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A VEHICLE TRAJECTORY METHOD FOR INTERCEPTING
AN ALERTED, EVADING CONTACT

1. INTRODUCTION

Varicus militarv and nenmilitary applications involve vehicle control systems that include
functions such as detection, tracking, classification, localization, vehicle empioyment (ie., contact
prediction, vehicle setting, and Iaunch), and situation assessment (reference 1). The vehicle
employment portion often includes the computational elements for determining the vehicle
trajectory that will intercept a designated contact (evader) (reference 2), or place a vehicle
(pursuer) in the vicinity of that contact, so that its internal seeker can then operate. The intercepi
trajectory has always been of primary importance in the delivery of a vehicle to a contact, partly
because this path results in the minimum time to impact. Essential parameters associated with this
vehicle empioyment problem are

1. The deflection angle or gyro angle {for a situaiion where the pursuer is launched from a
nontrainable lancher),

2. The tinie to initiate seeker search (when considering vehicles with internal acquisition
and homing systems), and

%. The time to intercept the contact.

The eauations that allow for the solution of this protlem form the basis for the algorithms
required in the vehicle contro! portion of many systems. Although the equations are nonlinear,
rapid solution ¢onvergence is reqguired when used in real-time applications. Combat control
system weapon-order generation assumes that the contact velocity states remain fixed from
vehicle launch to intercept (reference 3). Because advances in contact (evader) sensor capabilities
have made it unlikely that a vehicle would remain undetected by the contact unti! vehicle
intercept, advanced coacepts should focus on the alerted, evading contact scenario.
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2. PROBLEM DEFINITION

The gencral problem entails determining those parameters that are necessary for
employment of a veiucle on an intercept trajectory. For the acoustic torpedo employment
problem, this requires determining the straight-iine trajectory that results in the laminar point of
the weapon intercepting the target. Wherein the standard appreach assumes that the contact
being pursued maintains a constant course and speed, the approach presented in this report deais
with a contact that is alerted and takes evasive action. It is presumed that information, with
regard to the expected alertment range of the evader, is available, and that an alertment strategy is
selected (references 2 and 4). A key aspect of this formulation is that alertment time is not
required to be known a priori. The main torpedo parameters to be determined include gyro
angle, alertment time, and intercept time. Other parameters such as vehicle run and enable run
(run-to-seeker turn-on) are related and are readily computed. Provision is made to account for
both evader reaction time and dynamics. Further, this formulation enables a new, more
meaningful, error criteria to be introduced that results in the minimum computation time (number
of iterations) for particular desired placement accuracy.

-
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3. FORMULATION/BOLUTION OF EQUATIONS

FORMULATION OF EQUATIONS

Figure 1 is an overall block diagram of the systemn being considered. Sensors obtain
information, such as bearing, on the contaci o target of interest. This information is used by state
estimation techniques (extended Kalman filter, maximum likelihood estimator, etc.) to compute an
estimate of the contact's range, course, bearing, and speed. This contact state information, along
with those parameters chosen to model the coniacts alertment capability and evasion strategy, are
also provided to the evading contact intercept computational unit. Tnis unit contains the pursuer
evader weapon order generation (PEWOG) models that determine gyro angle, alertment time, and
intercept time; and it is this unit that is the subject of this report.

A functional representation of the evading contact intercept computational unit is shown in
figure 2. The basic elements of the unit include a contact model, a pursuer model, an alertment
model, an error unit, and a control unit.

The contact model is a mathematical description of the contact trajectory from launch to
intercept. The trajectory is segmented into two major components. The first segment i1s from
launch to the alertment point (see figure 3), and the prealertment estimates of contact dynamics
are used over this segment. The second segment is from alertment to intercept. Because the
contact undergoes a delayed (due to reaction time) evasion maneuver during this segment, the
propagation of its position to the intercept point is based on both pre-maneuver and post-
maneuver dynamics (i.e., evasion strategy) as well as vehicie characteristics.

