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Model Predictive Lateral Pulse Jet Control
of an Atmospheric Rocket

Bradley Burchett* and Mark Costello
Oregon State University, Corvallis, Oregon 97331

Uncontrolled direct fire atmospheric rockets exhibit high impact point dispersion, even at relatively short range,
and, as such, have been employed as area weapons on the battlefield. To reduce the dispersion of a direct fire rocket,
the use of a small number of short-duration lateral pulses acting as a control mechanism is investigated. A unique
control law is reported that combines model predictive control and linear projectile theory for lateral pulse jet
control of an atmospheric rocket. The impact point in the target plane is directly controlled. Through simulation,
this model predictive flight control law is shown to efficiently reduce direct fire rocket dispersion. A parametric
trade study on an example rocket configuration is reported that details the effect of the number and amplitude of
individual pulse jets, as well as the effect of the flight control system computation cycle time.

Nomenclature

Cing = pitch rate damping moment aerodynamic
coefficient

Cna = normal force aerodynamic coefficient

D = projectile characteristiclength

L, 1, = roll and pitch inertia

L,M,N = total external applied moment on the rocket
about the mass center expressed in the rocket
reference frame

m = projectile mass

p.q,r = angular velocity vector components expressed
in the fixed plane reference frame

R, = projectile axis of symmetry component
of vector from body mass center to the impulse
application point

T = switching surface radius at the target

SLe, = stationline of the projectile c.g. location

SLe, stationline of the projectile c.p. location

S, = taper ratio of switching surface

Sp = slope of a line segment from the target
to the predicted uncontrolled impact point

Sw = radius of switching surface at current range

u, v, w = translation velocity components of the projectile
center of mass resolved in the fixed plane
reference frame

Vv = magnitude of the mass center velocity

X, Y, Z = total external applied force on the rocket
expressed in the rocket reference frame

X, v,z = position vector components of the projectile mass
center expressed in the inertial reference frame

X7, ¥1,z; = position vector components of the linear model
predicted impact point without control

X7, y;,z; = positionvector components of the linear model
predicted impact point with control

Xr, Yr,Zr = position vector components of the target

expressed in the inertial reference frame
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Y;,Z, = pulse jet force components in the rocket
reference frame

y = counterclockwiseangle in inertial space from Z
axis to vector from current predicted impact
point to target

£ = current miss distance

¢ = angle from the rocket z axis counterclockwise
to the line of action of nth pulse force as seen
from aft of the rocket

BOufs Ous = phase angles of the fast and slow epicyclic modes

Ar, s = fast and slow epicyclic mode damping factors

&, nf = ithepicyclic mode right and left eigenvectors

0 = air density

D, D = fast and slow epicyclic mode damped
natural frequencies

v,0,¢ = Euler yaw, pitch, and roll angles

Qqr, Q= amplitudes of the fast and slow epicyclic modes

Introduction

IRECT fire atmospheric rockets are fired by line-of-sightaim-

ing and are fired from ground-based platforms, helicopters,
and fixed-wing aircraft. These rockets exit the launcher with low
speed. Any aerodynamic disturbances presented to the rocket near
the launcher create relatively large aerodynamic angles of attack,
leading to increased target dispersion. Furthermore, main rocket
motor thrust during the initial portion of flight tends to amplify
significantly the effect of transverse and angular velocity perturba-
tions on initial disturbances as the rocket enters atmospheric flight.
With the advent of low-cost, small, rugged, microelectomechani-
cal systems, dramatic reduction of dispersion for direct fire rockets
equipped with a relatively inexpensive flight control system is pos-
sible. One design concept consists of a ring of lateral pulse jets
mounted near the nose of the rocket. This paper develops a unique
flight controllaw tailored to lateral pulse jet control of smart projec-
tiles through the application of model predictive control and linear
projectile theory.

