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Introduction

ERTAINTY control’ enhances interceptor performance

by using a terminal guidance law that incorporates the
dynamics of the interceptor and target plus the error knowl-
edge of their estimates. This is done by constraining the final
estimated state to a spherical inequality based on the projected
estimate error. The control law reduces intercept maneuvering
when the controls associated with cost do not affect state
estimate certainty.?

Two variations of certainty control are presented in an at-
tempt to further improve interceptor performance: the first
uses a control effectiveness ratio to regulate thrusting times;
the second changes the certainty control constraint to an ellip-
soidal function based on projected estimate error. Conceptu-
ally, the second variation produces a shrinking ellipsoid about
the predicted impact point with the surface being a function of
estimated error; if the predicted miss is 1n51de or touching the
ellipsoid, thrusting is not necessary.

Variational performances in lateral thrustmg are examined
for a hypervelocity, exoatmospheric, orbital vehicle in the
final 30 s of flight while it is attempting to intercept a boosting
missile. System modeling and measurement processing are
identical to those used in Ref. 1. Target tracking is accom-
plished with a ranging device and line-of-sight sensors for
in-plane and out-of-plane measurements. Noise-corrupted
data are processed through an eight—state extended Kalman
filter (EKF) with serial updates occurnng every 0.1 s. Veloc:lty
changes are determined by varying impact conditions using
splines to reduce computational burdens and allow a solution
that lends itself to deterministic techniques.

Optimum Spacing of Corrective Thrusts

Corrective thrusting in the presence of state estimate errors
can be optimally spaced to reduce fuel. A control effectiveness
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ratio,3 p, is established to determine the spacing between
thrusts: the ratio directly yields thrust times when control ef-
fectiveness is a linear function of time. Control effectiveness is
measured by the amount the end conditions vary for a speci-
fied control; for this problem, as intercept time decreases, sO
does the ability of lateral thrusting to vary miss distance. With
a ratio of two (p =2.0), the corrective thrusting should only

occur when the control has half the effect (1/p) of the previous

corrective thrust. If control effectiveness is a near-linear func-
tion of time, as is the case for a hypervelocity orbital vehicle,
then it will be halved at about half the time to impact since the
last thrust. Thrusting will occur at the start of the intercept, at
one-half time-to-go, one-fourth time-to-go, one-eighth time-
to-go, etc. When spacing is less than the estimator’s cycle time

(0.1 s for this study), impact is imminent and thrust is termi-
nated.

Certainty Control Formulation
with Ellipsoidal Constraint

As stated earlier, if the controls associated with cost do not
affect state estimate certainty, then fuel may be conserved
by using that certainty to reduce control efforts. When the
controls are linked to the estimate certainty, a near-perfect
estimate yields the optimal control (certainty equivalence solu-
tion4), and a poor estimate causes a reduction in control. Cer-
tainty control does this by constraining the final estimated
states to a spherical inequality based on the projected estimate

error. An ellipsoidal inequality is introduced by establishing
the cost function,
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where AV, and AV, are the interceptor’s velocity changes, and
K is the constraint weighting factor. Time-to-go 7, is used
as a third control parameter to minimize miss distance but does
not explicitly appear in the cost function. The final state esti-
mates (X, V7,27) and their deviations (os,0,s,0;/) are deter-
mined by running the filter forward to predicted impact time
without measurement or control updates and then representing
their time history with splines:
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Conceptually, the constraint produces a deviation ellipsoid
about the predicted impact point. If the predicted miss is inside
or touching the ellipsoid, then thrusting is not necessary. If the
predicted miss is outside the ellipsoid, then minimum thrusting
is determined to bring the miss to the ellipsoid’s surface. Sen-
sor inaccuracies will cause the predicted impact point (ellip-

soid center) to jitter with each measurement; chasing this point

(i.e., attempting a zero-miss solution) results in counterpro-
ductive maneuvering. As the estimates improve, the constraint
tightens and the ellipsoid shrinks, along with predicted miss
distance. The spline representations allow this stochastic prob-
lem to be solved in a deterministic fashion® by adjoining the
constraint to the cost function to form the Hamiltoman:

H=L+M\f | - (12)

where \ is the Lagrangian multiplier. The partials of H with
respect to the controls must equal zero:

oH _ Nt

= (0 (13)

oav, T’ o
ok A2/t
07 Ay, - XL g (14)
BAVZ ﬂ'd
oH _ XXy jfj:'f ?L%[ .ifzf Oxf y[ Oy ZE O\
3t“)‘z+z+02"3“3“3“
go Oxf  Oyf 2 Oxf Gyr Gzr
(15)
with
% =3A4t% + 2Bty + Cy - (16)
Yr=3A,t% + 2Bty + C, — AV, (17)
2, =3A,t1 + 2Bt + C; — AV, (18)
Oyr = 3Aoxl s + 2Boxlyo + Cox (19)
Gy = 3A gt + 2Bgytye + Cyy (20)
0yf = 3Applyy + 2Bty + Co; @21)

Equations (2), (13), (14), and (15) constitute four equations
with four unknowns, which can be reduced to two equations
and two unknowns using Egs. (7) and (8). Substituting Eq. (7)
into Eq. (13) vields
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In a similar manner, substituting Eq. (8) into Eq. (14) yields
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Equations (2) and (15) can now be solved in terms of A and
t.0, With AV, and AV, determined afterward from Egs. (22) and
(24). The parameters A and f,, can be found by numerical
techniques using the Jacobian:
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