Re]
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Figure I Overall Block Diagrasm of Sysicm
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Figure 2. Functional Block Diagram of the Evading Contact Intercept Computational Unit

Similarly, the pursuer’s mathematical representation is divided into the same two trajectory
components. Because the pursuer can be launched from a platform without trainable tubes and at
any depth, the pursuer has to transition to a runout depth and tum to the intercept course. Thus,
the propagation of vehicle position over the first segment is a functicn of weapon settings and
characteristics as well as launcher charactenstics. During the second segment, aleriment o
intercept, the pursuer attains optimumn search dep b and activates its sensor  Pursucr posiion is
propagated over this segment based on weapon setiings, characteristics, and sensor parameters,

The slertment model s actually & constramt that is unposed on both the contact and the
pursuer trajectories and is a functional representation of the alertment range (contact detection
capability), in terms of contact and pursuer prealertment parameters. Thus, at the time of
alertment, the range between the contuct and pursuer has 1o equald the alertmeni range for a vahd
mitercept soluticn 10 exist,

farors are formed between the computed alertment range and the contact detecuion range,
the acrony the Tne-of-sight posttions of contact and pursuer lminar point at mtercept, and the
cdonge the Tme-of-sight positions of the comtact and pursuer laminar pomnt atmtercept. Thess
errors are used by the control portion to determne the next set of updates to be ted back tor the

nest compiatonal vvele, e evoees are not bess than the CONSETBENN T (TR
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Figure 3. Geometry Depicting Various Points in Vehicle Trejectories

Following the development in reference 2, the equations can be written for the contact,
pursuer, and alertment models. These equaticns take into accoumnt

3
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1. A multiple speed pursuer,

2. The ability to specify a seeker turn-on distance or have one computed via specification
of an offset distance from the contact,

A dive/climb segment to optirnum search depth,
The dnft of the pursuer,
Contact reaction time and dynamics, and

The situation where the contact 1s intercepted i its evasive turn

Deetimitiors of the vanables used are given in figores 4a and 45 and the st of svmbols on page u



Figure 4a. Contact Track

Centact Model

fagure 4a shows the contact geometry from launch to intercept. Using this diagram, the
position equations for the contact are written as

EXe 7 -Setg sin(A) - Scfn - ta) SIA)Y + re cos(A) - 1o CoS(A-D) - Ly, sin(A - 0p) | )
LY =Sty Cos(A) - Seltm - tg) Cos(A) - v sI(A) +resin(A - 0) - T cos(A =00, (D
where

Gotme b Scalli- fae) and O - Oy

e Do Oand 80 Begaing sty



¥ INTERCEPT

Figure ¢b. Pursuer Track

Fursuer Modei

Figure 4b shows the pursuer geometry, including launcher parameters, from launch to
lamunar point intercept of the contact. Using this diagram, the equations for the pursuer can be
written as

XXP = Pg sin(B) - P, cos(B) + Ry si(B - Bg) - p cos(B - Bg) - p cos[@p -(B - Bg)]
- Spita - tpo) sia{8y - (B - Bg) + (D/2)(tg - tpo)]
- Splig - ta) sinBp - (B - Bg) + Dyt - tpe) + (Dr/2)(1g - ta)]
- Spd(te - td) 3infOp - (B - Bg) + Dylty - ipc) + Deltg - tg) + {DY2)1¢ - ty)]
- Spsllite) sinfBp - (B - Bg) + Dty - 150} 4 Diltg - ta) + Drlte - tg) + (D720 - te)]

Ly ﬁét‘h{(&}p (B By Dyt - ipi:f; Dt ) P D ) Y DG - L)) {3




Z‘Yp = P, cos(B) + Py, sin(B) + Ry cos(B - Bg) + T sin(B - Bg) + p sin[6p~(}3 - Bg)]
+ 8plts - tpc) cos|@p - (B -Bg) + Dr/2)t, - tpc)]
+ Sp(tq - ta) cos[Bp - (B - Bg) + Drlta - tpe) *+ (Dp/2(td - t2)]
+ Spdlte - tg) cos{Bp - (B - Bg) + Dr{ty - tpe) + Diltg - tg) + (Br2)(le - tg)]
+ Sps(ti - te) cos[Bp - (B - Bg) + Dyt - tpe) + Drlld - ta) + Delte - t4) + (DY/2)(1; - te)]

+La cos[Bp - (B - Bg) + Delty - tpe) + Delty - ta) + Delte - td) + De(ti - te)] - (4)

Alertment Model
The alertment model constrains the range between the contact and pursuer to be equal to

the contact detection range at alertment. Using the prealertment contact and pursuer across ard
along the line-of-sight components, the constraint equation is expressed as