In model predictive control, a dynamic model of the plantis used
toprojectthe state into the future and subsequentlyuse the estimated
future state to determine control action. It has been found to be a
practical and powerful control technique in industrial control when
future reference states are known.! A key element of any model pre-
dictive control scheme is the underlying dynamic model represent-
ing the plant. The equations of motion for a rocket in atmospheric
flight can be adequately represented under most flight conditions
by a rigid body possessing six degrees of freedom. In the literature,
significant attention has been paid to manipulation and simplifica-
tion of the equations of motion to allow closed-form solution of
the ballistic trajectory of a projectile under restricted flight condi-
tions. The resulting dynamic equations and the resulting solutions
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have become known as projectilelinear theory. Over time, projectile
linear theory has been extended by various authors to handle more
sophisticated aerodynamic models,> asymmetric mass properties}
fluid payloads*® moving internal parts,®” dual spin projectiles -
ascending flight,'® and lateral force impulses.''~!* Aerodynamic
range reduction software used in spark range facilities utilizes pro-
jectile linear theory in estimation of aerodynamic coefficients.

A large collection of literature has accumulated in the area of
missile flight control, and standard control system design tech-
niques have been established. Details on these methods are provided
by, for example, Zarchan.'* Generally, these control system design
techniques have been established for missile configurations with
a continuous control mechanism. In the case of a lateral pulse jet
control mechanism, a small number of individual impulse thrusters
are fired to affect control. Each impulse thruster delivers a large,
short-duration impulse to the body in the lateral direction. This
control mechanism falls out of the normal realm of continuous or
discrete control where control authority is possible during the en-
tire trajectory and into the category of impulse control. General
pulse control techniques have been developed, particularly in the
electronics industry, for pulse width and pulse frequency modu-
lation. These methods have been optimized for simple low-order
plants.”>=2° Pulse control concepts have also been employed to con-
trol spacecraft?' =2’ Harkins and Brown? considered the use of a
set of lateral pulse jets to reduce dispersion of a rocket by firing
pulse jets to minimize projectile pitch and yaw rate. For the no-
tional cases evaluated, dispersion was reduced by a factor of five.
Jitpraphai and Costello?® used a trajectory tracking flight control
system to improve impact point performance of a direct fire rocket
equippedwith a ring of lateral pulse jets. For the guidancetechnique
employed, dispersionreduction was found to be strongly dependent
on pulse jet magnitude and tracking window size.

The work reported hereafter employs model predictive controller
and projectile linear theory specialized to lateral pulse jet control
of a direct fire atmospheric rocket. The basic rocket configuration
under considerationis fin stabilized and the fins are slightly canted
to provide moderate roll rates during flight. A ring of lateral pulse
jets mounted on the skin of the rocket near the nose is used as the
control actuator. Each individual pulse jet imparts a relatively large-
and short-durationlateral force on the projectilebody. Each pulse jet
can fire only once, and the pulse jets cannotbe reloaded. The control
law uses an approximate closed-form solution of projectile motion
to map the current state of the rocket to the target plane, allowing
direct control of the impact point. Pulse jet firing logic is based on
the difference between the target and the estimated impact point.

i
=

A\ 4
y

v K

Projectile linear theory is the basic building block for predicting the
impact point of a projectile from an arbitrary state, both with and
without firing of lateral pulse jets. The rocket is not roll controlled.
Also, it is assumed that sensor feedback is provided by an onboard
inertial measurement unit (IMU). Simulation results to establish the
utility of the new lateral pulse jet predictive flight control system
design methodology are generated for an exemplar direct fire rocket.
Parametric trade studies are conducted that considerthe effect of the
number of pulse jets, impulse magnitude, and control system cycle
time on impact point dispersion.

