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Linear-Quadratic Guidance Law for Dual Control
of Homing Missiles

D. G. Hull,* J. L. Speyer,} and D. B. Burris}
University of Texas, at Austin, Austin, Texas

A linear-quadratic guidance law, called the dual-control guidance law, is proposed for enhancing the information
content of the intercept trajectory of a homing missile. The feasibility of this guidance law is established by
comparing its tracking performance with that of a linear-quadratic guidance law based on miss distance only.

Nomenclature

a = acceleration, ft/s?

A,B = constant matrices in state equation

c = constant weight in linear-quadratic guidance law,
S—3

C = gain

H = measurement matrix

1 = observability Gramian

J = performance index

N = navigation ratio

t = time, §

u,v,w = components of relative velocity, ft/s

U = control vector

14 = positive-definite, diagonal weighting matrix
(constant)

w = constant weight in dual-control guidance law, s=*

w = positive-definite, diagonal weighting matrix (time
varying) )

x,y,2 = components of relative position, ft

X = state vector

Y = matrix in gain vector

At =f—1

) = azimuth angle

A = reciprocal of the target maneuver time constant, s~!

A = matrix in gain vector

¢ = elevation angle

0] = transition matrix

Subscripts

f = final point

g0 =10 go

M = missile

0 = initial point

T = target

x,y,z = components in inertial space

3 = 3 x 3 matrix

I. Introduction

N the analyses of missile guidance systems, it is usually
assumed that the navigation filter and the guidance law can
be designed separately. Although it is true that the filter
structure does not depend on the control law,! the control law
does depend on the information received from the filter, and
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the control law affects the performance of the filter. Hence, it
is important to design the guidance law for a homing missile
with the performance of the filter in mind. This dual role of
the guidance law intercept and estimation enhancement is
referred to as dual control.

Previous research in this area has been concerned with the
understanding of the problem and has not led to a mechaniz-
able dudl-control guidance law. Early studies have considered
guidance laws in cascade with an extended Kalman filter. In
Refs. 2 and 3, numerical optimization is used to maximize the
information content of an intercept trajectory of a realistic
model of a homing missile. The performance index is taken to
be the trace of the Fisher information matrix (observability
Gramian), and the resulting trajectory indicates that the line
of sight between the missile and the target should be kept in
motion to increase filter observability. In Refs. 4 and 5, simple
engagement dynamics are employed to compute maximum-in-
formation paths; however, the structure of the optimal control
problem is still too complex to yield an analytical solution.

‘Finally, in Ref. 6, the problem is formulated as the minimiza-

tion of the covariance matrix at the final point. The perfor-
mance index is the smallest eigenvalue of the information
matrix or observability Gramian. Again, the structure of the
problem is too complex to result in a simple solution.

Recently, it has been discovered that the nonlinear mea-
surement functions associated with angle-only measurements
can be expressed in a linear form.” This has led to the
development in Ref. 8 of a new filter structure called the
modified-gain extended Kalman filter. Application of this
filter along a maximum-information intercept path is dis-
cussed in Ref. 9.

In this paper, a linear-quadratic guidance law (LQGL) with
estimation enhancement features associated with the
modified-gain extended Kalman filter is discussed. The perfor-
mance index has been proposed by Speyer, investigated in
two-dimensions with Riccati equations in Ref. 10, and studied
in more detail in Ref. 11. The present paper is a summary of
these results.

In Sec. II, the standard linear-quadratic guidance law is
reviewed. Next, an information-enhancing term is motivated
in Sec. III, and, in Sec. IV, a linear-quadratic guidance law
that accomplishes intercept and information enhancement,

“called the dual-control guidance law (DCGL), is developed.

Then, tracking results along paths generated by the two
guidance laws are presented in Sec. V. Finally, some discus-
sion and conclusions are presented in Sec. VI. The Appendix
contains a definition of the linear-quadratic optimal control
problem and the equations for the dual-control guidance law.

II. Linear-Quadratic Guidance Law

A commonly used guidance law for homing missiles is
called proportional navigation. It is based on the principle of
driving the line-of-sight angle rate to zero in order to keep the
missile and target in a homing triangle. Theoretically, this
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guidance law is valid only for engagement geometries in which
the missile does not deviate very much from the homing
triangle. Also, when the missile and the target are approxi-
mately in the homing triangle, the state of the engagement has
very low observability.

