.822 | 3. o
;.7 2.00 | 3.70(1.17) 0.846 | 3.73(1.11) 0.850 | 3. by
I 2.50 | 3.76(1.00) 0.859 | 3.76(1.01) 0.855 | 3. 5 =
5 3.00 | 3.70(1.02) 0.864 | 3.71(1.07) 0.857 | 3.75(0:2 &
& =
3 0.00 5.23(2.19) 0.485 | 2.99(1.24) 0.865 | 2. A=
: 0.50 4.69(2.07) 0.635 | 3.95(1.54) 0.749 { 3- o2
] 0.75 4.11(1.50) 0.737 | 4.09(1.26) 0.767 | 4
j}: 2.0. 1.00 3.97(1.30) 0.788 | 4.18(1.34) 0.752 | 4
- 1.50 3.80(1.46) 0.789 | 3.80(1.35) 0.805 | 3.
> 2.00 3.64(1.16) 0.846 | 3.61(1.12) 0.859 | 3.
i- 2.50 3.61(1.09) 0.859 | 3.54(1.09) 0.874 | 3.
L ! 3.00 | 3.62(1.02) 0.873 | 3.54(0.98) 0.883 | 3-
? : f avVerage miss distance
] = standarg deviation
1
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Table 13. Erffect of guidance law imprcvement.

h=8 km. Optimal mixed strategy

Variable Speed Vp=645 m/s| Constant
Original Improved Speed
wj[r/s) we[r/s] SSKP SSKP SSKP
0.00 0.299 0.410 0.415
0.50 0.423 0.553 0.545
0.75 0. 462 0.576 0.568
NJ 1.00 0.521 0.59¢9 0.598
1.50 0.663 0.723 0.721
2.00 0.793 0.811 0.811
2.59 0.801 0.827 0.824
3.00 0.814 0.832 0.827
| 0.00 n.812 n.e11 0.213
! 0.50 0.643 0.593 0.595
| 0.75 0.566 0.508 C.3509
i 0.0 1.00 0.541 0.518 0.521
i 1.30 0.612 0.584 G.586 |
; 2.00 0.582 0.531 0.535
! 2.50 0.543 0.498 0.501
3.00 C.55 0.509 0.507
0.00 0.67% 0.733 0.735
0.50 0.580 0.553 0.5538
0.75 0.538 0. 480 0.482
1.0 1.00 0.513 0. 449 0.452
1.50 0.554 0.504 0.513
2.00 0.592 0.550 0.548
2.50 0.615 0.574 0.581
3.00 0.611 0.577 0.579
0.00 0.507 0.597 0.603
0.50 0.479 0.461 0.473
0.75 0. 486 0.416 0.423
2.0 1.00 0.484 0.410 C. 415
1.50 0.541 0.479 0.484
2.00 0.586 0.516 0.521
2.50 0.608 0.541 0.550
3.00 0.632 0.564 0.566
0.00 0.299 0.522 0.534
0.50 0.423 0.454 0. 460
0.75 .0.483 0.437 0. 446
3.0 1.00 0.514 0.414 0.420
1.50 0.532 0.454 0.461
l 2.00 0.567 0.497 0.500
2.50 0.569 0.519 0.524
L_¥ 3.00 0.576 0.534 0.541
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Hodriy adrapms oo

" are proportional to Vp and to the tangent of the angle between the line of siéht'

and the missile velocity vector. R

A similar correction was propcsed in the past for improving the perfa;hancé'w

Tal

of variable speed missile guided by proportional navigation [8]. - Such~a

correction can be easily 1implemented in the missile by

longitudinal acceleration and the off-bore sight angle ~f the seeker;

presented in Tables 11-13 and summarized in Table 14.

Table 14, Effect of guidance law improvement.
(Variable speed model)

Original Guidance Law Improved Guil

Guaranteed SSKP 0.299

Optimal Mixed Strategy (L/J) 0.44/0.56

Evader’s Optimal NJ, we=0.0 r/’s NJ,

Strzate Set w.=3.0, w =0.0 r/s w . =2.
gy oe j e | 5

and of the equivalent constant speed model is insignificaﬂf

for calculating the "time-to-go" in the guidance law.
3.5 EFFECT OF TERMINAL MANEUVERABILITY
In the variable speed example discussed in the previous,

final missile velocity Vp(tf) was sufficiently high in order tQA

attack saturation of the missile. In other words the
requi . —_ _ . . .
quired acceleration. The effect of reduced terminal maneuveraP

27




Table 15. Effect of terminal maneuverability.
Variable speed model. h=8 km.