Projectile Dynamic Model

The nonlinear trajectory simulation used in this study is a stan-
dard six-degree-of-freedommodel typically used in flight dynamic
modeling of projectiles. A schematic of the rocket configuration is
shown in Figs. 1 and 2. The six degrees of freedom are the three in-
ertial componentsof the position vector from an inertial frame to the
rocket mass center and the three standard Euler orientation angles.
The equations of motion are provided in Egs. (1-4) (Refs. 30-32):

[ Pulse Jet Ring

Pulse Jet Ring

Fig.1 Schematic of the position coordinates of a direct fire rocket.
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InEgs. (1) and (2), the standard shorthand notation for trigonometric
functions is used: sin(«) =s,, cos(a) =c¢,, and tan(a) =1,. The
forces appearing in Eq. (3) contain contributions from weight W,
body aerodynamics A, main rocket thrust R, and the lateral pulse
jets J:

X Xy X, X X,
vyb={rv,t+{r, b+t +1v, (5)
z Zw Za Zx Z,

The dynamic equations are expressed in a body-fixed reference
frame, thus, all forces acting on the body are expressedin the rocket
reference frame. The rocket weight force is shown in Eq. (6):

Xw —Se
Yy ¢ =mgq ssCo (6)
Zw CyCo

whereas the aerodynamic force acting at the center of pressure of
the rocket is given by Eq. (7):

X4 Cxo + Cxo (V2 +w?)/V?

4
YA = —E,OVZD2 CNAU/V (7)
Z4 Cyaw/V

The main rocket motor increases the velocity of the rocket by pro-
viding high thrust levels during the initial portion of the trajectory:

Xr Ngx
Yip ¢ = Tgy gy (8)
Zg Nrz

InEgq. (8), the thrustamplitude profile Ty is a known functionof time.
The lateral pulse jet forces are modeled in the same manner as the
main rocket motor, with two exceptions. Because the lateral pulse
jets are active over a very short duration of time when compared
to the timescale of a complete rocket trajectory, the thrust force is
modeled as a constant when active. Also, because, by definition, a
lateral pulse jet acts in the jz and kp plane, the iz component of
the lateral pulse jet force is zero. Equation (9) provides the lateral
pulse jet force formula:

X, n 0
Yy =D T —cosl2n(i = 1)/n,] ©)
Z, i=1 —sin[27 (i — 1)/n,]

The pulse jetring is located on the skin of the projectile and near the
nose of the rocket. Individual pulse jets are uniformly distributed
azimuthally around the lateral pulse jet ring. A key feature of the
pulse jet configuration considered here is that each pulse jet can be
fired only once.

The applied moments about the rocket mass center contains con-
tributions from steady aerodynamics (SA), unsteady aerodynamics
(UA), main rocket thrust R, and lateral pulse jets J:

L Lga Lya Ly Ly
M = Mgpag+ {Moag +YMr¢+ M, (10)
N Nga Nya Ng N,

The moment components due to steady aerodynamic forces, main
rocket motor forces, and lateral pulse jet forces are computed with a
cross productbetween the distance vector from the mass centerof the
rocket and the location of the specific force and the force itself. The
unsteady body aerodynamic moment provides a damping source for
projectile angular motion and is given by Eq. (11):

DC
Cpp + P ZVLP
Lya
b
My $ = Zpvip) 4PCng (11)
Nox 8 2V
rDCy
2V

When the rocket motor is active, the mass, mass center loca-
tion, and inertial properties of the rocket are updated continuously.
The center of pressure location and all aerodynamic coefficients
(Cxo, Cx2, Cna, Cop, Crp, and Cpq) depend on local Mach number
and are computed during simulation using linear interpolation.
The dynamic equations given by Eqgs. (1-4) are numerically inte-
grated forward in time using a fourth-order, fixed-step Runge-Kutta
algorithm. Costello and Anderson® present correlation of this dy-
namic model against range data for a fin stabilized projectile.

