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Strategic Intercept Midcourse Guidance Using
Modified Zero Effort Miss Steering
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The suitability of modified proportional navigation, or an equivalent zero effort miss formulation, for strategic
intercepts during midcourse guidance, followed by a ballistic coast to the endgame, is addressed. The problem is
formulated in terms of relative motion in a general, three-dimensional framework. The proposed guidance law
commands thrust 1) along the line of sight unit direction and 2) along the zero effort miss component that is per-
pendicular to the line of sight. The latter term is scaled with a guidance gain. If the guidance law is to be suitable for
longer range targeting applications with significant ballistic coasting after burnout, zero effort miss computations
must account for the different gravitational accelerations experienced by each vehicle. Approximations for the true
differential gravity effect, which relieve the burden for direct numerical propagation of the governing equations,
are considered. Approximations considered are constant, linear, quadratic, and linearized inverse square models.
Theoretical results are applied to a numerical engagement scenario, and the resulting performance is evaluated in
terms of the miss distances determined from nonlinear simulation.

Introduction

IN the overall strategic defense systems being proposed today, an
essential element is the capability to engage incoming re-entry

vehicles or adversarial satellites and to destroy by collision.1 With
a ground-based system, the interceptor trajectory consists of three
actively guided stages: boost to accelerate beyond the atmosphere,
midcourse to steer along a collision trajectory with the target, and
endgame to correct for any remaining position and velocity errors.
Guidance laws during the midcourse and endgame stages are key to
a successful intercept.

Proportional navigation is the tried and tested guidance law
for close-in, air-to-air and air defense systems.2"7 Because of the
success the technique has seen, proportional navigation will un-
doubtedly play a role in strategic intercepts, especially during the
endgame. However, this paper is concerned with midcourse guid-
ance strategies that are followed by a long ballistic coast to in-
tercept. In strategic defense applications during midcourse burn,
targeting distances can approach thousands of kilometers, with a
significant component normal to the Earth surface. This geome-
try can lead to significant gravitational acceleration between the
two vehicles, normal to the line of sight. If conventional propor-
tional navigation is used for midcourse guidance, then during coast
after burnout, the acceleration difference causes the relative posi-
tion and velocity to drift, resulting in a miss dependent upon the
coast time to intercept. Therefore, a modified guidance law correct-
ing for gravitational differences will, at the least, be necessary.8"11

Modifications of this sort and related to augmented proportional
navigation, which corrects for accelerations from a maneuvering
target.6-7

Theoretically, Lambert-based guidance laws7'12'13 overcome this
difficulty by accounting for the variable acceleration influencing
the interceptor as it flies to a predetermined target solution. For
practical implementation, however, proportional navigation based
schemes hold a key advantage.14 Lambert-based guidance laws are
very sensitive to predicted vs actual motor performance. On the
other hand, proportional navigation based guidance laws are ro-
bust to these uncertainties. Proportional navigation will not replace
Lambert type guidance for extremely long targeting applications.
However, it remains to be seen what role proportional navigation
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can play in intermediate range targeting applications, such as during
the midcourse phase.

In this paper, the use of modified zero effort miss steering for mid-
course guidance, followed by a ballistic coast, is considered. Correc-
tions to the miss computation and thrusting direction are considered
to account for the postburnout accelerations, without introducing
heavy in-flight computational burdens. One technique, which ap-
pears particularly promising, joins conventional intercept guidance
with space rendezvous gravity models. This is a unique result not
appearing in the guidance literature. The goal of the research is to
assess the feasibility of using modified conventional based intercept
guidance schemes in unconventional applications (i.e., orbital mo-
tions and increased targeting distances with ballistic coasting after
burnout).

Zero Effort Miss Formulation
The relevant geometry of the strategic intercept is given in Fig. 1;

Rj and RT represent the position vectors of the interceptor and target
vehicles, respectively, whereas Vf and VT correspond to their inertial
velocities. The XYZ reference frame is inertial with origin located
at the Earth's center. Here, the Earth's gravitational acceleration is
modeled as an ideal inverse square field. In addition to illustrating
the inertial trajectories, Fig. 1 also shows the relative trajectory with
R = RT — Rj and V = VT — V/ denoting the position and inertial
velocity of the target with respect to the interceptor. The relative
trajectory plays a key role in zero effort miss guidance, as seen later.

