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Abstract

C roll damping coefficient (< 0)
The paper reports the results of an extensive drp distance of reference
point-mass simulation study on the g acceleration of gravity
interception of a high speed reentering h altitude
tactical ballistic missile (TBM) having I moment of inertia in roll
structural asymmetries. Due to the high XX
reentry velocity and. the structural m mass
asymmetries high intensity maneuvers and n !ateral load fa.ctor, see ‘(A—13)
roll rates may develop, generating a N mterceptpr guidance gém
"barrel-roll" type trajectory. The p roll rate in body coordinates
interceptor is a generic endoatmospheric R range
guided missile of simplified dynamics, S surface of reference
designed for high altitude interceptions. t time o
The simulation study evaluates four t interceptor rocket motor burning time
different guidance laws for this purpose. It N velocity
is demonstrated that the interception of a v, closing speed, see (A-7)
maneuvering TBM can be successful only if X,y horizontal displacements
perfect measurements and accurate a TBM trimmed angle of attack
estimation of the target maneuvers are B“ TBM ballistic coefficient
guaranteed. Without both of these features ¥ flight path angle (in the vertical plane)
a "hit-to-kill" homing accuracy is unlikely. 1 normalized “time-to-go”, see(13)

. A TBM trimmed lift/drag ratio
Notation m missile/target maneuver ratio, see (20)
. o line of sight angle
a  acceleration (lateral) ® roll angle (with respect to the horizon)
a® acceleration command X heading angle (in the horizontal plane).
b TBM roll damping parameter, see (3) v dynamic compensation factor, see (17)
c TBM "roll asymmetry"” factor, see (4) T interceptor autopilot time constant
S drag coefficient Q acceleration kernel, proportional to
C lift coefficient the "zero-effort miss distance"
C,o  rolling moment coefficient due toa subscripts
lateral asymmetry
- S — A of the TBM (attack)
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Introduction

For many years the reentry trajectory of a
tactical ballistic missile (TBM) has been
assumed to be predictable. Based on this
assumption intercepting a TBM seemed to be
a feasible task [1], at least from the
conceptual point of view, requiring mainly
a quick reaction defense system. In these
days, state of art technology enables one to
design a guided missile for intercepting a
non maneuvering TBM with an excellent
homing accuracy. Moreover, even a "hit-to-
kill" capability, a very desirable feature
for an anti-ballistic missile defense system,
can be contemplated.

Recent experience indicated, however, that
the assumption of predictable TBM reentry
trajectories may not be valid. These
indications have raised an increasing
concern of maneuvering reentry vehicles and
the difficulties of their interception [2].
The present paper addresses anti-ballistic
missile defense scenarios against highly
maneuverable reentry vehicles. Such
scenarios will become inevitable in the
future, if the currently developed defense
systems will be successful against non
maneuvering threats [3]. As a consequence,
the designers of a future TBM will have to
incorporate a maneuvering capability in
their weapon system in order to generate
less predictable reentry trajectories and to
make the interception much more difficult.
The high reentry velocity of the TBM
provides it with a potential of high
maneuverability, which can be applied in
a rather simple way by a smart designer.
Thus, a TBM can be easily made as
maneuverable (or even more) as the
defensive missile and would be able fo
avoid interception. Even a random
maneuver can make the reentry trajectory of
a TBM unpredictable.

The predictability of a reentry trajectory
has been based on the assumption that the
missile is designed to be symmetrical and, -
being a stable flying vehicle, - will fly at a
nearly zero angle of attack. Experience
with several types of flying vehicles has
shown [4-5] that structural asymmetries
create a non-zero trim angle of attack, as
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well as an induced roll rate. The effects of
such asymmetries on ballistic reentry
trajectories were extensively studied [6-9]
to avoid catastrophic roll resonance.

A set of exploratory point-mass
simulations with generic TBM models,
carried out in the context of anti-ballistic
missile defense, indicated that below an
altitude of 20 km high intensity maneuvers
may develop even for moderate
longitudinal asymmetries. If such a
longitudinal asymmetry is coupled with a
small lateral asymmetry, a “barrel-roll"
type trajectory, far away from roll
resonance, is generated.

The paper reports the results of an
extensive point-mass simulation study on
the interception of a reentering high speed
TBM with structural asymmetries by a
hypothetical endoatmospheric guided
missile of a simplified dynamic model.
The the simulation study compares the
homing performance of identical
interceptor missiles using different
guidance laws against a TBM performing
"barrel-roll" type maneuvers.