Ry* = { P, sin(B) - Py cos(B) + Ry sin(B - Bg) - 1y, cos(B - Bg) + rp cos{6y, - (B - Br)]
- Sp(ta - tpc) siniBp - (B - Bg) + (D/2)(ta - tpc)] + Scta sin(A)}*
+ (R¢ ~ Scty cos(A) - {Pg cos(B) + Py sin{B) + Ry cos(B - Bg) + In sin{B - Bg)

+ 1y, sin[@p - (B - Bg)] + Sp(ta-tpe) cos[@p - (B - Bg) + (Dr2)(ta - tpo)l})’ (5)

Error Model

The positional ervors are generated from the contact ard pursuer across and along the line-
of-sight errors at intercepr. Equaiing components yields

X = }:xp‘ or
- S¢ta SiN(A)Y - St ~ t,) sin{A) + 1 cos{A) - 1 cos{A - 0;) - Ly, sin{A - 0¢)
= Py sin(B) - P cos(3) + Rg sim(8B - Bg) - ' cos(B - Bg) + ™ czus[é}p - (8B - Be)]
= Splta - el fﬁ‘iﬂm;; (B - Be) H (D20 ‘_m:)_]

' Sp(fd =g Si“fﬁp BBy U2 by 2 p(;)}




- Spd(te - tg) sin[0) - (B - Bg) + (Dy/2){te + tg - 2tp)]
- Spslti - to) sin{@p - (B - BE) + (Dy/2)(t; +te - 2py)] - Ly sin[6p - (B -Bg) + Delt; - o)l
and R + 2. = EYp,
Re - Sitg cos(A) - Sty - ty) cos(A) - e sin{A) +re sin(A - 8¢) - Ly cos(A - 0¢)
=Py, cos(B) + Py, sin(B) + Ry cos(B - Bg) + p sin(B - Bg) + I'p sin| Bp -(B - Bg)]
+ Sp(ta - tpc) cos[Op - (B - Bg) + (Dy/2)(1s - tyo)]
+ Sp(tg - tg) cos[Bp - (B - Bg) + (D/2)(tg + ta - 2tpc)]

+ Spdlte - 1) cos[9y, - (B - Bg) + (Dy/2)(te + tg ~ 2tpc)]

(6)

+ Spsti - te) cos[O - (B - Bg) + (D 2)(tj + te - 2tpc)] + La cos[Bp - (B - Bg) + D(t; - tped]. (7)

Using the relationships of table 1 in equations (6) and (_’/’ J, the positional errox equations are,
Lgr - Lye - r, cos(Bj) + e cos(A - 0c) + Scty, sin(A) + Ly, sin(A - 8;) + Ip cos(GP - By)
- Sp{ta - Ry +1p(Op)¥/Spt} sin(lp - B, + (D/2){ta - [Rg + tp(0p))/Spi )
- Sp(te - ta - Ld/Spg) sin(ep - B + (Op/2)(tg + te - Ld/Spd - 2{[Rg + rp(ep)]/spm)
- Ld sin(8y, - B, + (Dy2)(2te - La/Spd - 2[Rg + rp(0Bp)VSpe 1))
- Sps(ti - te) sit(Bp - B, + (DY2)t; + te ~ 2{[Rg + 1p®p)l/Spi 1))
- Lq sin(8p, - B, + Dti-{[Rg + rp(Op)/Spt 1) =0
Ly - Lyc +1p sin(B)) - re sinA - B5) + Sty cos{(A) + Ly, cos(A - 0¢) + p sin(()p -B))
b SpitalRy + rpBpISy) cosUy (B (DY D), - IRy 1 ip(Bo)liSpih)
8plte -ty - Ld/Spg) costisp - Byt {DY/2) 1 e - Ld/Spq - 24Rg + ip(Op) S 1))

L cos(8y, - B, FDUD00 - Ld/Spg - HIRy 10045, 10)

(3)




In equations (8) and (9) when L g, 1s selected,
te = (Lgto - Ld¥Sp + Ld/Spqd »

and when Lg, is not selected,
Substituting the reiationships of table 1 in equation (5) yields the alertment range error equation,

(Lxr - 1p c0s(B,) + rp cos(Bp - By)
- Spity - Ry + rp(Bp)VSpt} sin(@p - By + (D/2){ty - [Rg + 1p(Bp)l/Spt})
+ Sty sin(A))* + [Re - Scta cos(A) - (Lyy + rp sin(B,) + rp, sin{@p, - B))