Target

Interceptor

Relative
Fig. 1 Strategic intercept geometry.
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The governing equations of motion for both vehicles are12

VT = -n/R2
T)eT, Vj = -(^/R]}ej + (l/m)T (1)

where eT =RT/RT and £! = RI/RI denote unit vectors, /x is the
Earth gravitational constant, m is the interceptor mass, T is the
interceptor thrust vector, and "•" denotes the time derivative with
respect to the inertial frame. Relative motion between the vehicles
is governed by the following differential equation

V = - - d/m)r (2)

Observe the difficulty in solving Eq. (2), in closed form, for tf and
V due to the nonlinear gravitational term, which defies explicit ex-
pression solely as a function of the line of sight.

The zero effort miss, denoted as tfmiss, is defined here as the
minimum tf that results when the interceptor thrust in nulled [T = 0
in Eq. (2)] and both vehicles coast under the acceleration of gravity.
Kinematically, tf miss is the specific tf that becomes perpendicular to
V or satisfies

v . t f - o (3)
An exact calculation for tf miss consists of numerical propagation of
tf and V as a function of time using Eq. (1) or (2) and then de-
termining the particular value of tf that satisfies Eq. (3). Predictive
guidance is based on this procedure.7 For real time, onboard imple-
mentation with hit to kill performance requirements, this approach
may have high computational burdens. Therefore, reliable methods
of estimating tf mjss with sufficient accuracy and convergence speed
are of special interest to the guidance engineer and are addressed in
the following sections.

As developed here, zero effort miss guidance attempts to null
the miss distance with a conventional feedback loop. The proposed
guidance law for interceptors with vectorable, continuous thrust is

T= TX, A = e + KRn = A\ (4)

In Eq. (4), A is the commanded thrust vector orientation given by the
addition of the unit vector along the line of sight e = R/R plus the
perpendicular component of the zero effort miss vector, denoted as
^missi» scaled by a guidance feedback gain K. Specifically, RmiSS±. is

== •"miss V/^m (5)

An option, which is not explored here, is to replace /?missi with J?miss
in Eq. (4). In this case, the component of/?miss along the line of sight
could be collected with e, leading back to Eq. (4).

Observe from Eq. (4) that for large miss distances the guidance
law commands thrust primarily in the miss direction, whereas after
the miss has been sufficiently nulled, thrust is commanded along the
line of sight until burnout. For long-range targeting applications,
the miss is not fully eliminated but is reduced to a steady-state
value [i.e., the two terms in Eq. (4) compete for the proper thrust-
ing direction]. The resulting effect in Eq. (4) is a stead offset from
the line of slight, which corrects for the accelerations acting on
the system during postburnout. A steady thrusting condition in the
proper direction is conducive to both miss performance and burnout
insensitivity.14 For interceptors with on/off divert thrusting capabil-
ity, e is eliminated from Eq. (4), and thrusting is turned off when the
miss distance is sufficiently nulled. Finally, note that Eq. (4) requires
additional sensors for implementation, relative to a conventional in-
tercept guidance law.

Zero Gravity
As a baseline calculation of the zero effort miss, consider the case

where both vehicles experience equal acceleration, or RT « /?/. In
this case, Eq. (2) reduces to

V = -(l/m)T

Integration of Eq. (6) with T — 0 yields

V(t) = V(ti)

= V(ti)(t-ti)+R(ti)

(6)

(7)

where t\ denotes the current or initial time and t denotes some fu-
ture time. Equation (7) indicates a target trajectory, relative to the
interceptor, that is rectilinear.5

Substituting Eq. (7) into Eq. (3) and solving for t gives the final
time at miss tf or

tf = ti - (8)

where p — V/ V denotes the unit vector for V. Here, a closed-form
solution for tf is possible. The zero effort miss at the current time
is given by tf (t) evaluated at t = tf or

tfmiss(r/) = -{R(ti) • p(ti)}p(ti) +R(tj) (9)

When the vehicle separation widens, Eq. (6) and all that follows
become invalid. Therefore, reconsider the full behavior in Eq. (2),
rewritten as

where

= G-(l/m)T

= GT-GI

(10)

(11)
GT = -

Since an exact closed-form expression for G in terms of R, or t, is
intractable and direct numerical propagation is to be avoided, the
following sections consider approximations for the true behavior
ofG.