In the next section the three-dimensional
point-mass simulation model is described.
It is followed by a parametric
representation of characteristic reentering
TBM families and the definition of the
different interceptor guidance laws used in
the simulation. As an example, detailed
results of the interception engagements
against a member of a reentering TBM
family are presented and discussed.

Simulation Model

General QOutline.

In order to evaluate the homing
performance of a guided interceptor missile
against reentering ballistic vehicles a
modular three-dimensional point-mass
simulation model was set up. The
simulation model consists of the following
elements: relative kinematics between two
point-mass vehicles, point-mass dynamics
of both flying vehicle, simplified guidance
and control dynamics of each vehicle and a



high-altitude atmospheric model. The
simulations are carried out in a fixed
Cartesian coordinate system, assuming flat
non rotating earth and no wind. The well
known equations of three-dimensional
kinematics and point-mass dynamics of an
atmospheric vehicle are summarized in the
Appendix. In this section the interception
scenario is outlined, followed by the
description of the specific guidance and
control models of a maneuvering TBM and
the interceptor missile.

Interception Scenario

The present study concentrates on a point
defense scenario, i. e. the interceptor
missile is launched from the vicinity of the
TBM's target. The initial position of the
TBM is determined by assuming a non
maneuvering ballistic trajectory aimed at
the target, which serves as the origin of
the coordinate system. The initial position
of the TBM also determines the vertical
plane of reference (y, = %, = 0). When the

reentering TBM is detected, the defense
system selects the desired altitude for
interception h" and launches a guided
missile in the vertical plane of reference
towards the predicted point of impact at
this altitude. Taking into consideration
that the TBM may carry an unconventional
warhead, the interception has to take
place at a rather high altitude. In this
study the range of planned interception
altitudes between 20 to 26 kms is evaluated.
The aerodynamic and propulsive features
of the interceptor missile were designed in
order to allow such interceptions.

TBM model

The reentering TBM (the attacking missile,
denoted by the subscript A) is assumed to be
a generic cruciform flying vehicle having
some structural asymmetries. The
longitudinal asymmetries of the TBM
create (in stable atmospheric flight) a
constant non zero trimmed angle of attack
o, in body coordinates. As a consequence, a

lift force, proportional to the dynamic
pressure
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L, =05 [pMV>SC (a1, 1
is generated. The lateral (anti-symmetric)
asymmetries create a rolling moment,
which is also proportional to the dynamic
pressure, resulting in a roll rate which
obeys the differential equation [10]

pA+bp(hA)VApA=cp(hA)Vi )
where the parameters "b" and "c" are

2
b=-0.25(5d Crp /1, 0,>0 (3)
c=056dC, /L ), 4)

"b" being a measure of the aerodynamic
damping in roll and "¢" is a measure of the
anti-symmetric "roll asymmetry". The roll
angle of the TBM ¢, is obtained by

integrating ¢, given by [10]

from a given initial condition ¢ , ..

Any member of the generic TBM family
used in this study is characterized by the
ballistic coefficient,
B=m/SCp), (6)
which determines the deceleration in the
atmosphere, the lift to drag ratio at the
non zero trimmed angle of attack a, ,
A=[C (o) / Cply (7)
which serves as a measure of longitudinal

asymmetry, as well as the parameters "b"
and "c" defined in (3) and (4).

Having no thrust, the TBM point-mass
simulation model {see eqs.(A-10)-(A-12)}
has only 3 inputs: the aerodynamic forces
L, and D, and theroll angle ¢,.

The initial conditions of reentry are
specified at the altitude of 150 km. For one
of the examples used in the simulation



study, Fig. 1. shows the velocity, the
lateral load factor and the roll rate of the
TBM as a function of altitude below 40 km,
based on the data given in Table 1.

Table 1. TBM_Example Data,
V,0=22km/s Y oo =-40deg
B = 5000kg/m? A= 2.82
b=0.004 m*/kg ¢=3310°m/kg

Interceptor Model

This interceptor missile (of the defense
system, denoted by the subscript D) has an
aerodynamically controlled cruciform
airframe which is roll stabilized. In order
to allow high altitude endoatmospheric
interceptions it has a two stage solid rocket
propulsion. Each rocket motor provides a
constant thrust. After the first stage
separation occurs and the rocket motor of
the second stage is ignited. The
maneuverability of the missile (its lateral
acceleration and the corresponding load
factor) is limited, in each of the two
perpendicular planes of the cruciform
configuration (j= 1,2) by the maximum lift
coefficient.

