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Neighboring Extremal Control Design
Using Error Compensation
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and
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Error compensation, which has been used to improve the performance of approximate analytical optimal
controls, is extended to neighboring extremal control. The optimal control problem with error compensation is
defined, the first variation conditions are linearized about an optimal path to account for perturbations in the
initial state and the final constraint manifold, and the neighboring extremal control is derived. A vehicle guidance
example demonstrates that the tuning procedure inherent in error compensation moves the performance of the
derived control toward that of a numerically determined piecewise-linear optimal control.

Nomenclature
a;, b, c; = linearization coefficients for trigonometric
functions
Cp = aerodynamic drag coefficient
Cp, = zero-lift drag coefficient

Cy = lift coefficient for maximum lift/drag ratio
scaled aerodynamic lift coefficient
scaled aerodynamic side force coefficient
maximum lift/drag ratio

= error compensation control vector
altitude, ft

density scale height, ft

tuning parameter matrix

sweep variable matrices

time, s

aerodynamic control vector
velocity, ft/s

nondimensional velocity
nondimensional density
downrange distance, nm

state vector

cross-range distance, nm

running variable

sweep variable

flight-path angle

nondimensional cross range
Lagrange multiplier vectors
nondimensional downrange

air density, slugs/ft®

heading angle

final constraint manifold

endpoint function

nondimensional density

R
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Introduction

HE philosophyof optimal guidanceis to use the optimal control
from the sample point to the desired final point in a sample-
and-hold fashion. For optimal guidance to be accepted, the optimal
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control must be analytical (explicit). To obtain an analytical optimal
control,itis necessary to make approximationsin the model describ-
ing the physical system. Rather than discarding these terms, the ap-
proach of error compensation (EC) treats them as bounded controls,
which need not be written in terms of a small parameter, a require-
ment of the Hamilton-Jacobi-Bellman expansion approach.! Error
compensation applied to approximations in the dynamics has been
presented and applied to approximate boundary conditions? If an
analytical optimal control cannot be obtained, it is possible to guide
the dynamic systemin the neighborhoodof a reference optimal tra-
jectory using neighboring extremal guidance. The purpose of this
paperis to extend error compensationto neighboringextremal (NE)
control using the sweep method.*

After the theory is derived, it is applied to the descent of a hyper-
sonic glider from a constant-altitude cruise to a fixed point on the
ground, a problem that previously has been examined?® In fact, this
work borrows heavily from Ref. 5, using some of the same approx-
imations, the same guidance scheme, and the same numerical test
case. However, the inclusion of the error compensation terms im-
provesthe performanceof the guidancelaw and moves the trajectory
closer to the numerically determined optimal path.

General EC Problem
The EC approachis to rewrite the system dynamics as

x = f(t,x,u) +e(t) (1)

where u is the normal control vector and f approximates the true
dynamics.? The inherent bounds on the EC controls are replaced by
penalty terms in the performance index J as

tf
J :)((tf,Xf)+/

to

|:£(t, x,u)+ %eTMlei| dr )

where the matrix M is a diagonal matrix of constants. These con-
stantsare tuning parameters that are associatedwith the EC controls.
The tuning parameters are user-selected by tuning the control solu-
tion against the true vehicle dynamics during computer simulations
of the control law.

The general optimal control problem including EC is written

in J
ez(t rr}tm 3)
subject to the differential equations, Eq. (1), the initial conditions
1y, X, specified

and the final constraint manifold

y(ts,xp) =0
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The nonstandard notation ext is used because the EC controls ex-
tremize (either minimize or maximize) the performance index.
The Bolza function and the Hamiltonian for this problem are

G =ty xp)+v y(ty, xy) 4)
H=Lt,x,u)+Le" M~ e + X[ f(t,x,u) +e] (5)

where f is the approximate state vector. The Hamiltonian is separa-
ble in u and e by definition of the EC controls. If x (¢, x ;) is suffi-
ciently simple so that the performance index is separable in # and
e, the control solution is independent of the order of optimization ®
The first variation conditions that describe the extremal path are?