Constant Gravity
Suppose the target position and velocity are available at the cur-

rent value of time, for example, from a target state vector update
or propagation from a previous update supplied by a ground- or
space-based surveillance system. The current interceptor position
and velocity are also available from the onboard navigation sys-
tem. With this information, G(f/) is easily determined. Also, for a
near intercept, the final acceleration difference is essentially zero, or
G(tf) = 0. Initially, this assumption may be in error, but as the guid-
ance system steers the interceptor to the desired state, the validity
of the assumption increases.

An average, constant model for G applicable over the zero effort
trajectory is

(12)

Realize that during each miss calculation, G is held constant; how-
ever, each time a guidance solution is computed, C() is updated
reflecting the new geometry. Integration of Eq. (10) (T = 0) with
the gravity model in Eq. (12) gives

R(t) = ±
(13)

V(ti)(t - ti)

Observe from Eq. (13) that the constant acceleration model leads to
curvature (second-order polynomial) in the target trajectory, relative
to the interceptor.

Substituting Eq. (13) into Eq. (3), letting t — f/, and dropping the
functional dependence notation yield the following cubic equation
for the time at miss:

[iC0 • C()}(tf - t^3 + {f Co • V}(tf - ti)2

+ {Co • tf + V • V} (tf - ti) + {V - R} = 0 (14)

Here, the solution for the intercept time involves finding the roots
of a polynomial. Finally, substitution of the intercept time back into
Eq. (13) determines the zero effort miss:

tfmissC/) = L
2C()(ti)(tf - ti)2 + V(ti)(tf - ti)+R(ti) (15)

As before, this serves as input to the guidance law in Eq. (4).
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It can be seen from Eqs. (13-15) that if C0 is set to zero, the
baseline estimation of the miss given by Eqs. (7-9) results. On the
other hand, notice how C0 introduces new higher order terms in
the governing relationships. The intent here is to more accurately
approximate the true inverse square behavior, as compared with the
baseline calculation, thereby leading to higher accuracy in the JRmiss
calculation.

Linear Gravity
Consider a linear model for G or

G(t)= /
G f t ' \a/-o = ci(f (16)

From Eq. (16) observe that for t = tt the model gives G(f,-), for
t — tf the model gives 0, and in between linear interpolation occurs.
Integration of Eq. (10) using the linear model for G in Eq. (16) and
with T = 0 yields

V(t) - ±dto, tff)[(tf - tt)2 - (tf - t)2} + V(ti)

R(t) = ± - O3 - (tf - (17)

+ (tf ~ *i)2(t - tt) + V(ti)(t - t
Here, the relative motion is governed by a third-order polynomial
trajectory.

Substituting Eq. (17) into Eq. (3) with t = tf and dropping the
functional dependence notation yields a cubic equation for the time
at miss [recall that (tf — r,) appears in the denominator of C\ f t ,*/)]»

+ {±d • tf}(*/ - '/)2 + (y • yK'/ - */) + {V • tf} - 0 (18)
and a zero effort miss of

tf miss to) = Idto,*/)(*/ - ti)3 + VtoXf, - f,) +tfto) (19)

Quadratic Gravity
Now focus attention on a quadratic model for G. Suppose that, in

addition to having the current value of G, another value is available
at some previous time tp (tp < r/), i.e., G(tp). This represents a past
value that is stored in the flight computer, possibly describing the
geometry at the initial update of the target state vector, supplied to
the interceptor before midcourse guidance commences.

A quadratic model for the G behavior is then

G(t) = C2(tp, ti, tf)(tf - t)2 + C}(tp, ti, tf)(tf - t) (20)

To determine the constants C\ and C2, consider evaluating Eq. (20)
at times tp and t\ or

' ( t f - t p ) ( t f - t p

( t f - t f X t f - t i ) 2 J [ C 2 ( t p , t h t f ) _

Inverting the linear matrix Eq. (21) gives C\ and C2 or
<,)(tf-tj) G(ti)(tf-tp)

Cl('"'"''}-

G(tp) G(tt)
(22)

( t f ~ t p ) ( t i -tp)
Observe from Eqs. (20) and (22) that for t — tp the model gives
G(tp), for t = tf the model gives Gfe-), for t — tf the model gives
0, and in between quadratic interpolation occurs.