+ Splta - Ry + p(Op)VSpt} c05(0p - B, + Dy/2)ta - [Rg + rp@p)VSpe)] - Ry? =0.(10)

1uble 1. Symbols Defined

Symbol Definition

B, (B - Bg) ‘

B, (LO/Sps + L.d/Spd)
- P, sin(B) - P, cos(B) + Ry sin(B - Bg)
‘ G n g

Lye R¢ - 1e sin(A) - Sc(tgy) cos(A)

Lyr P cos(B) + Py sin(B) -+ Rg cos(B - Bg)

tdive _Ld”S})d

le - td (Ld)Spd

lm Iy g ‘ i

ime iy ! Lst Frg(Oemd/Sey

P Re/Spe

ipc ['R , rp(ﬂp)}/ﬁ;m

tserh Lo/Spg




LControl Model

The errors in equations (8), (9), and (10) are used to generate the control updates required
to converge to an intercept solution. The derivation of the control is given in the next section.

SOLUTION OF EQUATIONS

The solution of equations (8) through (10) is now addressed (references 2 and 5). The
cquations are transcendental in nature and do not lend themselves to solutions in closed form. A
numerical solution that exhibits rapid convergence characteristics and accurate estimates is
required.

Expressing equations (8), (9}, and (10) as general functions of the problem unknowns and
performung a Taylor series expansion yields

e{ta,1j,0p) = e(tg;.ti;,0p;) + hoe/oty|; + jOe/Oti|; + koe/dlp|, +..= 0, (11)

fita,1;,0p) = fta;,1j;,0p;) + holioty|, + jof/dt]; + koTBpf; + .= 0, (12)

8(ta.ti.Bp) = 8(ta;ti;,0p;) + hog/dtyl; + j0g/0Nl; - kdg/Bpf; + .= 0, (13)
where

Ol = ae/atalta**ai, ti=tij, Op=0p;

and
ta=ty th ti=t; +j,8p=0p, +k.

Neglecting the higher order terms, the solution of this incar set of equations 1s expressed as

h = [C22(;C13 - ;C33) + C23(6;C32 - giC12) + £(C3I3C12 - C13C32))/A, (14)
§=IR(C3ICES -~ CHIC33) + C2U(gCll - C31) + C21(e33 - gCI3)WA | (15)
k= [C22(e;C31 - gCH) + ((C32CT1 - C1ZC3 1) + Cop{giCI12 - C3D)VA | (16)

and
Ao CLIU22083 - 32028 + CrAO2303F 03302 ) OR300 - 031022y, (17

where ¢ ) and @ are @iven by eguat™ o5 (8, (95 and (10Q), respectively
L : ! ~ ; ;




The partial derivatives are
C11 = Be/dty = 1 (D0 /Oty) sin(A - 8,) + S sin(A)
- Ly{00/8ty) cos(A - 8¢) + (Sl /6tg) sin(A - 8,
- Splta-[Rg + p@p)l/SpH(D/2) cos®p - B1 + (Dr/2){ta - [Rg + rp(@p)l/Spy})
- Sp sin8p - B1 + (Dr/2){ta -(Rg + ;p{(8p)¥Spe )
- Splte - ta - Ld/Spa)Dr/2) cos(Bp - B1 + (Dy/2)ta + te - La/Spd - 2{ [Rg + rp@p)V/Spe 1))

+Sp sin(8p - Bl + (Dp/2)(ty + te - Ld/Spd - 2{[Rg + 1p(8p)¥Spt})) - (18)

C12 = 8e/0tj = r{0B /) sin(A - 8;) - Lyy(00/0t;) cos(A - B¢) + (OLyy/t;) sin(A - 8,)
- Sps(ti - te)(Dr/2)(} + 3te/ot;) cos(B), - BI + (DY2)t; + te - 2{[Rg + rp(Bp)Spe}))
- Sps(1 - 21/ sinBp - B + Dp/2){t; + te - 2[Rg + rp(8p)/Spi})
- LaDy) cos(By, - B1 + (D)t - {[Rg + rp®@p)l/Spe 1))
- Splte - ta - Ld/Spg)(Dy/2)(Cte/t)
* cos(Bp, - B1 + (Dp/2)(ta + te - La/Spd - 2{[Rg + rp(@p)VSpt}))
- Spl&te/dt)) sin(By - B1 + (Dy/2)ta + te - Ld/Spq - 2{[Ry + tp(Op)V/Spi )