dx -
— =f(t,x,u) +e(1) (©6)
dr
dX .
— =—H/(t,x,u e X 7
” c(t,x,u, e, ) @)
0=H!(t,x,u, N ®)
0=H(t,x,e,\) 9
and the boundary conditions for these differential equations are
ty, xo specified (10)
y(ty,x;) =0 (1n
Q=L +G, (fy+e)+G, =0 (12)

A necessary condition for the optimality of the extremal controls
is the Legendre-Clebsch condition, which checks the sign of the
second derivative of the Hamiltonian with respect to the controls.
For the normal controls to be minimal,

Hy,(t,x,u,A\) >0

which can be checked only when the specific problem has been
defined. However,

H, = M~

so that the signs of the individual tuning parameters determine
whether the EC controls minimize or maximize the performance
index.

NE Controls

An NE path is a path that lies in the neighborhood of the optimal
path and satisfies the first variation conditions.* The equations that
describe this path are found by linearizing the optimality equations
and boundary conditions about the optimal path. Even though it
is not known whether the EC controls minimize or maximize the
performanceindex, the NE path can be determined.

Linearizing Eqs. (6-9) about the optimal path produces the NE
equations

= &+ f,6u + Se (14)

d(ft)\) = —H, 6x — Hy,bu — H, — f:g)\ (15)
0= H, & + H,,ou+ £\ (16)

0= H,dx + H,de + 5\ a7

where the substitutions Hyx = fI, H,x = f[, and H,5 = I (the
identity matrix) have been made using the definition of the Hamil-
tonian, Eq. (5). For convenience, an augmented control vector is
defined as &’ = [u e]. Equations (16) and (17) are rewritten more
compactly as

0 = Hybx + Hyou + f.7 A (18)

where

Hux rT f1 Huu O
Hy, = ) fa =1 Hyz; =
Hex I O Hee

The problem is now in the standard form, and the control pertur-
bation is*

&t = —H'{[Ha + £ (S = RO'RT)|éx + [fT R 07" ]6v}

o (19)
where S, O, and R are defined as
S8 —(mm”/a) (20)
020-(m'"la 1)
RER— (mn"/a) (22)
The differential equations for the sweep variables are
§=-SA—A"S+SBS-C (23)
R=(SB— AR (24)
m=(SB—A")m (25)
Q =R"BR (26)
in=R"Bm 27
a=m"Bm (28)
where the intermediate variables are defined as
A=f, — f,H. Hy, (29)
B = fiHy fi (30)
C=H,— H;H_ 'H;, (1)
and the final values of these sweep variables are
Sp = Gupxys Ry =y, my=Q
. . (32)
Q,=0, np=Vy, ar =Qf

Hypersonic Glider Problem

A guidance law using EC is developed for a hypersonic glider.
The optimal control goes to the ground, and the NE control is used
to correct along-track and cross-track errors. This implementation
of the NE control is different from the normal use and is explained
in depth in a later section.

The differential equations that describe a nonthrusting vehicle
moving over a nonrotating spherical Earth and modeled as a point
mass are’

dx )
i Vrk\.:—h COS ¥ COS X (33)
dar v ry . (34)
dr re+h cosy sinx
dh
T = Vsiny (35)
v D -\ G6)
a me S\ngn) M7

2
dy L 1% s rg
—_— = - = 37
dr moV +|:rx+h V(rj.-l—h) :|cosy (37)

d N Vv Y
S Ve ,(Y)

dt — myVcosy re+h A
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The mean radius of the Earth and gravity at the Earth’s surface have
the numerical values

r, = 20,925,672 ft, g, = 32.172 ft/s*

The glider has the mass and reference surface area

mg = 15.52slugs, Sg = 1.5ft?

The aerodynamiclift, drag, and side force are written in terms of
nondimensional coefficients as

L = %pVZSRCL, D= %pVZSRCD, S = %pVZSRCS
respectively, where the air density p is determined from interpo-
lated data of the 1976 standard atmosphere?® The aerodynamic co-
efficients are determined by linear interpolationof wind-tunneldata
that are stored as a function of angle of attack, sideslip angle, Mach
number, and Reynolds number.

Approximate Model

The preceding equations of motion define the simulation envi-
ronment (or truth model) that describes the glider. Because they are
highly nonlinear, a reductionto a set of approximate equations must
be performed to get an analytical solution for the optimal controls.
The following approximations are used.