Integration of Eq. (10) with Eq. (20) gives
V(0 - |C2(^, t i t t f ) { ( t f - r/)3 - (tf - t)3}

+ iCi(fp, tittf){(tf - r,-)2 - (tff - t)2} + V(O

R(t) = \C2(tp, tit t f ) { \ [ ( t f - t)4 - (tf - tf)4]

+ (tf - tf)3(t - ti)} + ida,, th tf){\[(tf - 1)
- (tf - ti)3] + (tf - ti)2(t - t^} + V(tf)(t - ti)

(23)

Note that a quadratic model for G has upped the relative trajectory
to a fourth-order polynomial.

Substituting Eq. (23) into Eq. (3) with t — tf and dropping the
functional dependence notation yields

C2 • C2 - t,)1 + %

+ { Id • C, } (tf - trf + {^C2- V} (tf -

+ { |C2 . R + f C, • V](tf - t,)3 + (V • R} = 0 (24)

This is a seventh-order equation for tf after (tf — tp) and (tf — ti)
are cleared from the denominators of C\ and C2. Finally, the zero
effort miss becomes

= \C2(tp, ti, tf)(tf - 1{)4 + iCi(rp, r,-, - r,-)3

(25)

Linearized Inverse Square Gravity
In the preceding sections, the approximations for G might be

categorized as the mathematical approach. Here, a spaceflight
mechanics-based approach is considered. Recall the original gov-
erning relationship in Eq. (2). Eliminating the target position from
Eq. (2) with RT = RI + R and the law of cosines or

R2
T = (26)

(R/R,)e

yields

R]

Using the binomial expansion, Eq. (27) becomes

V = -(iJi/R]](R/Rj){e - 3[e • e/]e/ + • • • } - (l/m)T (28)

If the relative position is small compared with the interceptor
position (R <^C /?/), then the higher order terms become small and
are neglected, leading to the classic Clohessy-Wiltshire equations
governing the relative motion15'16:

V = - - 3[e • - (\/m)T (29)

With T — 0, Eq. (29) is a vector, homogeneous, linear, second-order,
ordinary differential equation in R with time-varying coefficients.
If the engagement geometry is restricted to the case where the inter-
ceptor position vector remains roughly constant (i.e., R/ (t) = RIc),
then Eq. (29) becomes time invariant and closed-form solutions are
possible. Because of the inherent assumptions listed earlier, Eq. (29)
is invalid for extremely long targeting ranges or when large inter-
ceptor positional changes occur. However, these situations are not
encountered in the midcourse phase as presented in this work.

With RIC,R, and V expressed in component form as

c = XIci + YIcj + Zlck

R = Xi + Yj + Zk

V=Xi + Yj + Zk

(30)

the physical vector Eq. (29) can be rewritten as the following alge-
braic vector equation (T = 0):

R = [XYZ]T

(31)
RIc = [XIcYIcZIc]T
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In state space form, Eq. (31) becomes

R
(32)

Observe that the state dynamics matrix A is solely a function of the
interceptor position.

The solution to Eq. (32) can be written as

X(t) = eA(t-V

with

From Eq. (33),R(t) and R(t) are thus

(33)

(34)

(35)

Observe from Eq. (35) that the linearized inverse square model is a
generalization of the previous models in the sense that the relative
trajectory is now governed by an infinite order polynomial.

Here, Eq. (3) becomes

RT - R = 0 (36)

and substituting Eq. (35) into Eq. (36) with t = tf and dropping the
functional dependence notation yields the equation for the time at
miss or

[RTR -

+ {RTR} = 0 (37)
Equation (37) is also an infinite order polynomial. Finally, substitu-
tion of the time at miss back into R in Eq. (35) yields the zero effort
miss, which is input to the guidance law in Eq. (4):

ti)2 + ±&(tf - ti)4 + - . . }R(ti) (38)
In this formulation, an appropriate value for Rlc must be selected

that is applicable over the interceptor trajectory. The simplest choice
is to use the current value of Rj or

RIc=Rr(ti) (39)

Another choice is an average value between the current Rj and
(Ri + 5*):

RIc = ± (40)

This value assumes the intercept will take place at the midpoint of/?.
A final choice for /?/c is a more realistic average using the interceptor
velocity to estimate where the collision takes place along R. This
value is given by

Rlc — 9

R(ti)
(41)

Although Rj is assumed constant during the coast along the zero
effort trajectory, note RIc can be updated at each guidance solution
to reflect the changing geometry.