- Ld(Dp)(Bte/it;) cos(Bp - Bi+Dy2X2te - Ld/Spg - 2{[Ry + 1p(0p)VSpyi 13) - (19)

13 = {?ef('?(ip = -Tp sinf t‘ip -8By
- Sp(!ﬁa - [Rg + rp(Gp}]lSp,,)(l - D,rp/Q.Sm) cos{()p - B {D2) {1ty - [Rg + rp(Op)]/Sm}}
F Sprg/Spe sin@p - By (D23t - [Ry ¢ rp((})ﬁ)}/ﬁip?‘,}vw

- Spte - g - Ed/Spdl = Dyr /S0




» cos(Bp - BY + (Dp/2)ta + te - Ld/Spq - 2{[Rg + rp(@p)l/Spi}))
- Ld(1 - Drip/Spy) cos(8p - B1 + (D/2)2te - Ld/Spd - 2{[Rg + rp(€p)/Spe}))
- Sps(ti - teX(1 - Dyrp/Spp) cos(By, - Bi + (Dy/2)(tj + te - 2{[Rg + rp®p)VSpi}))

- Ly(1 - Dyry/Spy) cos(Bp - B1 + (DpXt; - {[Rg + 1p®@p)VSp 1)) - (20)

C21 = 3f/ity = re(00/0tg) cOs(A - 0) + S cos(A)
+ Liyy(30¢/0t) sin(A - ) + (OLpy/6ta) cos(A - 6)
- Spita - [Rg + p(@p)VSpt}(Dy/2) sin(8p - Bl + Dp/2){ty - Ry + rp(Bp)VSp})

+ 5p cos(8p - B1 + (Dp2){t, - [Rg + rp(ep)]/Spt})
- Splte - ta - Ld/Spd)(Dr/2) sin(Bp - B1 + (D2)ts + te - La/Spd - 2{[Rg * @)/ Spt})

- Sp cos(Bp - B1 + (Dy/2)(ty + te - La/Spg - 2{I1Rg + rp®Bp)VSpti)) - (21)

C22 = 8f10t; = re(PB/ot) cos(A - B¢) + Lin(P/8t;) sin(A - B¢) + (FLy/t;) cos(A - B
- Sps(ti - telDp/2X(1 + Bte/at;) sin(Bp - B + (DY2)X + te - 24 [Rg + rp(8p)VSpe}))
+ Spg(1 - Ote/dtj) cos(Op - B1 + (Dy2)(8 + tg - 2{[Ry + pOpSpi 1))
- La(Dy) sinBp, - By + (DXt - {[Rg + p(Op)/Sp )
- Splte - ta - Ld/Spa)(Dy/2)(d1 /) sinf0y, - 134
+(Dy/2)ty +te - LdlSpd - 2{[Rg ¥ rp0p)}/Spe 1))

\

P Sp(telin) cos(Op - BI t (DY2)y 1t - Ld/Spi - 2Ry 1 ip@p) S pe)))

e
b
a4

t2

{[RQ 4 {p((}p)!/};[“}\)) .

ferd

- LDt smley, - Bt (07202 - La/Spd -




C23 = af/aep =1p c«)s(ep -B1)
- Spita - [Rg + 1p(Op)V/Spt} (1-Dprp/28py) sin®p - B1 + (Dy/2){ta - [Rg + tp@p)V/Spt})
- (Sprp/Spy) cos(Bp - B1 + (Dy/2){ta - [Ry + rp(@p))/Spe})- Splte - ta - La/Spd)(1 - Dyrp/Spt)
o sin(Bp - B1 + (Dy/2)ty + te - Ld/Spd - 2{[Rg + 1p(8p)VSpt) )
- Ld(1 - Derg/Spy) sin(@p - B1 + (Dr/2)(2te - La/Spa - 2{[Rg + 1p(0p)/Spt}))
- Sps(ti - te)(1 - Derp/Spe sinBp - B1 + (Dp/2)(t; + te - 2{[Rg + tp(0p)VSpt}))

- Ly(1 - Dyrp/Spy) sin(Bp - B1 + DpXti - {[Rg + 1p(6p)VSpt))) - (23)

C31 = dg/ot, = 2{PARI }.[-sp{ta - [Rg + rp(8p))/Sp}(Dr/2)

© cos(Bp - B1 + (Dy/2){ty - [Rg + rp(8p))/Spe})