A more recently developed guidance law, which contains
proportional navigation as a particular case, called the linear-
quadratic guldance law, is based on the minimization of the
performance index'?

i
@k, +ad, +aj)dr ()

1o

¢ 1
J=5(x}+y}+z})+5

subject to the linear differential constraints

X=u 2
y=v 3)
i=w (4)
U=ar, —ay, (5
U=ar, —ay, (6)
W=ar, —ay, @)
dr = —lay, (®
dr, = —Aar, 9
ar,= —Aar, (10)

subject to the prescribed initial conditions
10:X0:Y0,20:U0:V0: W, T, AT, BlVEN (11)
and subject to the prescribed final condition
t, given (12)

In these equations, x, y, z, u, v, and w are the components of
the relative position vector and the relative velocity vector in
inertial coordinates (see Fig. 1). Also, ar,, ar,, dr,, dy,, @

and a,, are the inertial components of the target and mlssﬂve
acceleration vectors. The quantities ¢ and A are discussed in
subsequent paragraphs.

The purpose of the performance index [Eq (1] is to
minimize the miss distance with a penalty on the magnitude of
the missile acceleration. The weighting factor ¢ is a design
parameter whose value is chosen to balance miss distance and
missile acceleration.

The differential equations (2-10) are the deterministic forms
of the stochastic differential equations used in the navigation
filter to estimate the engagement states from measurements
made by the missile.!* Equations (2-7) are the kinematic
equations of relative position and relative velocity. In the
filter, Eqs. (8-10) with additive white noise represent first-or-
der Gauss-Markov processes and are used to keep the filter
tracking target acceleration changes. The quantity A is the
reciprocal of the target acceleration time constant and is a
design parameter whose value can be chosen to tune filter
performance. In the filter, the missile acceleration components
are assumed to be measured, although in the development of
the guidance law, the missile acceleration components are the
control variables.

The prescribed initial conditions in Eq. (11) are assumed to
be available from the navigation filter. On the other hand, the
prescribed final condition in Eq. (12) presents a problem
because the final time is not actually known. Hence, some
algorithm for predicting final time is needed, and the formulas
currently being proposed are not acceptable for all engage-
ment geometries.
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Fig. 1 Intercept geometry and measurement angles.

A disadvantage of the problem formulation represented by
Egs. (1-12) is that the missile actually cannot control ali three
missile acceleration components. Hence, in the implementa-
tion of the guidance law, the commanded missile acceleration
is projected onto the missile axes; the longitudinal component
is disregarded; and the lateral and normal components are
used to create control commands.

An advantage of this problem formulation is that the
optimal control problem splits into three separate problems—
one along each axis. Hence, the optimal control problem
actually solved is to find the missile acceleration history
ay (f), that minimizes the performance index

PERLAY WL LOE Yy (13)
277 T2 ), M

subject to the differential constraints

y=v (14)
U=ar, —ay, (15)
dTy = _‘j.aTy (16)

subject to the prescribed initial conditions

tO’yO’UOaa Tyo given ( 17)

and subject to the prescribed final condition, Eq. (12).
Structurally, this is a linear-quadratic problem (see the
Appendix), and its solution is given by

App, = Cy+Cp+ CsaTy (18)
where the gains are defined as
N
C= (19)
go
N
C = . (20)
go
Nlexp(—At,,) + At,, — 1]
Cy= £ £ 21
3 ( l tgo) 2 ( )
where N is the navigation ratio
3ctl,
=— 22
el +3 22
and the time-to-go is
tgo = tf ) (23)

If the weight ¢ is taken to be large so that miss distance is
emphasized at the expense of missile acceleration, the naviga-
tion ratio, Eq. (22), becomes N = 3. If 4 is made large, then
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C;—0. Finally, if small angles are assumed the LQGL Egq.
(18), reduces to proport10na1 navigation.!2

If a bank-to-turn missile in a six-degree-of-freedom simula-
tion is guided by the LQGL with time-to-go being calculated
as range divided by closing speed, the trajectory has the form
shown in Fig. 2, where the target is performing a 9 g acceler-
ated maneuver. See Table 1 for the values of the constants
used in the calculations. The final time is 3.4 s and the miss
distance is 0.70 ft. It is noted that the geometry toward the
end of the engagement has the appearance of the homing
triangle. As a consequence, a navigation filter would be
unable to produce accurate estimates of the state. In other
words, the system has low observability, and if the target were
to maneuver near the end of the engagement, the missile
would not be able to track it. A consequence of this discussion
is that it would be desirable to include something in the
quadratic performance index that has the effect of making the
system more observable. The additional term is motivated in
the next section.