1) Low-altitudeflight. The altitude of the glideris small compared
with the radius of the Earth, and so, r, + h = r,.

2) Parabolic drag polar: The glider is assumed to be flying hy-
personically throughout the trajectory, and so, the nondimensional
drag coefficient is approximated by

Cp = Cp,(14C} +C3)

where C;, = C./Cj and 65 2 Cs/ C} are the scaled lift and side-

force coefficients and are the aerodynamiccontrols for this problem.

The drag polar constants are
Cp, =0.043, C; =0.2888

and the maximum lift-to-dragratio is E* = 3.281.

3) Dominant aerodynamic forces: Because the glider is flying
hypersonically, the aerodynamic forces are assumed to be much
larger than the other terms in the V, ¥, and y differentialequations.

4) Exponential density: An analytical approximation for the air
density is

pE pxefh””? 39)

where p;, = 0.0023769slug/ft? is the density at sea level and iy =
23,800 ft is the density scale height chosen by fitting an exponential
curve to a plot of density vs altitude.

5) Linearizedflight-pathangle: The flight-pathangle is linearized
about the current flight-path angle y,, which simplifies the trigono-
metric functions to
siny Zap+ a1y cosy =by+ by 1/ cosy =co+c1y
where a;, b;, and ¢; are the series expansion coefficients. The
accuracy of these approximations improves toward the end of the
trajectory when the flight-path angle changes less.

The two major differencesbetween the approximationsused here
and those used in Ref. 5 are as follows: 1) Loh’s approximation’
is not used to simplify the differential equation for the flight-path
angle and 2) linearization about y = 0 was used in Ref. 5, whereas
linearization about the current flight-path angle is used here.

The dimensional states (X, Y, i, V) are replaced with the follow-
ing nondimensional variables:

£ s X 2 Y
= n=—
hg hg
C*Sph V2
w = —LE K p(h), v= &(-)
2m0 8sTs

and the differentialequationfor the nondimensionaldensityreplaces
Eq. (35). In addition, the time derivative of a new integration variable
2 is defined as'

dZA_VU)

dr  hg

The value of z increases along any trajectory becauseits time deriva-
tive is always positive; the initial value of z is chosen to be 0. For
the initial conditions of the problem that is solved later, ¥y could be
used as the variable of integration’; in general this is not the case.

If the approximate dynamics are added and subtracted from the
right-handsides, the state differentialequations (33-38) can be writ-
ten as

ds _ (bo+biy)cosy

dZ w +€5 (40)
b b i
‘;_Z ~ Gthirising ;}”sm" +e, (1)
dw
P —(ap +ayy) +e, (42)
1+ C? +C?
d i}
d—z —Ci+e, (44)
d _
d_)zc =¢oCs + ¢, 45)

where the six EC controlseg, e, ¢,, e,, ¢,, and e, replace the small
terms.

Guidance Scheme

A close examination of the model equations reveals that the last
four equations are linear in the states (quadratic in the acrodynamic
controls). However, the range equations (40) and (41) contain the
state w in the denominator. An analytical optimal control solution
for the descentto a constraineddownrange, cross range, and altitude
cannot be found because of this nonlinearity.

For this reason, the guidance scheme from Ref. 5 is used. At each
guidance step:

1) The linearization coefficients (ao, . .., ¢;) are recalculated on
the basis of the current state of the glider.

2) The unconstrained-range(UR) optimal controls are calculated
for a descent from the current position to the constrained final alti-
tude only.

3) The final states of the glider using the UR controls are deter-
mined by quadrature integration of the necessary model differential
equations. _

4) As shown Fig. 1, the initial state perturbationis zero (& = 0),
and so, the miss distance between the desired final position and the
UR final location (8y) is used to calculate the NE controls. The
NE corrections are added to the UR controls and applied to the
vehicle.