Projectile Linear Theory Trajectory Solution

The six degree of freedom projectile model just shown consists
of 12 highly nonlinear differential equations that are not directly
amenable to a closed-form solution. Over the past 60 years, ballis-
ticians have investigated simplifications to the equations of motion,
which yield an accurate, yet analytically solvable, set of equations.
The resulting theory that has emergedis commonly called projectile
linear theory>!-32 Projectile linear theory is used to compute rapidly
projectile trajectories, to reduce aerodynamicrange data, and to es-
tablish stability criteria for both fin- and spin-stabilized projectiles.
It is generally accepted as an accurate dynamic model for a wide
class of fin- and spin-stabilized projectiles. Rather than employing
a reference frame fixed to the projectile body, projectile linear the-
ory uses an intermediate reference frame that is aligned with the
projectile axis of symmetry, but that does not roll. Dimensionless
arc length s is used as the independent variable instead of time .
Also, a change of variables is made from the velocity along the pro-
jectile axis of symmetry u to the total velocity V. Moreover, Euler
pitch and yaw angles, as well as aerodynamic angle of attack, are
assumed to be small. A more detailed discussionof the development
of projectilelinear theory is providedby McCoy.?! The linear theory
trajectory solution is provided in Egs. (12) and (13):

yi) _ Yo Yo
D ~D +(%+ v0>~‘

SD ¢ —C QU .
+ |:'02m :| (Cxo = NA) {¢—2ff[exp(x’;s) sin(¢ s +6,; — )

—sin(f,y — ) — ¢f cos(Byy — rr)s]}

SD C - C QU.)' .
" |:,02m :| (Cxo - NA) {?f[exp(xjs) sin(¢ys + 0, — )

= sin(0yy — ) = ¢, cOs(0,, — 7)s] } (12)
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This trajectory solution contains constantterms, proportionalterms,
and damped sinusoid terms. The constant term depends on the ini-
tial location of the projectile. The proportionalterms depend on the
initial Euler angles and the initial crossing velocity of the projec-
tile. The damped sinusoid terms depend on a set of constants that,
in turn, depend on the initial state of the projectile. Costello and
Peterson* provide definitions for the constants 2,7, Q,,, Ny AL
¢fs ¢.fs evfs 01/.;: me ) Qm.fs emfs and emw

The projectile linear theory solutionis used within the flight con-
trol systemto predictthe impact pointof the rocketfroma given state
of the system, which is obtained in flight from the IMU. The accu-
racy of the linear projectiletheory trajectorysolutionis improvedif a
piecewise solutionis constructed. This is accomplishedby discretiz-
ing the downrange distance from the current state to the target. The
trajectory is computed by marching forward in arc length along the
discretizedsegments. Ateach segment, the aerodynamiccoefficients
are updated based on the predicted Mach number at the segment.
The effectof a lateral impulsive force can also be includedin the tra-
jectory solutionby introducinga discontinuityin projectile crossing
velocity v and w and angular rates ¢ and r (Ref. 13). Because the
model constants 2,7, ,, A"f, Ay dr, b, bups Duss Luvrs Quss Ours
and 6,,; depend on the initial state of the projectile, they must be
updated directly after a pulse is fired.

Predictive Flight Control System

The predictive flight control law uses projectile linear theory to
transform the task of controlling the projectile over the trajectory
into one of controlling the impact point in the target plane. Control
inputis based on a two-dimensional comparison of the commanded
target location vs the predicted impact point in cross range and
altitude. Figure 3 illustrates the flight control law in a block diagram
form.

It is assumed that full state feedback is available for use in the
control law, thatis, x, y, z, ¥, 6, ¢, u, v, w, p, q, and r have been
sensed or estimated by the IMU. Furthermore, the weapon that fires
the projectile has provided inertial coordinates of the target, x7,
yr, zr. At each cycle of the flight control system, the current time,
projectile state, and downrange location of the target are input to the
impact point estimator. The impact point estimator uses projectile
linear theory to compute the impact point from the current state of
the projectile. Note that the controller is taking into account the
entire current state of the projectile, not just position. The miss
distance ¢ is then estimated from the magnitude of the difference
between the predicted impact point and the known target location.
The miss distance formula is provided by Eq. (14):

e=vV0r -y’ + Gr—z)? (14)