III. Observability of the Navigation Filter

To develop a filter that estimates the engagement states
from measurements made by the seeker, mathematical models
for the system dynamics and measurements are needed. The
deterministic form of the dynamical model is given by Egs.
(2-10). The measurements are assumed to be the azimuth
angle 6 and the elevation angle ¢ of the current line of sight
relative to the initial line of sight (Fig. 1). These angles can be
related to the state as follows:

6 = tan—1(y/x) (2%

—Z

¢=tan ! ————
(x2 +y2) 1/2

(25)

Unfortunately, although the dynamic model is linear, the
measurement model is nonlinear and must be linearized to
develop a filter such as the extended Kalman filter. The
application of the extended Kalman filter to homing missile
guidance using the dynamic model [Egs. (2-10)] and the
measurement model [Eqgs. (24) and (25)] is presented in Ref.
13. In general, the extended Kalman filter does not work well,
partially because of process noise and partially because of low
observability due to the guidance law.

Recently, it has been discovered that the angle-only mea-
surements [Eqgs. (24) and (25)] can be expressed in a linear
form’ so that the linearization is no longer necessary. The new
forms of the measurement equations are as follows:

(sinf)x — (cosf)y =0 (26)
(sing cosf)x + (sing sinf)y + (cos¢)z =0 Q2n

which can be verified by substitution of Eqgs. (24) and (25).
This new measurement model has motivated the development
of a filter specifically for the homing missile problem. It is
called the modified-gain extended Kalman filter,® and its use is
compared with that of the extended Kalman filter in Ref. 9. It
has been shown in Refs. 7 and 8 that the pseudolinear filter
(PLF) produces biased estimates. Since both the filter gains
and the residual process are functions of the current noisy
measurement, their product in the filter induces correlation
that results in the estimate bias. To avoid this problem, it is
suggested that the gains be computed only as functions of the
a priori measurement history. For the modified-gain extended
Kalman filter, which is a variant of the PLF, this procedure,
as tested in simulation, produced unbiased estimates for the
bearings-only problem.?

DUAL CONTROL OF HOMING MISSILES

100. 00

o Imitial Position
Missile

8p. 00

~ =~ — Target

X — AXIS (FT) #»10°%
40.00 60.00

2?. 00

0. 00

o0 50.00  100.00 150,00 200.00  250.00
Y — AXIS (FT) #10

a)

|‘15.00

112,00
s

o Initial Position
Missile

(FT) *10°
|.08.00

104.00

ALTITUDE
R

IIDO.OD

.00

~00 20.00  40.00 00 100.00

40.0 ao
X - AXIS (FT) «10°

b)

Fig. 2 LQGL trajectory in: a) X,Y; plane; b) X,Z, plane.

Table 1 Constants used in computations

139

Launch conditions:
Range = 5000 ft
Aspect angle = 30 deg
Off-boresight angle = 0.0 deg
Altitude = 10,000 ft

Initial error variance:

Py, = P,, = P;; = 250,000 ft?

44 = Pss = Pgg = 10,000 ft?/s?

P, = Py = Py, = 25,000 ft2/s*
Constants:

¢ = 10,000 s—3

A=1s"1

w=017s"*

Sample period =0.02 s

In a matrix form, the dynamical model and the measure-

ment model for the filter can be expressed as
X =AX +BU
and
HX =0
Here, the state vector is given by
=[xyzuvwar arar]”
and the control vector is written as

U= [aMx Ap, aM,] r

(28)
(29)
(30)

€2))
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Finally, the matrices 4, B, and H are defined as

0; I; 04 0,
A={0, 0, L | B=]|-L (32)
0, 0, —AL 0,
_ sinf — cosf 0 000 O0O0TO0 (33)
" | sing cosf singsind cosp 0 0 0 0 0 O

where 0; and I; are 3 x 3 zero and identity matrices, respec-
tively.