NE Path

Xyr-Yur

Current Location

]
UR Path

X

Fig.1 Neighboring optimal miss distances.
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Optimal UR Controls

The optimal control problem is to find the two sets of controls u
and e that, respectively, minimize and extremize the performance

index
1 <
J:I:—vf-i—E/ e’MledZi|

subject to the model differential equations (40-45), and the bound-
ary conditions

& =&
20 =0, X, specified, v(Ezp,xp)=|n—mnp (=0
Wy — Wp

where the subscript D denotes the desired final location. The per-
formance index is separable for this problem because dv/dz =
fi(w) + f>(e) and integration is a linear operator. The Bolza func-
tion and the Hamiltonian for this problem are

G = —vy 4+ ve(& — &) + vy(ny — p) + vy (wy —wp)  (46)
H=1 e5+e2+ez+ 4 5+ 2
2| M, M, M, M, M, M,
|:(b0+b1y)cosx i| |: 0+b1y)sm;( i|
+ e,
w

(1+C2+ 65)
+Aul=(a +boy) +ew] + 2| -+ ey

+24,[CL + e, 1+ A, [foCs +e,] 47)

The downrange and cross-rangeequations and constraints are not
needed for the calculationof the UR controls. However, they mustbe
included in the problem formulation for the subsequent calculation
of the NE controls. Therefore, for the calculationof the UR controls,
&p and np are setequal to §yr and nyg and the Lagrange multipliers
Ve, Vi Ae, and A, become zero.’ From Eqs. (7) and (13), the other
multipliers are

A, = unknown constant, A, =—1
Ay = a1 Ay(2 — 25¢), Ay =0

The extremal UR controls are determined from Eqs. (8) and (9)
to be

Crip = —(E*1D)ay (2 = 2) (48)
Csn =0 (49)
ec=ey=¢,=0 (50)

e, = —A,M, (51)

e, =M, (52)

e, = —aid,My(z —2y) (53)

using the expression for A, given earlier. Both Cg and e, are Zero,
which implies that the UR descent occurs in a vertical plane. The
aerodynamic controls satisfy the Legendre-Clebsch condition be-

cause
—2A,/ E* 0
Huu =
0 —24,/ E*

is positive definite.

The unknowns 4,, and z ; are determinedby analytically integrat-
ing Eq. (44), integrating Eq. (42), and applying the first integral.!
The expression for 4,, in terms of z is

_dy+/d —2K d,

w
d

where

A A
d, = ap + a, v, d2=—Mw_alzKyZZf

and the constants K, and K, are defined as

K, % (1/E*) +(M,/2), K, =M, — (E*/2)

The value of z is a root of the sixth-order polynomial
P62+ paz} + P37y + pazy + po =0 (54)
whose coefficients are
ps =84/ K,K>
Py = 48anwKUKy - 12K, [a;‘yoz + aéal2 + 2a0a? 7/0]
p3 = —48K A co[afyg + agaf]
p2 =T2K,M? — 36a1K,A o + 36Mw[a127/02 + 2apa, vy + aé]
Do = —36A 0’ M,

Simulation work reveals that the correct value of z, is the second
positive root of Eq. (54). This value must be determined numeri-
cally because there is no known analytical solution to a sixth-order
polynomial.

NE Controls

The NE trajectory is defined relative to the UR path. Therefore,
all of the partial derivatives and sweep variables used for the NE
control computationare evaluated on the extremal path along which
p: = p, = 0.The UR trajectoryis recomputed at each sample point
for this problem, and so, the glideralways starts on the UR trajectory
at 7o = 0. The initial state perturbationis therefore zero (dxy = 0),
and the NE control reduces to

Sitg = —[Hy, fT R O] dw
where the perturbed final constraint manifold is
&b — &
Sy =y, &y = | Np — Ny
0

This form for the NE controls is valid only because the controls are
held constant over each guidance interval.

The boundary conditions for the sweep variables are determined
from Eq. (32) to be

Sy = 066, Q= 06xs, ar=0
1 0 O 0
010 0
0 0 1

Ry = ; my = 0
0 0 0 0
0 0 0 _alz’w
0 0 0 0

(bo +byys)cosxy
Wy

nf = (bo +b1)/f) Sinlf
Wy

—(ap +ayys) — A,M,

These final conditionsare used to integrate the differentialequations
describing the sweep variables backward from z to zo = 0.