(8)

Lmax

(n,). <05 bV?SC,_ /g mlp,

The thrust, lift, drag and other interceptor
parameters are summarized in Table 2.

Table 2. Interceptor Data,

Stage 1 2

t, [sec] 6.5 130
T [kN] 229 103
my [kgl 1540 781
m, [kg] 933 236
sC, (m’] 0.40 020
sc,_[Im% 024 020
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The guidance system of the interceptor
missile consists of two identical, fully
decoupled channels, associated with the
perpendicular planes of the cruciform
configuration. Since the missile is roll
stabilized, one channel is designated to
perform lateral accelerations in the
vertical plane (j=1=v),

(a\D)v =g(nD)v =A 8Ny, 0sP 9)

and the other in the horizontal plane (j=2=h).

(aD)h =g:(nD)h£ gnp singy 10
For sake of simplicity it is assumed that
the missile has an ideal (noise free) seeker
and an autopilot represented by a first-
order transfer function. Therefore, the
relationship between the acceleration
command of the interceptor in each
guidance channel (j=v,h) and the respective
lateral acceleration is given by

(ap), = l@p), -(@p)]/e an
The time constant T represents an
approximation of the closed loop autopilot
dynamics. This time constant is a function of
the actual flight conditions (speed and
altitude) and increases as the dynamic
pressure is reduced. Interceptor velocity,
the maximum lateral load factor of each
guidance channel and the autopilot time
constant, computed along a trajectory for
intercepting a reentering TBM at h'= 23 km,
are plotted in Fig. 2 as function of altitude.

The acceleration command for each channel
is generated by the appropriate missile’s
guidance law. In the present study four
different guidance laws, all expressible by
a similar mathematical structure,

C t
(aD)’, =N Q).(T]) (12)

are compared. In (12) 1 is the normalized
"time-to-go” defined by

n 2 -0/t (13)



N' is the (eventually time dependent)
guidance gain and Q).(n), having the
dimensions of acceleration, is a kernel
proportional to the so-called "zero-effort
miss distance” according to the assumptions
of the particular guidance law concept. The
guidance laws considered in this study are:

(i) "Classical" proportional navigation
(PN) with a constant effective gain [11].

QM =V.8 N =4 (14)

(ii) Augmented proportional navigation
(APN), assuming known (or accurately
measured) target acceleration [12].

(€] pr= [ Mpy +0-5a,);

(N, oy =3 as

(iii) Optimal guidance law (OGL) with
time-varying gain, based on known target
acceleration and compensating for own
dynamics [13].

QMo = QM) \py ¥ () @),

Ny =N (16)

The dynamic compensation factor y (n) is

vm=e"+n -1)/9? (17)

and the time dependent guidance gain is

N'(n)=6n4w(n)/{3+6n-6n2+2n3

-12meM-3eMy (18)

(iv) Suboptimal guidance law (SGL),

similar to OGL, but without target

acceleration input.

[Qj(ﬂ)]SGL = [Qj(ﬂ)]OGL— 0.5(a A)j ,
(Ngq = N'n) (19)

The idea not to include target acceleration
explicitly in the guidance law is based on a
differential game approach and in this
respect (19) can be considered as a lincar
approximation of the non-linear guidance
law proposed in [14).
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Simulation Result

A very large number of interception
simulations were carried out against the
members of a TBM family with different
parameters (B,A,b,c) and initial conditions
(V o0 Yag)- Against each TBM trajectory

sets of four anti-ballistic missiles with
different guidance laws (PN, APN, OGL,
SGL) were launched, each set being aimed
to intercept the target at the same altitude.

Effect_of Initial Roll Angle. The actual
reentry trajectory of the TBM depends not
only on the altitude profiles of its
maneuverability and roll rate, but also on
the initial value of the roll angle ¢, .,

measured between the plane of maneuver
(generated by the longitudinal asymmetry
of the TBM) and the horizontal reference. It
was found at the early stage of the study
that the miss distance exhibited a high
sensitivity. to this initial condition. The
periodical effect of this initial "phase
angle” (a random variable from the anti-
ballistic defense point of view) on the miss
distance is illustrated in Fig. 3 for one of the
simulation examples. Due to this
phenomenon, in all the tested combinations
of different TBM models, guidance laws and
planned interception altitudes, a set of 36
simulations (for the range of 02 ¢,, 2 2r)

were carried out. From the ensemble of the
results obtained in each case the maximum
value of the miss distance, its average
("mean") value as well as the corresponding
standard deviation can be computed as the
relevant outputs for comparison.