1 Strategy L.
i
‘- -
E V_ =645 m/s V =585 m/'s | V. =520 m's
pO IDO pO
wlr/s] | w [r/s] M(m] olm] SSKP | M(m] o(m] SSKP | M(ml o¢[m] SSKP
1
{ 0.00 3.73(2.09) 0.732 | 3.90(2.25) 0.715 | 4.91(2.56) 0.591"
i 0.50 3.66(2.08) 0.752 | 4.12(2.32) 0.674 | 4.52(2.46) 0.626 .
! 0.75 4.34(2.21) 0.653 | 4.57(2.31) 0.640 | 5.40(2.62) 0.500%|"
4 NJ 1.00 5.67(2.62) 0.500 | 5.53(2.61) 0.4%99 | 6.45(3.12) 0.414"
3 1.50 4.48(2.30) 0.646 | 4.47(2.28) 0.639 | 4.79(2.50) -~ 0:598+} -
' 3 2.00 3.03(1.77) 0.815 | 3.26(1.81) 0.7%4 | 3.10(1.79) 0.810
IE 2.50 2.68(1.62) 0.851 | 2.70(1.71) 0.832 | 2.74(1.63).-0.840_}
e 3.00 2.50(1.59) 0.854 | 2.51(1.66) 0.845 | 2.60(1.72) ..0.882
, B
: | 0.00 | 4.64(0.05) 0.811 | 4.66(0.0a) 0.807 | 4.64(0.
| | 0.s50 5.47(1.61) 0.560 | 5.46(1.49) 0.560 | 6.15(2.
H 3 l 0.75 6.08(2.22) 0.450 | 6.13(2.28) 0.444 | 6.99(2.
3 v 0.0 ! 1.00 6.88(3.85) 0.421 | 7.03(3.97) 0.410 | 7.28(4.
i 1.50 6.69(2.91) 0.402 | 6.70(2.88) 0.4G3 | 6.88(3.
§ . 2.00 6.24(1.81) 0.323 | 6.45(1.81) 0.321 | 6.66(1
x| | 2.50 | 6.55(1.35) 0.290 | 6.59(1.35) 0.283 | 6.76(1.
; e | 3.00 6.19(1.02) 0.345 | 6.22(1.02) 0.337 | 6.34(1.06
§ _ 0.00 5.09(2.68) 0.667 | 5.07(2.82) 0.873 | 5.14(3.
H 3 0.50 6.48(3.29) 0.446 | 6.54(3.32) 0.443 | 7.42(4.
{ 3 0.75 7.42(3.59) 0.337 | 7.54(3.69) 0.340 | 8.65(4.
» 1.0 1.00 8.56(4.25) 0.265 | 8.73(4.48) 0.269 | 9.38(4.
E 1.50 7.95(3.57) 0.272 | 7.95(3.60} 0.277 | 8.31(3.79
5‘;_ 2.00 6.69(2.53) 0.348 | 6.78{2.56) 0.332 | 6.60(3.4
s 2.50 6.29(2.37) 0.402 | 6.28(2.39) 0.409 | 6.
H 3 3.00 6.10(2.27) 0.426 | 6.10(2.35) 0.431 | 6.
19 0.00 8.12(4.99) 0.373 | 8.44(5.27) 0.362 | 9.
*;i 0.50 8.59(4.17) 0.252 | 8.71(4.22) 0.239 | 9.
E 0. 75 ©.24(4.06) 0.184 | 9.45(4.14) 0©.19 [10.
i 3 2.0 1.00 ]10.18(6.75) 0.174 {10.47(4.85) 0.174 |11.
iE 1.50 9.32(4.70) 0.210 | 9.44(4.78) ©.213 |{10.
;‘ 2.00 §.47(3.85) 0.253 | 8.56(3.96) 0.252 | 8.
< 2.50 8.30(4.07) 0.294 | 8.34(4.04) 0.303 | 8.
§ A 3.00 8.17(4.09) 0.333 | 8.18(4.11) 0.328 | 8.
v e ————
ik 0.00 9.02(4.23) 0.253 | 9.11(4.45) 0.257 | 9.
. 0.50 9.35(4.21) 0.223 | 9.38(4.25) 0.219 [10.
| A 0.75 (10.08(4.20) 0.178 |10.27(4.31) 0.173 |11.
E 3.0 1.00 [10.94(4.60) 0.148 |11.19(4.80) 0.152 |11.
1R 1.50 [10.06(4.62) 0.179 |10.14(4.76) 0.187 |10.
i 2.00 8.91(3.94) 0.212 | 8.95(3.93) 0.211 | 9.
§ 2.50 8.81(3.86) 0.240 | 8.88(3.95) 0.232 | 8-
} 3 3.00 | 8.64(3.99) 0.260 | 8.77(4.01) 0.247 | 8
' \ P
ba M =
"; - ; average miss distance

Standard deviation
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SIERAA R AN AT