Based on this geometry, the miss distance phase angle y is defined
as the angle from the z axis counterclockwiseto the required pulse
direction, as seen from aft of the projectile:

Y= —tan‘(%) (15)
T — <1

The radius Sy is a circular window around the targetinto which the
control law seeks to drive the projectile impact point. The window
Syw is a linear function of downrange position. As the projectile flies
downrange, the window Sy becomes smaller. The firing decision
block compares the miss distance with Sy,. If the miss distance is
greater than Sy, then a pulse firing time is computed. In this case,
the flag ig is setto 1, and the flight control system computes a pulse
jet firing time for the next unfired individual lateral pulse jet motor.

Figure 4 provides a block diagram of the pulse jet firing logic.
The proposed pulse jet firing time is generated by computing the
change in projectile roll angle needed to align the lateral control
force with the impact point error angle y. Because the roll angle
and roll rate are approximately related by ¢ = pt, the difference
between the firing time of the ith pulse jet and the current time is
t = A¢/p. Equation (16) provides the formula for Atg:

Atﬁre = ()’ - ;i -2 — ¢curr)/p (16)

For a fin-stabilized projectile with the lateral pulse jet ring
mounted forward of the mass center, the change in impact point
due to firing a pulse jet is approximately in the same direction as
the applied lateral pulse jet force. By firing a pulse jet at t + Afgp,
the pulse jet changes the impact point in the direction of the target.
This is shown in Fig. 5.

With the current time, projectile state, and the proposed time until
the ith pulsejetis fired, the impactpointestimatoruses projectilelin-
ear theory to estimate the impact point, which includes the effect of
firing the ith pulse jet at time ¢ + Afg.. The impact pointis denoted
with an asterisk superscript. Then, by the use of the impact point
with and without the ith pulse jet fired and the target location, the

T—’ SL

o Firing | ‘fire
+ Decision

Time X 4

—_— Linear I >

Projectile State Theory M

Xg Impact Point 2

—— P  Estimator 1

¥r Target r

Impact

ZT Point Error |y
Magnitude %

Fig.3 Predictive impact point flight control system.




864 BURCHETT AND COSTELLO

Time X1
Linear >
Projectile Theory |y}
Yire
Impact Point
Improvement
Logic
thire
-

Fig.4 Pulse jet firing logic.
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Impact Point With No Pulse

A

Impact Point
After a Pulse
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kr
Fig.5 Setofachievableimpact pointsin the target plane due to a single
pulse.

impact point improvement logic determines if the pulse jet should
be fired. The purpose of the pulse jet improvementlogic is to estab-
lish the extent to which the impact point will be improved. Figure 6
depicts the basic scenario. The allowable overshoot radius permits
a pulse to overshoot the target by a percentage of the current miss
distance.

The contour of impact points for admissible pulses is simply a
line perpendicular to the desired pulse direction combined with a
circle of permissible overshoot. That is, the pulse will be expended
if the impact point is predicted to move anywhere on the same side
of the target as the uncontrolledimpact point, or anywhere within a
specified overshootring.

The logic to ensure the pulse drives the projectile closer to the
target is as follows. First, the slope of a line segment from the target
to the predicted uncontrolled impact point is computed:

Sp =0 — YT)/(Z/ —zr) (17)

Equations (18) and (19) provide two inequalities.If both conditions
are true or both conditions are false, then both points are on the same
side of the overshootline and the pulse jet is fired:

i 2 [r = D/Splz — z7) (18)