Parametric Investigation

Concentrating on a TBM having the same
initial reentry conditions and ballistic
coefficient as in Table 1., a parametric
investigation, varying the roll parameters
"b" and "c¢", as well as the trimmed
lift/drag ratio "A", was carried out. Note,
that since the simulations deal with
generic vehicles and simplified dynamic
models, the numerical results have only
relative merits and the essential part of
the analysis is qualitative.



Effect of Roll Parameters. The roll rate
profile of a TBM (as shown in Fig 1)) is
uniquely determined by the parameters "b"
and "c¢". The value of "b" effects the
altitude where the roll rate becomes
maximal, as it can be seen in Fig. 4. For a
given value of "b" the actual roll rate at

any altitude is linearly proportional to "¢".

Keeping the value of "b" as in Table 1., the
effect of the roll rate on the the guidance
laws homing performance was evaluated.
In Figs. 5 and 6 the average miss distances
are plotted as the function of the roll rate.

Effect of TBM Maneuverability. It is well
known that the homing accuracy of a

guided missile is strongly effected by the
missile/target maneuver ratio "u"in the
end-game. This parameter

max / (aA)max (20)

1 & @y
is depicted in Fig. 7 as the function of the
interception altitude for different values of
"A". This parameter (inversly proportional
to "A") has it maximum at h=22 km where
interceptor's lateral acceleration becomes
maximal. The maximum miss distance
obtained at the planned interception
altitude of h' = 22 km by each guidance law
against different TBM maneuverability
levels, but with the same roll parameters
(as given in Table 1.), is plotted in Fig. 8 as
the function of "u". The merit of each
guidance law is directly determined from
this figure.

Effect of Interception Altitude. Summary of
detailed simulation results, namely the

maximum, the "mean” value and the
standard deviation (SD) of the miss
distance ensembles, obtained against the
TBM model presented in Fig. 1, are
summarized in Table 3 as the function of the
planned interception altitude h'. It is not
surprising to observe that, for all the
guidance laws considered for comparison,
the interception altitude with the smallest
miss distance is at the neighborhood of
23 km, near to the altitude where "W" is
maximal.
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Table 3. Miss Dist S (meters)
a, PN (N'=4
h (km) Max Mean SD
20 2101 13.19 4.99
21 16.73 10.10 4.36
22 12.97 7.84 3.49
23 10.78 6.77 3.05
24 10.78 7.03 3.04
25 11.55 7.51 3.12
26 11.88 7.86 3.07
b, APN (N'=3
h (km) Max Mean SD
20 1391 898 351
21 11.94 7.39 3.01
22 991 5.97 2.62
23 7.96 4.94 2.15
24 7.72 495 2.16
25 9.15 5.51 2.41
26 10.06 5.90 2.53
¢, OGL
h‘ (km) Max Mean SD
20 0.14 0.06 0.03
21 0.10 0.06 0.03
2 0.10 0.05 0.03
23 0.11 0.06 0.03
24 0.15 0.08 0.04
25 0.18 0.11 0.04
26 0.22 0.15 0.05
d,SGL
h (km) Max Mean SD
20 11.84 6.20 3.39
21 8.17 3.64 2.61
2 521 213 1.69
23 434 1.86 142
24 4.38 1.97 1.43
25 439 2.11 1.43
26 463 2.26 1.44
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The "barrel roll” type trajectory of the
TBM, generated by longitudinal as well as
lateral asymmetries, is a combination of a
monotonigally increasing lateral load
factor n A and roll rate ¢ A’ representing a

time varying lateral acceleration vector in
amplitude and direction. Though such
evasive maneuver is not optimal in a
theoretical sense [14], it seems to be very
demanding for a guided missile, as it is
confirmed by a recently published paper
[15] on the homing performance of an air-to
air missile against an aircraft performing
high-g barrel roll (HGB) maneuvers. In
spite the differences (subsonic target speed,
a rather high missile/target maneuver
ratio (i = 4.29), a horizontal barrel roll
generated by constant lateral acceleration
and roll rate, etc.), [15] has many common
elements with the present study. The paper
demonstrates that, even in this relatively
favorable conditions for the interceptor,
HGB is a very effective evasive maneuver
against PN and APN guided missiles. A
periodical variation of the miss distance as
a function of "time-to-go”, similar to the
effect of ¢, illustrated in Fig. 3, is also

exhibited.