The differential equation for S is homogeneous because C =
0Os x 6. Therefore, because Sy is zero, S(z) = O¢ 6. The derivative
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of the R matrix is defined in Eq. (24). Solving for those elements of
R that can be integrated yields

1 0 0 T
0 1 0
R'ﬁl R'§2 1
R = X X
@=19 o 0
Rsi Rs; a(z—2zy)
Rs1  Rs 0 i

The remaining elements have the following differential equations:

dRy;  (bo+byy)cosy dRy;  (bo+Dbyy)siny
dz w? ’ dz w?
dR —by cos dR —b, sin
51 1 X +a Ry, 52 _ 1 X +a Ry
dz w dz
dRsi  (by+biy)siny dRsy  —(bo+biy)cosy

s

dz w dz w
The differential equations for the first five elements of Q are
don
dz

d0,
dz

=M:+ R%le + KyRszl + KxRél

= R3;RpM, + K, Rs R, + K, Rgi Ry

d0i3
dz

d0s
dz

d0x
dz

= Ry M, +a,K,Rs51(z —z¢)

=M, + R§2Mw + K7R522 + KxRéz

= RyuyM,, +a, K, Rsy(z — z5)

where
) 2 *
K, = M, +c,(E*/2)
The last diagonal element of Q is integrated to be
053(2) = My (z — 20) + @K, [(213) = 2,2 + 222 = (2} /3)]

The m matrix is constant, and m(z) = m,. The derivatives of the
first two elements of the n matrix are

dn,
dz

dn,

= —ale/lesu B = —alelesz

and the third element of the matrix is
n3(2) = —alK, 2, [(212) — 2,2+ (2 /2) ]
—(aptayyy) — AuM,
Finally, the sweep variable « is
a(z) = aiK, A2 (z —z;)

The sweep variables are used to calculate the NE control pertur-
bations from Eq. (20). The 13 differential equations for the matrix
elements that are listed must be integrated numerically (with either
Runge-Kutta or cascaded quadrature).

Numerical Results

The NE correctionsare added to the UR optimal controls to obtain
the total aerodynamic controls

€= —(E*/Day A (z—2) +C, (55)

Cs = 6Cs (56)

which are applied to the vehicle. These commanded controls are
assumed to be instantaneously achievable. At each guidance step
during the simulation (every 0.1 s), the linearization coefficients
and the controls are computed and held constant until the next guid-
ance step. The simulations performed here show feasibility of this
method and no effort has been made to minimize computationtimes.
However, both the guidance law and a nonlinear three-degree-of-
freedom simulation (coded in Fortran) run faster than real time on
a DEC 5000 workstation.

Neither the EC controls nor their NE perturbations enter directly
in the simulation environmentbecause they do not appear explicitly
in the simulation equations of motion. However, they are included
implicitly throughoutthe problem in the equation for p,, the equa-
tions for the coefficients ay, a,, .. ., ag, and the NE sweep variable
differential equations.

The glider is initially flying at a constant altitude of 100,000 ft
with a flight-pathangle of 0 deg. The initial velocity of the vehicleis
11,000 ft/s and both the initial time and downrange are set to zero.
Depending on the values of the tuning parameters, the UR trajectory
to a final altitude of O ft ends at a downrange of about 70 nm and
exactly no cross range. The first scenario that is examined is the
descent to a downrange of 70 nm and a cross range of 10 nm.

Four control laws are used to guide the vehicle. The first two are
Eqgs. (55) and (56) with different values of the tuning parameters.
The untuned controller has all of the tuning parameters set to zero.
This control law is similar to the control law of Ref. 5 except for the
approximations made in the dynamics. The tuned controller uses
a suboptimal set of tuning parameters chosen by testing various
combinations of parameter values. The only parameters changed
from zero for this tuned set are M, = 1/500 and M, = 1. The
positive M imply that this is a min-min problem and not a min-
max problem, which would be expected from a differential game
formulation® In other words, both the aerodynamic controls and
the two EC controls are chosen to maximize the final velocity of the
glider.