- Sp sin(Bp - B1 + (D/2){ta - [Rg + 7p(0p))/Sp}) + S sin(A)]

+ 2{PAR2}{-S¢ cos{A) - (- Sp{ty - [Rg + rp(Op)/Spt}(Dy/2)

e sin(Bp - B1 + (Dr/2){1y - [Rg + rp(8p)V/Sp})

+ Spy cos(Bp - B1 + (Dp/2){ta - [Rg + 1p@p)1Spe )] - (24)
C32 = 0g/ot; =0 . (25)
C33 = og/B), = 2{PARI - rp sin(®p - B1)

~Splta - [Rg t 1y{@p)l/So}(1 - D203 cos(Op, - BI + (D241 - [Rg + rpBp)l/Spe )

+{Sprp/Sag) sy - B+ (DE2){, - IRy + ry(Op)Sp ) + 2(PARZY] - i custty, - B1)

- Splty - [Rg P rplOpplSpe (1 - D y/2850 sin(0y, - By + (D201, - [Rg #rpOp)iSp})

(St Spo) cosOy - B+ D7) - Ry v GpESy ot (26)
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where

PAR2 = [Rg - Sta cos(A) - {Lyr +1p sin(B1) + rp sin(6y - Bi)
and for

and when Lg, is selected

te = (Lgto - Ld)/Sp + Ld/Spg; Ote/0t; =0,
and when Lg is not selected

te =tj - Lo/Sps; dte/Oti=1.

Figure 5 is & flowchart of the PEWOG algorithm used 10 determine the estimates for gyro,
alertment time, and intercept time for an evading target scenario. Three logic conditions are
included in this block diagram. The first decision point addresses the change in the computations
dependent on whether the contact is intercepted in or after completion of the turning maneuver.
The second decision point accounts for whether the seeker turn-on (STO) distance is specified or
computed based on a seeker offset distance relative to the pursuer position at intercept. The third

decision point determines if the computations have converged sufficiently te satisfy specified
criteria.
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4. RESULTS

Figure 6 is a generic geometry for the pursuer/evader problem in which the key problem
parameters are indicated. The parameters for each run are specified in table 2 and were used by
the PEWOG algorithm to compute a gyro angle, alertment time, and intercept time, as given in
table 3. The pursuer vehicle is then launched, in the simulation, and uses the computed gyro angle
to establish its course. The simulation continues to propagate all vehicle models untii the
specified alertment range is reached. At this time, the contact executes its evasion maneuver,
taking into account the reaction time and contact dyramics specified. All vehicle imodeis continue
to be propagated until intercept. The resulting along and across the track errors are given in tabie
3. Figures 7 through 12 are the trajectory plots corresponding to the geometries/solutions given
in tables 2 and 3.

Sca (YO/SEC)

2 = A
S, (YO/sEC) 0 DEG){ Sp (1DISEC)
/ e\, igys 60 SEC t
|~ A(DEG)
Ry (V0)
tﬂ
Ry (YD)
L4
N\\a {DEG) fsp (YD/SEC)
-
\ .
\ 7

Figure 6. Geametry Depicting Key Seenario Parameters




Table 2. Run Parameters

B A Ra STO | STO

Run # | (deg) | (deg) | Ocm | Sca’Sc | (kyd) | Sp/Sc | 8pd/Sc | Sps/Sc | Mode | Value
1 -90 90 -- 1 4.0 3.1 2.7 2.3 Yes | -1000

2 -90 G) -180 2 4.0 3.1 2.7 2.3 Yes | -1000

3 -90 ~90 180 2 4.0 2.3 2.0 2.3 Yes | -1000

4 -90 90 -180 2 3.7 31 2.7 2.3 Yes | -1000

| 5 90 50 45 2 48 36 3.3 3.1 No 700
6 166 90 45 2 4.5 3.6 3.3 31 Yes | -2000

R¢ = 10,000 yards (Runs #1 through #4); R¢ = 5000 yards (Runs #5 and #6), La = 1000 yards,
re = 80 yards, rp = 128 yards, Sct = Sc, Spt = Sp, ng’I = 4.3(10)'3deg/sec (all runs)
Mote: Run #1 is a contact nonmaneuver case.