The "barrel roll" type reentry trajectory of
a TBM, due to structural asymmetries, is
only one of the eventual difficulties that
may be encountered in future anti-ballistic
missile defense. It seems to serve, however,
a relevant example for the analysis of such
interception scenarios for the following
reasons: (i) The asymmetries can be easily
introduced by the TBM designer. (ii) The
resulting maneuver is very demanding for
the interceptor missile. The actual values
of the asymmetries and the initial
conditions of the reentry are random
variables from the defense point of view.
TBM maneuver potential being quite large,
the missile/target maneuver ratio may turn
out to be much smaller than the values
encountered in "classical” air-to-air or
surface-to-air scenarios.

Since a TBM may carry an unconventional
warhead, the defense analysis has to be
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based on "worst case” assumptions. Thus, an
effective interceptor guidance law for anti-
ballistic missile defense has to minimize
the maximum expected miss distance and to
allow, if it is possible, a "hit-to-kill"
accuracy. Due to the inherent limitations of
a point-mass simulation, only very small
miss distances (certainly less than 1 m) can
be considered to satisfy this requirement.

Conclusions

From the results of the simulation study the
following conclusions can be drawn:

1, Neither PN, nor APN seem to be
adequate to intercept a maneuvering
reentry vehicle. This conclusion is clearly
confirmed by the result of an independent
investigation [15].

2, OGL is the only guidance law with a
"hit-to-kill" potential against a highly
maneuvering TBM in an endoatmospheric
interception. However, even in the assumed
ideal perfect information environment, a
clear maneuverability advantage (of at
least 1.6-1.7) is required.

3, SGL has a much better performance than
PN or APN, but only with a high maneuver
advantage (i > 4) can it approach the
homing accuracy required for "hit-to-kill".

4, The last two statements lead to conclude,
that in a defense scenario against highly
maneuvering ballistic missiles "hit-to-kill"
accuracy is not feasible without accurate
estimation of the actual TBM accelerations
and its incrporation in the guidance law.

The results of the described simulation
study are "optimistic” from the defense
point of view. They are based on a
simplified interceptor model, as well as on
the assumptions of an ideal target detection
capability and a clear maneuverability
advantage of the interceptor missile.
Moreover, for OGL an accurate and
instantaneous estimation of the TBM
acceleration is assumed. Therefore the
conclusions, in particularly the last one,
present a great challenge to the anti-
ballistic missile defense community.



\ fix: Equati f Moti
Relative Kinematics

The motion a point-mass body (designated
by a subscript i) in a Cartesian coordinate
system can be defined by the magnitude of
the respective velocity vector V; and its

direction in the vertical and horizontal
planes respectively, described by v, and ;.

X; =V, cosy, cosy;

(A-1)
yi = Vi cosy; sinxi (A2)
h; =V, siny, (A-3)

Integrating (A-1)-(A-3) the relative position
of two moving points (i=A,D) is obtained

ax(®) £ x, () - (0 (A4)
A
AR S h, ©) - hpy® (A6

These Cartesian components determine the
range vector R, expressed in polar
coordinates by its magnitude R and the line
of sight angles o, and o, in the vertical

and horizontal planes. Relative kinematics
can be therefore expressed by

R £V, =V, (cos o cos v, cos (x ,-0p)
+sin o sinv,}
-Vplcos o, cos Yp cos (xpy-op,)
+sin o, sin Yy} (A-7)

g, = [VA{ cos 6 siny,
- sin G,, COs Y, cos (%, AR}
-Vp{cos o sin o
- sin 6, cos Yy, cos (x5, )}/R (A-8)

opn = {VA{ cos v, sin (x ,-03)}
-VD{ €os Yy, sin (XD—ch)}]/R cos o, (A-9)
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Point-Mass Dynamics

Application of the second law of Newton to
each flying vehicle (i=A,D), assuming that
the thrust is aligned with the velocity
vector, leads to differential equations for
V.. v, and ¥;.

V,=[(T-D)/m- gsiny, (A-10)
1 =8 [(n cosg - cosy)/ A (A-11)
;=g l(nsing /Vcosyl, (A-12)

the lateral load factor n, being defined by
n =(L/gm) (A-13)

The aerodynamic lift and drag forces are
functions of altitude and velocity

L =[05ph)V2SC ], (A-14)

2
D,=[05p(h) V¥ S C_ ], (A-15)
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