The third control law is a seven-node piecewise-linear control
law determined by a numerical parameter optimization code!! that
uses the true vehicledynamics. The last controllaw is a proportional
navigation (PRONAV) scheme that weights the final miss distance
10 times more than the integrated square control effort.!°

Unfortunately, the determinantof the sweep variable Q decreases
tremendously along the trajectory for both sets of the tuning param-
eters (see Fig. 2). The small determinant causes the NE control
correctionsto get very large, because they are a functionof Q~'. To
avoid the misleading large decreasein the final velocity due to large
terminal controls, PRONAYV is used in place of the tuned and un-
tuned control laws after the glider passes 10,000-ft altitude, which
corresponds roughly to the last 2 s of the trajectory. The switch
to PRONAV is justified by the fact that the glider is essentially
pointing directly at the desired final position at 10,000-ft altitude
and very little control effort is needed to achieve the desired final
position.

10°
10% et
100 & >
@4 F ~
3 N
1
W\
F —— Untuned M Values v\
0.01 — — -Tuned M Values §
L \ ‘
I R
0.0001 L ‘ |
0 10 20 30 40 50
Time (sec)

Fig.2 Determinant of the sweep variable Q.
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Table1 Performance comparison
of the controllers
for Xp =70 nm, Yp =10 nm

Controller Vg, ft/s
Untuned 6517.6
Tuned 6780.4
Numerical optimal 6798.7
PRONAV 4767.0

0.2 oo : : S —
X, =700m, Y =10 nmI
Q -
= R T
S .. P8 I :
8 -0.2 \""L*.._____rﬁr‘ ___./'
e ” e aa
— )
= .
4 -04
E ’ K :
E 3 ) — Untuned M Values
e o6 ! — — -Tuned M Values
o N Numerical Optimal
S PRONAV
08 L P R T R
Q 10 20 30 40 50
Time (sec)
Fig.3 Comparison of commanded Cy..
0.6 : :
- . XD:70 nm, YD: 10 nmI
5 05 [ ;
[} N H
= NN
g 0.4 [ Untuned M Values
o] [ N — — -Tuned M Values
8 0.3 L Y EELLE Numerical Optimal
g N | EEEEE PRONAV
° r .
< s NNy
u 02 :
=] r N
9 [ '
g 01 N X
g r e N,
s of e
o1 e P I R
0 10 20 30 40 50
Time (sec)

Fig.4 Comparison of commanded Cs.

The commanded lift and side-force coefficients generated by the
four control laws are compared in Figs. 3 and 4. For both the lift and
the side force, the tuning procedure modifies the controlsto be more
like the numerically determined optimal control. The tuned side-
force coefficient does not match the numerical optimal control as
well as the lift coefficientbecausethe cross-rangecontrolis achieved
only by the NE control.

All of the controllaws successfullyguide the vehicleto the desired
final location. The trajectories that the glider follows using these
control laws are shown in Figs. 5 and 6 and the final velocities of
the glider are listed in Table 1. PRONAYV yields the lowest final
velocity, which is to be expected because it minimizes the miss
distance (relative to the control effort) and does not maximize the
final velocity. For the controller derived in this paper, the tuning
procedure increases the final velocity over 250 ft/s. In addition,
the final velocity using the tuned controller is within 20 ft/s of the
velocity produced using the numerical optimal control law.

The altitude profile of the glider using the tuned control law is
almost coincident with the numerically determined profile. How-
ever, the ground tracks using the tuned and untuned controllers are

10 -

T,
\\§
N -
\\ \u'\
~ o
8 o T
~— \\ \!
£ .. A
* 6 3 A
= N
] . .
] N "
R | .
:E« [ ‘ \\
< |l | — Untuned M Values N
0 | — — -Tuned M Values
EEEEE Numerical Optimal
Fl----- PRONAV
o L

0 10 20 30 40 50
Downrange (nm)

Fig.5 Altitude profiles for the controllers.

8 _ AAAAAA — Untuned M Values . /_/
o - | — — Tuned M Values %
£ [ |==--- Numerical Optimal ,:/‘/
s S0 PRONAV - /
o L .
2 4 3
7] L A
2 i
4] 10 20 30 40 50 60 70
Downrange (nm)
Fig.6 Ground tracks for the four controllers.
7200 r i ; 7
r Final Crossrange = 0 nm I
7100 | —
%o | g T
<« 7000
g r / ~
by L ™
'S 6900 | >
) o/ T
g 6800 |
= v :
6700 [~ — Untuned M Values
I | = — - Tuned M Values
6600 Lo 1 o 1 . [ & i . . .
45 55 65 75 85 95

Downrange (nm)

Fig.7 Performance comparisons for downranges.

equally far from the ground track produced using the numerical
optimal control law. This situation arises because the UR optimal
side-force controlis identically zero and the cross range is achieved
solely with the NE control. The tuning procedure is therefore more
effective when the UR control has a specific form about which the
NE controls can be linearized.