Example
The merits and/or deficiencies of the guidance strategies in the

previous sections are investigated next in a satellite intercept sce-
nario. The target is in a 500-km-altitude circular orbit that corre-
sponds to a velocity of 7.6 km/s. The interceptor states at midcourse
burn ignition are a velocity of 3 km/s, flight-path angle of 70 deg,
and altitude of 100 km. Further, ignition occurs 168 s before the
target is directly overhead of the interceptor position at ignition.
For the quadratic approximation, tp is taken 5 s before ignition.
Also, the initial relative position and velocity magnitudes are 1303
km and 8.6 km/s, whereas the angle between R and — V is 3.1
deg. Midcourse burn lasts 15 s via a solid propellant system with
no cutoff capability. Interceptor mass and thrust are 300 kg and
4(250 kg)(9.81 m/s2). Propellant contributes 250 kg to the 300-kg
total. All simulations are run with a guidance gain of 0.0004 1/m.

The overall guidance performance results from two major con-
tributions: 1) the effectiveness of the guidance feedback loop in
controlling the predicted miss and 2) the fidelity of the predicted
miss. These two contributions are apparent in Figs. 2-6. In these
figures, for time between ignition and burnout, the corresponding
miss at the end of the zero effort trajectory is shown. Actually,
for each time, two flyouts are conducted using 1) direct numerical
propagation (true) and 2) approximate gravity solution (predicted).
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100
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— — Predicted
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Fig. 2 Guidance performance using zero gravity.
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Fig. 3 Guidance performance using constant gravity.
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Fig. 4 Guidance performance using linear gravity.
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Fig. 5 Guidance performance using quadratic gravity.

5 10 15
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Fig. 6 Guidance performance using linearized inverse square gravity.

Recall that the true miss at burnout, which is highlighted in each
figure, corresponds to the actual minimum value of R as the target
swings by the interceptor.

In Figs. 2-6, the effectiveness of the guidance loop is clearly
indicated. The large initial predicted miss is significantly reduced
after 11 to 12 s. Observe in the figures how the predicted miss
is driven to a critical value with little improvement afterwards. The
guidance law has converged to a steady-state thrusting direction that
corrects for the postburnout accelerations as best it can. With the
abscissa representing miss magnitude, the sharp dips in the traces
correspond to overshoot. The rapid convergence to a steady-state
condition demonstrated here is not attainable if attitude dynamics,
software rate limiting, and control system time delays are accounted
for. However, the results demonstrate the ultimate potential of the
guidance law in Eq. (4).

The fidelity of the predicted miss is also indicated in Figs. 2-6 by
the difference between the true and predicted curves. The baseline
case (zero gravity) is clearly inadequate for orbital intercepts at this
targeting range (if the interceptor endgame divert capability is on
the order of 5000 m or less). Note the closed-loop limit cycling in
the true miss curves due to the digital nature of the simulation. As
the sophistication in estimating the miss increases from constant to
quadratic approximations, an improving trend in the miss prediction
fidelity is noted. At burnout, the true misses range from 262.4 m for
the constant approximation to 6.260 m for the quadratic approxima-
tion. The fidelity indicated here will degrade, of course, as corrupted
measurements for the vehicle state vectors are considered, or tar-
geting range increases.

As noted previously, higher performance is expected from the lin-
earized inverse square technique because of the infinite order poly-
nomial generalization. Figure 6 confirms this expectation showing
a miss of 1.599 m for the technique. In generating Fig. 6, the infi-
nite order polynomials were truncated to fourth order, and Eq. (40)
was used for RIc. The origins of this improved performance can
be traced back to a key feature in the Eq. (29) gravity model, as
discussed next.

Observe from Eq. (11) that if/?/ || RT (colinear position vectors),
then the orientation of G lies along R, and the magnitude of G is
driven by the altitude difference. On the other hand, if RT & /?/
(equal altitudes), note that the orientation of G is again parallel to

/?, but the magnitude of G is driven by the directional cosine angle
between the position vectors. In the general case where both altitude
differences and directional cosine angles vary, G is not necessarily
aligned with R. However, the components of G tend to rotate with
R, and the normal component goes to zero for the special cases noted
earlier.