Table1 Parameters for typical controlled trajectory

Pulse Time at Range at Roll Total
number pulse, s pulse, ft angle, deg angle, deg
1 1.0712 1325.4 133.5 133.5
2 1.2889 1796.9 106.4 134.1
3 1.2969 1814.0 78.5 1339
4 1.4107 2054.7 50.8 1339
5 1.6425 2534.2 22.0 132.8
6 1.7709 2793.6 —5.7 132.7
7 2.0387 3320.9 —34.6 131.5
8 2.1892 3609.2 —62.3 131.6
9 2.2006 3630.8 —90.6 130.9
10 2.3610 3931.7 —118.6 130.7
11 3.2865 5554.8 —1474 129.5
12 5.3574 8633.1 —171.8 132.8
2 T T T T T T T
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Fig. 6 Geometry of allowable overshoot region.

yi = [ = D/Sp1(zf = 2zr) (19)

The asterisk denotes controlled impact point coordinates. Finally, a
controlled miss distance is calculated using Eq. (14). If this com-
puted miss distance is less than the allowable overshoot, the pulse
will be expended regardless of the outcome of Egs. (18) and (19).

Results

The example projectile considered for establishing the utility of
the proposed control law is a 4.5-ft-long fin-stabilized projectile
with a total weight of 23.0 Ibf and a center of gravity location of
2.5 ft from the base. The projectile has three fins. The roll and pitch
inertia of the body is 0.005 and 1.4 slug - ft?, respectively. The main
motor provides a constant thrust of 1600 Ib from 7 =0.05t0 0.95 s
with startup and burnoutmodeled as linearramps from# =0 to 0.05
and from 0.95 to 1 s, respectively. An array of lateral pulse jets is
located a distance of 3.80 ft from the projectile base on the skin of
the projectile.

Table 1 and Figs. 7-10 illustrate a typical controlled trajectory
due to an array of 12 2.25 Ibf-s pulses. The rocket is launched
with the following initial conditions: Xg, Yo, Zo, ¢o, Yo, Vo, Wo,
and py=0. 6, =4.58 deg, V, =100 ft/s, go=—17.75 deg/s, and
ro=10.56 deg/s. The controller parameters for this trajectory were
set such that the controller does not command pulse jet firing during
the powered portion of flight. This is indicated by the initial trend of
cross range that causes a large miss if no control action is exercised.
The 12 pulses are fired at the times indicated in Table 1, resulting
in bending of the cross range trajectory such that the projectile im-
pacts approximately 2 ft from the target. Table 1 shows the time,
range, and roll angle at which each pulse is fired. The final column
of Table 1 displays the total clockwise angle from Earth-fixed Y (J)
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axis at which the pulse force was directed. Figure 7 shows the cross
range vs range, whereas Fig. 8 displays the altitude profile for this
typical controlled trajectory. The fixed target is located 54 ft below
the launcher. Figure 9 shows the projectile impact point for the un-
controlled case and trajectories controlled by arrays of 1-12 pulses.
The impact points are displayed as black crosses. The pulse labels
refer to the line segments between impact points, which represent
the correction due to each respective pulse. In each case, adding a
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Fig. 10 Evolution of projectile impact point, with prediction of con-
trolled impact point.
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Fig. 11 Uncontrolled dispersion (CEP =360.7 ft).

pulse takes the final impact point directly closer to the target. As
shown in Table 1, the angle at which each impulse force is directed
is approximately 132 deg for all pulses, which corresponds to the
angle from the uncontrolled impact point to the target. Figure 10
shows the evolution of projectile impact point with both the internal
linear model prediction of impact point and the actual impact point
for various numbers of control jets available. The agreement be-
tween the linear prediction and actual impact points is consistently
good; in fact, it is within 2 ft for the impact points shown. This
indicates that projectile linear theory provides an accurate estimate
of the effect of each pulse on the impact point.