The linear system represented by Eqgs. (28) and (29) is
observable!4 if the observability Gramian

i
I(tpty) = j OTHTH® dt (34
i t

0

is nonsingular. In this equation, ® = ®(z,1,) is the transition
matrix associated with X = AX, i.e., it satisfies the differential
equation ® = A® and the boundary condition ®(z,,t,) = 1.
For A defined by Eq. (32), the transition matrix is given by

e M AAr—1
L (A)L —= b
e 1
Ott) = |05 L - L (35
0; 0, e M,

where At =1t — ¢,

It is argued that the more nonsingular the observability
matrix [Eq. (34)] is, the more observable the system is.
However, to develop a maximum-observability trajectory, a
scalar performance index is needed. Here, the performance
index is taken to be the trace of the positive-definite matrix
[Eq. (34)], i.e.,

ir
J=trW j OTHTVHQ dt (36)
Ig

where W and V' are positive-definite, diagonal weighting
matrices. The constant matrix W makes it possible to consider
parts of the observability matrix and is written as

Wl 13 03 03
W = 03 W213 03 ( 37)
03 03 W3I3

where W, W,, and W, are constants. The time-varying matrix
V is included to weigh information enhancement toward the
beginning of the trajectory; it is chosen to be

R 0
V= 38
5 2] (39)
where R denotes the range-to-go and R*=x2+3y%+2z2 In
Eq. (36), the trace and the integral commute. Then, because

of the property of the trace that tr(ABC) = tr(CAB), the
performance index can be rewritten as

i
J= J trtHTVHOW®T dt (39)
t

0

Next, Eqs. (24), (25), (33), (35), and (37-39) can be combined
to yield

v 2 W, — At 2
J=2t W, + WAt +o5e + A1 —1)

o

x (x2+y?+2%) dr (40)
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Fig. 3 Conjugate point in DCGL.

where At =t — t,. Finally, if only position information is to
be considered (W, =1, W, =0, W, = 0), a performance index
for information enhancement becomes

J (v '
—=| (2+y*+zH)d: (41)
20 )

Since observability is to be maximized, Eq. (41) is added to
Eq. (1) with a negative weight to form the dual-control
performance index.

4
J =57 +y;+2)

2
b3 | @k, +ady, +ad) — w4 e a @)

to
This performance index represents minimizing the miss dis-
tance with a penalty on the missile acceleration and with a
“negative penalty” on the distance to the target. It has the
additional benefit that the optimal control problem again
splits into three separate problems—one along each axis.
However, the optimal control problem now has the possibility
of a conjugate point.

IV. Dual-Control Guidance Law

The optimal control problem to be solved is that of finding
the control ap (1), which minimizes the quadratic perfor-
mance index

¢, 1Y, 2
J=zyi+5| (@i, —wy?)de (43)
2 2 )

subject to the linear differential constraints [Egs. (14-16)], the
prescribed initial conditions [Eq. (17)], and the prescribed
final condition [Eq. (12)].

This linear-quadratic problem leads to the optimal control
or DCGL

ay, =Cy + Cy + C3ary (44)
where
Ci =AYy +ApY, +AxYsy (45)
Co=AnY o +ApnYyH+AnYs, (46)
Cy= A21 Yis+ A22 Y+ A23 Y33 (47)

The matrices A and Y are developed in the Appendix. For
w =0, the DCGL reduces to the LQGL.

A difficulty associated with this guidance law is that the
optimal path has a conjugate point at some time-to-go 7.
Hence, it is important to choose the weighting parameter w so
that the conjugate point time-to-go is larger than the missile
time-to-go t,,. The conjugate point occurs when the matrix ¥
diverges. It has been determined numerically for a range of
values of w and is shown in Fig. 3.
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Fig. 5 Relative position tracking error.

The next step is to determine a value for w so that the miss
distance is small, the missile acceleration is not excessive, and
there is sufficient information content in the measurements.
The values of ¢ and 4 are not changed. In order to allow some
time for observability maneuvering, the time-to-go is in-
creased by 10% before the gains are calculated.