A comparison of the tuned and untuned control laws for differ-
ent desired final locations is shown in Figs. 7 and 8. Both con-
trollers guide the vehicle to the desired final locations and the
tuned controller consistently outperforms the untuned controller.
The performance gain of the tuned controller does decrease as the
final position gets farther from the design point about which the
parameters were tuned.
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7500 : : ‘ : ,
F Final Downrange = 70 nmI
7000 [
F ~
\
—_ [ ~
< 6500
8 r ~
£ [ ~
5.6000 |
g L AN
3 [
(]
T 5500 |
El B
i, 5000
F AN
I | —— Untuned M Values \
4500 |-
[ | = — -Tuned M Values N
4000 L R I S B
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Crossrange (nm)

Fig.8 Performance comparisons for cross ranges.

Conclusions

The NE controlsare derived for a systemthatincludesEC controls
to simplify the model equations of motion. The tuning parameters
associated with the EC controls are adjusted after the NE controls
are added to the optimal controls and simulated on a computer. The
specific example shows that the performance of the tuned control
law approaches the performance achieved using a numerically de-
termined piecewise-linear controller and is much better than the
performance obtained using a proportional navigation control law.

Acknowledgments

This work was supportedin partby the U.S. Departmentof Energy
under Contract DE-AC04-94 AL-85000. Sandia National Laborato-

ries is a multiprogram laboratory operated by Sandia Corporation,
a Lockheed Martin company, for the U.S. Department of Energy.

References

Speyer, J. L., and Crues, E. Z., “Approximate Optimal Atmospheric
Guidance Law for Aeroassisted Plane-Change Maneuvers,” Journal of Guid-
ance, Control, and Dynamics, Vol. 13, No. 5, 1990, pp. 792-802.

2Kim, T. J., and Hull, D. G., “Optimal Control Design Using Error
Compensation,” Recent Trends in Optimization Theory and Applications,
edited by R. P. Agarwal, World Scientific, Maplewood, NJ, 1995, pp. 193-
206.

3Muzumdar, D. V., and Hull, D. G., “Midcourse Guidance for a Short
Range Attack Missile Using Error Compensation,” Proceedings of the AIAA
Guidance, Navigation, and Control Conference (Baltimore, MD), ATAA,
Washington, DC, 1995.

4Bryson, A. E., and Ho, Y. C., Applied Optimal Control, Hemisphere,
New York, 1975.

SEisler, G. R., and Hull, D. G., “Guidance Law for Hypersonic Descent
to a Point,” Journal of Guidance, Control, and Dynamics, Vol. 17, No. 4,
1994, pp. 649-654.

SIsaacs, R., Differential Games, Krieger, Malabar, FL, 1975.

"Feeley, T. S., and Speyer, J. L., “A Real-Time Approximate Optimal
Guidance Law for Flight in a Plane,” Proceedings of the 1990 American
Control Conference (San Diego, CA), American Automatic Control Council,
Green Valley, AZ, 1990.

8 Anon., U.S. Standard Atmosphere, U.S. Committee on Extension to the
Standard Atmosphere, U.S. Government Printing Office, Washington, DC,
1976.

9Loh, W. H. T., Dynamics and Thermodynamics of Planetary Entry,
Prentice-Hall, Englewood Cliffs, NJ, 1963.

10Kim, T. J., “A Mixed Nonlinear/Linear Control Design for Optimal
Descent Trajectories,” Ph.D. Thesis, Dept. of Aerospace Engineering and
Engineering Mechanics, Univ. of Texas, Austin, TX, 1994.

MLasdon, L. S.,and Waren, A. D., GRG2 User’s Guide, Dept. of Man-
agement Sciences and Information Systems, Univ. of Texas, Austin, TX,
July 1994.