Typical dispersion results for the uncontrolled rocket and con-
trolled rocket based on a sample of 50 trajectories are shown in
Figs. 11 and 12. In both cases, the body pitch and yaw rates at
rocket launch are taken to be independentnormally distributed ran-
dom variables with mean of —0.18 rad/s and zero, respectively,and
standard deviations both equal to 0.3 rad/s. The aforementioned
perturbations in initial angular rates are representative of launcher
conditions that are known to cause dispersion. The controlled con-
figuration has 12 2.25-Ibf- s pulses and control laws optimized ac-
cording to the case studies that follow. The circular error probable
(CEP) in Figs. 11 and 12 is based on a 50% hit criterion, that is,
the CEP is defined as the minimum radius of a circle centered at
the mean impact point and containing at least 50% of the shot im-
pact points. Figure 12 shows the distribution of impact points in
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Fig. 13 Median miss distance vs number of pulse jets and impulse
magnitude.

two dimensions for a sample of 50 trajectories. Note that Fig. 12
is zoomed in on the target to show the circle representing CEP and
the impact points with miss distance equal to or less than the me-
dian. There are several outliers that fell outside of the zoomed axis
boundaries. The nominal case of 12 pulses shows a phenomenal
improvement from a CEP of 360.7 ft in the uncontrolled case to a
CEP of 1.15 ft for the controlled case. Note also that an 80% hit
criterion would increase the CEP circle to only 2.0189 ft. Also, the
upper Kolmogorov band on the medianis 1.7362 ft, indicating 95%
confidence that the median of the population will be 1.7362 ft or
less.

Figure 13 shows the median miss distance for different combi-
nations of the number of pulse jets and the amplitude of each pulse
jet. Lateral pulse jet arrays with larger individual pulse size cause a
greaterreductionin CEP when the totalnumber of pulses availableis
eightor less. Arrays of six or more 2.25-1bf - s pulses or five or more
3.37-Ibf- s and larger pulses are able to achieve a CEP of less than
5 ft. For a given lateral pulse jet control, Fig. 13 can be used to size
the number and size of pulse jets in the pulse jet ring for a particular
setof disturbances.Becausethe predictiveflightcontrollaw requires
several trajectory predictionsin each sampling period, an important
design parameter for the flight control system is the control system
sampling period. Good pulse opportunities can be missed with too
large a sampling inteval, whereas too small a sampling period may
require an expensive sophisticated computer. Figure 14 shows the
sensitivity of the predictive lateral pulse jet control law to control
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system computational sampling period. For the range of sampling
intervals shown, the median CEP is insensitiveto sampling interval.
These results are based on a fixed target. Note that, for a moving
target, these results would need to be reexamined. Furthermore, the
effect of target position update rate would need evaluation.

Conclusions

This paper develops a specialized control technique that blends
model predictive control and projectile linear theory with a lateral
pulse jet control mechanism. The methodology mates these system
elements togetherin a natural way to forman efficientcontrol system
structure for this unique application. A three-dimensionaltrajectory
control problem is converted to a two-dimensional control problem
inthe targetplane by continuouslymappingthe state of the projectile
to the target plane. The method directly focuses on controlling the
impact point of the round. Prediction of the controlled and uncon-
trolled impact pointsis accomplishedusing a closed-formpiecewise
trajectory solution obtained using projectilelinear theory. The linear
theory trajectory solution permits rapid computation of the impact
point, rendering the method practical for real-time implementation.
By the use of a previously validated nonlinear projectile simulation,
the control law is shown to reduce effectively impact point disper-
sion caused by disturbancesat the launcher. For the example, rocket
and pulse jet configuration are examined, and dispersionis reduced
as the magnitude and number of pulsejetsisincreased. For thrusters
with an impulse of 2.25 Ibf - s or greater, a ring of eight pulse jets
provides the majority of dispersion reduction. Rings with more in-
dividual thrusters decrease dispersion by a small amount. It is also
found that dispersionis not significantly affected by the flight con-
trol law samplinginterval. Althoughthe dispersionreduction shown
is quite substantial, these results should be tempered against error
sources that add to dispersion characteristics of a fielded weapon
system that were not included in the analysis, such as unknown at-
mospheric winds and IMU state estimationerrors. Of course, impact
point dispersion can only be reduced to the accuracy of the rocket
position estimate in the vicinity of the target.
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