.&- s -

nalzﬁzneuverability
Variable speed lodel’*h-s “km.— - -

A
= [«}
wj[r/s] we[r/s] M(m] o(m] - M[nl clm)
i 0.00 |23.16(4.48) 0.0003|2¢
0.50 {10.68(7.05) 0.30034Y
0.75 5.92(3.35) 0.478%
NJ 1.00 3.94(2.20) 0.726x|s4
i 1.50 3.13(1.68) 0.821:]3
2.00 3.14(1.73) 0.806;}335%
2.50 3.16(1.82) 0.7967) X3¢ 3> : )
| 3.00 3.09(1.84) 0.80554s 7855133:22 22(1 82) 0.787
! 0.00 | a.65(0.03) 0,811z} :1”222;(0.12) 0.789
! 0.59 4.95(1.25) .06 355|F4°83(1.16) 0.671
] 0.75 5.11(1.30) 0.8 TaT97(1721) 0.627
0.0, 1.00 | 4.90(1.45) 0.6 "4.76(1.33) 0.669
| 1.50 | 3.96(1.12) 0.8 3.90(1.07) 0.823
i 2.00 4.25(0.96) 0.7 4.23(0.94) ©.800
| 5 50 | 4.55(0.78) 0.7 4.54{0.78) 0.772
3.00 4.87(0. s7)~&o‘- 4.79(0.60) 0.737
| 0.00 4.17(1.07) = .. 0. 4.93(1.44) 0.652 E
| 0.50 | 4.52(1. 45)<; ; 0. 4.65(1.59) 0.686 |
0.75 4 . O. 4.53(1.32) 0.693
.0 1.00 4.353(1. 49)1;.‘ 832187092 0. 4.24(1.37) 0.714
1.50 3.98(1.25)2.0:79931#3596(1:23) 0.806 | 3.89(1.19) 0.817
2.00 | 4.09(1.11)320-808; % t111“1_305). 0.807 | 4.07(1.13) 0.810
2.50 | 4 05 93 59 (1-06) 0.792 | 4.22(1.02) 0.800
3.00 | 4 :v4€33£3536) 0.762 | 4.34(1.08) 0.777
0.00 3.40(1. 13)auo 881£ “ﬁ?SIII 06) 0.880 | 4.95(2.01) 0.589
0.50 4.23(1. 46) ngg* ”4.32(1 54) 0.706 | 4.57(1.98) 0.683
0.75 4.36(1. 36) *01, Y Tqi :36(1.29) 0.719 | 4.31(1.38) 0.721
.0 1.00 4. ~0£110> 24.32(1.37) 0.720 | 4.25(1.39) 0.732
1.50 3.70(1. 29)‘30 822-|~3176(1.24) 0.823 | 3.67(1.32) 0.824
2.00 3.73(1.11) 70; 850‘ *3.72(1.13) 0.845 | 3.71(1.10) 0.852
2.50 3.76(1. 01)4 855:] 3.72(1.14) 0.855 | 3.78{1.07) 0.848
3.00 | 3.7:(1207).50-857°| 3.72(1.07) 0.858 | 3.75(0.97) 0.861
0.00 2.99(1. 24);h‘:865, 3.10(1.26) 0.863 | 5.78(1.76) 0.460
0.50 3.95(1: 541;%0j749» 4.07(1.70) 0.722 | 4.80(2.24) 0.649
0.75 4.09(1:26)=0.767 :| 4.08(1.25) 0.768 | 4.11(1.41) O©.755
.0 1.00 4.18(1734) 0. 752 | 4.18(1.38) 0.742 | 4.16(1.34) 0.758
1.50 3.80(1: 35)-0 805 | 3.80(1.42) 0.800 | 3.78(1.42) 0.802
2.00 3.61(1.12) 720859 | 3.67(1.13) 0.855 | 3.65(1.15) O.851
2.50 | 3.58(1.09)0.874 | 3.57(1.03) o0.871 | 3.51(1.10) O.871
3.00 3.54(0.98) 0.883 | 3.48(0.99) 0.882 | 3.50(0.95) 0.982

average miss distance ~
standard deviation

2
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lt of ‘the angl

command.

Initial velocity

645 n/s

3 «-L—ﬁ»j.—SZO n/s

Final velocity

Terminal
maneuverability

Guaranteed SSKP

Cptimal Mixed (L/J)
Strategy

Evader’s Optimal
Strategy Set

320 -560 m/s . )"
e

e e

150 m/s

0.410
0.56/0.44

NJ, we=0.0 r/s
w.=2.0, w =1.0 /s
J e

P 460-510 m/s

éﬁﬁ&éﬂﬁavvr~v«~~-~vf~

wwwq—‘ da ke ws

i 0.406

0.57/0.43
NJ, w =C.0 r/s
e
1.0 r/s

w.=3.0, w =
J e

405-460 m/s

95-125 m/s

0.331
0.56/0. 44

NJ,
w.=3.0,
J

¢ =0.0
e

w =0.0 r/s
e

r/s
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IV. CONCLUSIONS

This report validates the results obtained in the previous years for a
constant speed missile model, - which demonstrated the superior homing

perfcrmance of the Mixed Strategy Guidance over other guidance laws, - were
validated in a realistic variable speed end game scenario.

The main conclusion of the last investigation phase substantiated by a
large set of simulations is that the performance of missiles using a Mixed
Strategy Guidance is essentially the same in a variable speed scenario, as for a
constant speed model, if two conditions are satisfied:

a. The guidance law of the missile includes a term compensating for non zero

longitudinal accelerations.

b. The maximum maneuverability of the missile (determined by the limit imposed

on the ccmmanded lateral acceleration) can te attzined during the entire

engagement; or in other werds, the limit imposed by aerodynamic control

saturation is not reached.
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