Table 3. Sviuticn Parameters

” Computer Parameters Error
Gyro ta 4 € ec

Run (deg) {sec) (seC) (ya) {yd)

1 -66.7 2006 3247 0.24 VO]

2 -732 203 6 3203 0 64 0.06

3 -99 5 205 0 002 | 053 001

4 -66.9 2157 366 1 0 86 ' 012

I 1074 95 Ik 006 | 00l
6 {793 290 P20 0 HR] 005 ]

Varous capabiities of the pursuer evader technigue, demonstrated by the run geometnes

speciiicd tn table 2| are summarized as tolfows

I Run A1 rrears the case of a constant-coutse, constantspeed condact and i used as a
baselne tor compansen In ths ran, althoueh the contact psoalerted &t 4000 yvards, no evasive

maneitver 1s performed, thereby restdting i the solnbon o @ soumeneuven g Congat




2. Run #2 uses the same initial problem geometry as Run #1; however, when the pursuing
vehicle closes to 4000 yards from the contact, alertment occurs and an evasive maneuver is
executed, i.e., a 180° change in direction and an increase in speed. The gyro angle computed for
Run #2 is larger in amplitude than that of Run #1, reflecting the requirement to intercept a contact
moving in the opposite direction from its initial course (or the course of Run #1).

3. In Run #3 the contact porticn of the geometry is a mirror image of Rue #2. This
demonstrates the ability of the algorithm to compute an intercept solution in a different quadrant
of the x-y trajectory plane and for a contact with a positive versus negative turn rate, as used in
Run #2. Slower pursuer speed parameters were also selected for both the pre-enable and dive
portions of the Run #3 pursuer trajectory.

4. Run #4 shows the ability of the model to compute a solition when the point of mntercept
cccurs during the contact evasion turn. The geometry is the same as that of Run #2; however, the
alertment range is reduced. This allows the pursuer to get closer to the contact prior to alertment,
thereby, resulting in the coniact having insufficient time to complete its evasive maneuver before
intercept occurs. Companson of the computed gyro angle for this run with that of Run #1
(nonmaneuvering case) reveals a small difference, as would be expected.

5. The PEWOG algorithm has two modes of operation to determine the weapon seeker
turn-on (STO) run distance. Run #5 shows the determination of contaci intercept solutions when
a STO value 15 seiected as opposed to being computed based on an offset distanice :rom the
predicted evading contact's intercept point (as was the case for all cther runs). In addition, for
Run #5, the initial contact range at launch, a'ertment range, weapon speeds, and launcher tube
(starboard) were sciected to be different than those of the previous runs.

6. Run #6 examined the ability of the algonthm to generate a solution for an evading
contact that requires a large gyro angle

The PEWOG algorithm takes into account vehicle drift. Except for Run #4, 1 which the dnft
is negative (southern hemusphere), the runs are tor a posiuve drifi rate (northern heonusphere).
Examination of the along (ef} and across (eg) the weapon track errors mtable 3 reveals the high
degree of accuracy of the algorithm, e, all errors are less than | yvard  Figure 11315 a plot that
shows the behavtor of the solution parameters as a tunction of number of iterations of the
algorithm. This plot 1s for Run #2 of table 2, but it 15 characteristic of the rapid convergence
{3 (o 4 terations) exhibited m all runs
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5. CONCLUSIONS

The intercept method developed i this study relaxes the current intercept requirement of
constant contsct velocity states for the entire intercept run. This method includes the capability
for comiputiag the solution for a pursuer undergoing muitiple speed changes, various depth
changes, drift, and different sensor activation criteria. In addition, erhancements that account for
contact alertment, reaction time, and evasion strategics are added. Intercept by the pursuer can
be computed for any point in the contact's trajectory, including during the portion of the trajectory
where the contact is turping to an evasion trajectory. Finally, the formulation of the models and
the iterative solution technique aliow the intercept parameters to be computed faster than real-
time (i.c., as fast as the previous nonevasion intercept technique).

A high-fidelity simulation was developed to analyze performance. This computer simulation
includes a contact vehicle model, launching platform model, pursuer model, and the PEWOG
equations described herein. A large number of pursuer/evader geometries were run, and the
accuracy and iteraticn performance of the technique was examined. An illustrative set of run
geometries, along with the associated sclution data, are included to illustrate the performance of
the technique. The rubust behavior of the technique is demonstrated by its ability to generate
accurare solutions rapidly. The along (]} and across (ec) tiie weapon track errors between the
contact and the pursuer guidance point, as determined by the simulatton at the computed intercept
time, are also included along with a plot that demonstrates the rapid convergence of the method
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