For the constant and linear approximations in Eqs. (12) and (16),
note that G(t) is anchored to the initial direction G(f,). The same
restriction holds for the quadratic approximation in Eq. (20) with f,-
and tp separated by only 5 s. Therefore, during the zero effort fly out
prediction, G does not rotate with/? and key acceleration information
normal to G(t{) is missing. These gravity approximations capture the
magnitude variations but not necessarily the orientation changes. In
contrast, for the spaceflight-based gravity approximation in Eq. (29),
G is an explicit function of R and is allowed to track the line of
sight during the zero effort flyout. Additionally, the two gravitational
terms on the right-hand side of Eq. (29) capture the characteristics of
G noted in the previous paragraph. This extra freedom in the gravity
approximation allows for superior guidance performance.

Guidance Gain Selection
As a first cut at selecting the guidance gain in Eq. (4), consider

a formal linearization of the guidance law and the zero gravity ap-
proximation. With respect to Fig. 1, construct a line of sight frame
with unit vectors e along R and n normal to R lying in the R — V
plane oriented to the V side of R. Introduce components for the
relevant vectors or

R = Re

V = R£ + Vnn = V££ + Vnn

V=[V<- (Vn/R}}£ + [Vn + (VnVe/R)]n
(42)

/£mjss = Rm[SS££ H- Rm\ssnn

In scalar form, Eqs. (4-6) and (9) are

Ve - (V2/R) = -(

^misse = /U 1 —

Vn + (VnVe/R) = -(l/m)Tn

D _ _ r»
**miss n ~~ **•

V
(43)

/MtiissJLn — ^missrc

TC = T- Ta = T- ^ **miss_l_7i

Figure 7 is the time domain block diagram for this closed-loop
system.

Obviously, the Vn — Tn channel is the key to reducing the miss.
Therefore, to simplify matters, consider a fixed R and V£ and focus
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•̂••H
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Fig. 7 Closed-loop guidance system.
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attention on this loop. The vehicle dynamics and guidance law are
thus

Tn = -
KRVeVn

(44)

Here, the vehicle dynamics are linear, but the guidance law still
requires linearization, an easy task left to the reader. In this linear
framework, a preliminary gain can be selected using conventional
frequency domain techniques. Of course, extensive nonlinear simu-
lation is required to validate and/or to tune the gain. This analytical
framework can also assist in scheduling the gain due to variations
in the range (/?), closing velocity (— Ve), and thrust (T\

Other key features are apparent from this analysis. Observe from
Eq. (44) that the guidance gain does not enter into the dynamics
as a pure "loop" gain but rather appears in both the numerator and
denominator of Tn. For a large value of UmiSsi(l^missil ^ l/^)»
observe how the guidance gain is washed out. In contrast, for smaller
values of/?missi(|/?missl| <^C l / K ) , the guidance gain behaves as
a pure "loop" gain. Also, as the range approaches zero, note the
guidance law avoids infinite acceleration commands.

Comparison with Augmented Proportional Navigation
In concept, the proposed guidance policy is similar to augmented

proportional navigation (APN). Additional terms are included in the
miss calculation to correct for accelerations. However, significant
differences also exist between the techniques. Here, corrections are
made for gravitational accelerations, whereas APN corrects for tar-
get accelerations. In Refs. 6 and 7, APN only considers constant
accelerations normal to the line of sight. Further, the derivation is
conducted with a simplified model for the miss that considers only
the normal component. In this work, variable accelerations along
and normal to the line of sight are addressed. Further, the derivation
makes use of the full model for the miss. If the target accelerations
are known, then modification of the proposed technique to account
for target maneuvers appears straightforward.

Conclusions
Zero effort miss guidance, when corrected for the differential

gravity effect, appears to have potentially wider applicability to
strategic intercepts than just during the close range, endgame phase.
The guidance law itself has been shown to be quiet effective in con-
trolling the predicted zero effort miss, whereas the more refined miss
prediction techniques provide a close match to the true miss, at least
for targeting ranges out to roughly 1000 km. A clear trend of improv-
ing fidelity in the various miss prediction techniques is observed in
the results, with a tradeoff of increased sophistication. Of the ap-
proximations considered for the true differential gravity effect based
on accuracy alone and under all of the modeling assumptions, the
linearized inverse square approximation appears superior with the
quadratic and linear models not far behind. Variable direction for

the gravity acceleration vector during zero effort flyouts is the key
feature imbedded into the linearized inverse square approximation,
which the other techniques lack. Note that any determination of the
suitability of the proposed guidance law for a specific application
must also consider the endgame divert capability of the interceptor.
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