If the time-to-go is calculated as range divided by closing
speed, a reasonable value of w is 0.17 s ~*. The trajectory that
results from the use of Eq. (39) as a guidance law with a
sample time of 0.02 s is shown in Fig. 4. The final time is
4.40 s, and the miss distance is 2.88 ft. Note that the trajectory
exhibits the character of the maximum information trajecto-
ries computed in Refs. 3 and 5, i.e., the missile swings in

1.80 2.70 3. 60 450
TIME (SEC)

Fig. 7 Target acceleration tracking error.
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Fig. 8 Position standard deviation.

behind the target to maximize the line-of-sight angle rate.
Figure 4 shows that range divided by closing speed may not
be a good way to calculate time-to-go for this guidance law.
The angle between the missile velocity vector and the line of
sight to the target can become large so that the closing speed
becomes small and the predicted time-to-go becomes too
large. :

V. Tracking Results
The miss distance for the DCGL is greater than the miss
distance for the LQGL. This is to be expected because miss
distance is being traded for observability. To show this, both
guidance laws have been used to fly a bank-to-turn missile
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whose guidance system contains a navigation filter in cascade
with the guidance law. However, the guidance law is fed the
true states so that the filter does not influence the trajectory.
The filter is used to obtain estimated states, which are then
compared with the true states. Measurements are made at
0.02-s intervals and processed by the modified-gain extended
Kalman filter being operated as an observer. The true relative
position, the true relative velocity, and zero target acceleration
are used for the initial state estimates. Initial values for the
error covariance P are presented in Table 1.

The tracking error presented is the magnitude of the error
vector, i.e., the difference between the true vector and the
estimated vector. Relative position error, relative velocity
error, and target acceleration error are plotted in Figs.
5-7. Initial target acceleration error is due to a 9-g target
maneuver. :

In general, measurements processed along the DCGL path
provide better tracking results than those along the LQGL
path. Since there is no process noise, the improved tracking
results are due entirely to the shape of the trajectory along
which the measurements are taken. Hence, the range term
added to the performance index has the effect of improving
the tracking performance of the observer.

Maximizing the observability is related directly to minimiz-
ing the error variance. Hence, as another indication of the
usefulness of the DCGL, the maximum eigenvalues of the
position part and the velocity part of the error variance are
plotted in Figs. 8 and 9 in the form of a standard deviation
(square root of the eigenvalue). It is noted that the standard
deviations associated with the DCGL are less than those of
the LQGL along the path and substantially less at the final
time.

V1. Discussion and Conclusions

The purpose of this paper has been to introduce a new
linear-quadratic guidance law that has the effect of enhancing
the information content of the flight path of a homing missile.
Until now, it has not been possible to achieve a mechanizable
guidance law that increases observability. The ability of this
dual-control guidance law to improve state estimation has
been demonstrated by comparing estimates obtained along its
path with those obtained along a path generated by the
original linear-quadratic guidance law.

Although the feasibility of this dual-control guidance law
has been established, there is still much to be accomplished
before it is useful. As an example, proper values for the
penalty weights must be established to balance miss distance,
missile acceleration, and filter enhancement for all engage-
ment scenarios. Also, it seems reasonable that the value of w
should be adaptive, i.e., its value should be tied to some
measure of the error variance. If the error variance becomes
large, w can be increased until the variance is reduced. Next,
a current method for predicting time-to-go may not be ade-
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quate because this guidance law can cause the missile velocity
vector to become perpendicular to the target velocity vector
so that time-to-go predicted by range divided by closing speed
becomes infinite. Hence, a new time-to-go algorithm is re-
quired. Finally, it has been suggested that the information
weight w be included in a form such as w exp[ —a(t, — )],
where a is a constant, in order to delay the conjugate point.
This feature is currently under investigation.

Appendix
A general form of the linear-quadratic problem is the
minimization of the quadratic performance index

J=%xfTTxf+%J:)f(xTUx+uTVu) ds (AD)
subject to the linear differential constraints
X =Mx + Nu (A2)
subject to the prescribed initial conditioﬁs
o, Xo given (A3)
and subject to the prescribed final condition
t, given (A4)
Here, x is an n x 1 state vector; u is an m x 1 control vector,
and dimensions T, U, V, M, and Nare n Xxn, n X n, m X m,
ﬁy>l<2n, and n x m, respectively. The optimal control is given
u=0Cx (A%)
where the gain matrix C is defined as
C=—V"INTAX! (A6)
The two n xn matrices X and A satisfy the differential
equations
X=MX-NV-INTA (A7)
A= -Ux - MTA (A8)

and the boundary conditions
X, =1 (A9)
A=T (A10)

To fit the dual-control problem into the linear-quadratic
structure, it is seen that

x=[yvarl’, u=lay)] (AlD)
¢c 0 0 —w 0 0
T=|0 0 0|, U= 0 0 0l V=[1] (A12)
0 0 0 0 0 0
01 0 0
M=|0 0 1, N=|-1 (Al13)
0 0 -4 0
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Then, the differential equations [Egs. (A7) and (A8)] and
their boundary conditions [Egs. (A9) and (A10)] become

X = Xo1, Xy=1 (Al14)
X=Xy, Xy=0 (A15)
X3 = Xp, Xp3=0 (A16)
Xy = X3 — Agy, Xy =0 (A17)
Xy = X3 — Ags, Xopr=1 (A18)
X3 = X33~ Ay, Xps=0 (A19)
X3 = — X5, X3,=0 (A20)
X3 = =X, Xap=0 (A21)
X33 = —AX,s, Xppp=1 (A22)
A =wXy,, Ays=c (A23)
A, =wXy,, Apy=0 (A24)
A =wXy,, Ayyr=0 (A25)
Ay =—Ay, Ayy=0 " (A26)
Ap=—Ap, Ayyy=0 (A27)
Ay =—Ap, Agzp=0 (A28)
Asy = —Ay + AAsy, Az =0 (A29)
A= —Ayp+ Az, Asyy=0 (A30)
Ay = —Ays + AAy,, Asyr=0 (A31)

The solution process for these equations begins with the
integration of Eqs. (A20-A22) to obtain

X51=0, X3=0, Xs=expli(t,—1)] (A32)

The general procedure for integrating the remaining equations
is now discussed by considering the equations for X,;, X,,,
A3, and A,;. Combining Egs. (A16), (A19), (A25), and (A28)
gives

X —wXyy= Y33 (A33)

Assuming a solution of the form

X, = ae™ (A34)

for the homogeneous part of Eq. (A33) leads to the following
equation for a:

at—w=0 (A35)

The four solutions of this equation are

o= +k, —k, +ik, —ik (A36)

where
k=wl4 (A37)
Hence, the general solution of Eq. (A33) has the form

X3 = a, exp(kt) + a, exp(—kt) + b, coskt + b, sinkt  (A38)

DUAL CONTROL OF HOMING MISSILES 143

where a,, a,, b;, and b, are constants of integration. Because
of the form of X, a particular solution for Eq. (A33) is given

b
Y o,
13— 14 —w
so that the complete solution of Eq. (A33) is the sum of Egs.
(A38) and (A39). Once X, is known, expressions for X3, A,
and A,; follow from Egs. (A16), (A19), and (A28). Finally,
the constants of integration follow from the boundary condi-
tions on these functions.
The solutions for all of the functions that are needed in the
guidance law are given by the following equations, where
T=t—t

(A39)

1
X, = A, exp(—kt) + 4, exp(kt) + 3 coskt

¢
~_ sink A40
+ TE sinkt ( )
1 1 1 .
Xp= yTe exp(—k1) — % exp(kt) — * sinkt (A41)

X5 = A, exp(—kt) + 4, exp(kt) + B,k exp( —kt)
+ B4 sinkt + C, exp(41) (A42)

Xy, = Ak exp( —kt) — Aok exp(kr) — % coskt

k
+ 3 sin kt (A43)
1 1 1
Xy = 2 exp(—kt) + 2 exp(k7) + ) coskt (Ad4)

X,3 = A,k exp( ~kt) — Ak exp(kt) — B kA coske
+ B,k?sinkt — C,A exp(iz) (A45)

X5 =0, X;,=0, X33 = exp(47) (A46)

k2
Ay = — Ak? exp( —krt) — A,k exp(kt) + 7 coskt

C
TPt A47
+5 sinkt (A47)
k k k .
Ay = — 7 6XP (—kt)+ 1 exp(kt) — 3 sinkz (A48)

Ay = —Ak? exp( —kt) — A,k exp(kr) + B,k> coskt

+ B k4 sinkc ~ C, /—{”5 exp(41) (A49)
In these equations,
1

A1=Z(l+%) (A50)
g=t1-L (A51)

2740 K
_ (P22 w)A—k)
A= 4k3(2* — w) (A52)
_ (k222 + w)(A + k)

IR e —————— A

2 k34— w) (A33)
_ w—k?2?
Bl = m (A54)
a2
Ci=gi— (A55)

This guidance law is presented in the text, where the matrix ¥
is the inverse of X.
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