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The availability of gun-hardened guidance and control systems has made highly accurate gun-launched rocket-

assisted guided projectiles feasible. A composite guidance algorithm is presented for such vehicles. The algorithm is

capable of extending range and cross-range capability of the projectile, and allows it to be retargeted after launch.

The algorithm also employs model predictive control to control time of flight to allow a salvo of projectiles to arrive

simultaneously. The time-of-flight control achieves its objective by trajectory shaping and corrects for winds, off-

nominal launch conditions, and rocket motor variations.

I. Introduction

T ECHNOLOGIES for highly accurate projectile guidance such
as gun-hardened Global Positioning System (GPS) receivers

and microelectromechanical system (MEMS) electronic packages
provide a new type of mission for projectiles. After the initial gun
launch to a high speed, a rocket motor is fired during the ascent phase
to further increase specific energy. This is followed by a range
extension gliding portion after the ballistic apogee. The glide portion
dictates the need for active control with lifting surfaceswhichmay be
employed at any point during the ascent. The projectile must be able
to provide simultaneous arrival for maximum salvo lethality. The
limited rate of fire of guns places a requirement for the time-of-flight
(ToF) control of the projectile to satisfy this multiple simultaneous
round (MSR) requirement. This time-of-flight control must account
both for known variations, such as the planned salvo firing rate, and
unknown variations that occur in-flight. The planned variations may
be compensated by the fire control trajectory parameter selection.
The in-flight variations, such as winds, muzzle velocity variations,
and drag variations, require an active in-flight algorithm for their
correction. The goals of absolute range maximization and time-of-
flight control are in conflict and, as such, the span of target ranges at
which theMSR requirement may be achieved is restricted to a subset
of the feasible span of ranges for the projectile.

The design of a practical mission for a guided projectile is a
complex problem that is severely constrained by a large number of
operational issues, and the goal of which is to optimize performance
in terms of complex relationships between the projectile, its payload,
the environment, the intended target, and politically driven mission
constraints. These relationships are not readily definable in a
mathematically tractable way. The mission design necessarily
includes trajectory design at its core and the trajectory may need to
operate very near its constraints to maximize performance. The goal
of the present paper is to provide a process by which the designer can
rapidly trade off trajectory shaping to optimize multi-objective
mission goals within a set of complex constraints.

The processes for optimization of trajectories fall into two broad
approaches. The first is the optimal control methodology, which
yields a two-point boundary value problem. The resulting problem
can be solved numerically using an open-loop solution, or the

problem can be approximated by a reduced-order model which is
used to determine the corresponding closed-loop analytical
guidance. Although this method yields an implementable algorithm,
it involves approximations which may limit its applicability. The
other broad approach is parameter optimization. In this approach, the
optimal control is approximated by an optimal finite set of
parameters. The resulting open-loop control may be difficult to
directly implement in a real-time system, but can provide insight
during the airframe design phase.

The homing of guided missiles against single targets has been
extensively studied. Proportional navigation laws have been
proposed for three-dimensional engagements and the miss distances
of missiles guided by these laws due to target maneuvers, heading
errors from midcourse phase navigation errors, receiver noise, and
radom aberrations have been presented [1–6]. These efforts have
yielded both numerical and closed-form solutions. The proportional
navigation laws provide a small miss distance against either a fixed
target or a moving target, but do not provide control over the final
velocity orientation. The proportional navigation laws have typically
been developed with significant assumptions, such as linearity and
constant velocity, whichmay limit their use in certain applications to
relatively short segments of the trajectory such as the end game.

Guidance laws thatmaneuver aweapon from its current position to
a desired final position while controlling the orientation of the final
velocity have been developed under the general term of explicit
guidance. The original version of explicit guidance is due to Cherry
[7] and is further explored in [8,9]. Other guidance methods that
attempt to control both miss distance and terminal geometry have
been proposed in [10–19].† It is possible to derive a generalized form
of explicit guidance (see [15,17]) in which the cost function to be
minimized is itself specified in terms of a user-defined parameter.
This parameter, along with the initial and final flight-path angles,
becomes a design parameter that the user may adjust to achieve a
particular performance. As with the proportional navigation,
significant assumptions are made in the development of these laws
which may restrict their use in some applications.

The equations of motion associated with flight vehicle dynamics
are highly nonlinear and require complex aerodynamic and
propulsion force models. To overcome these complications,
simplified analysis models based on quasi-steady approximations
have been employed. One such method is the energy-state
approximation assuming quasi-steady equilibrium glide at constant
dynamic pressure, which provides that flying at maximum lift-to-
drag ratio maximizes the gliding range of the vehicle. Examples of
applications of the stick-fixed maximum lift-to-drag ratio flight can
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be found in [20,21]. Analysis has indicated that nonsteady cruise
solutions may produce fuel-optimal performance greater than that
obtained for steady cruise [22]. In a similar fashion, investigations
have been conducted into maximizing range performance for gliding
vehicles by providing a near-equilibrium glide where a near-
phugoid-like motion is controlled via the guidance algorithm. Kelley
et al. [23] present an algorithm that provides a design parameter to
control theflight-path angle between a steady dynamic pressure glide
with feedforward anticipation of the specific energy loss in the glide
angle and the stick-fixed (at maximum lift-to-drag) trajectory with
the natural phugoid motion. The resulting trajectory lies in the range
in between these cases, and the reference demonstrates that the
trajectory produces range performance in excess of either of the two
extremes. Lu [24] provides a rigorous examination of near-
equilibriumglide in entryflight of a glidingflight vehicle. The energy
model methods are unable to accommodate all of the boundary
conditions, such as the final position and final velocity conditions,
without some type of correction or blending.

The singular perturbation methods developed as an attempt to
recover, in at least an approximate sense, the faster dynamics
required to achieve these boundary conditions. Naidu andCalise [25]
provide an overview of the singular perturbation methods for the
guidance and control problem. The singular perturbation methods
often require real-time numerical solution of the resulting two-point
boundary value problem. For the cruise or gliding vehicle, the outer
solution determined in singular perturbationmethods is similar to the
solution found from the energy modeling methods.

An alternative numerical-based technique to maximize perform-
ance while meeting terminal constraints is the Optimal-Path-to-Go
algorithm, which employs an online optimal trajectory algorithm
[26]. In this method, an online database of previously developed
optimal trajectories is encoded and interrogated online at regular
intervals. The current vehicle states are used as input to the algorithm
to generate the optimal guidance commands to the desired terminal
states. These trajectory commands are used over the next trajectory
segment, at which point they are updated.

The model predictive control (MPC) approach provides a method
for feedback control for nonlinear systems where the dynamics are
slow relative to the computational update rate. In model predictive
control, a nonlinear simulation of the system projects the states onto a
future receding horizon or fixed terminal horizon and uses the
estimated states at the horizon to determine the control action. The
method is used in industrial control, but the advent of fast computer
processing for onboard vehicle use has made it a candidate for
controlling the slower processes on flight vehicles, such as the total
time of flight to the target. A model predictive control strategy for a
parafoil aircraft has been reported [27].

The contribution of the present paper is to provide a framework for
creating a composite guidance algorithm for combining the near-
equilibrium glide management algorithm of [23], the vectorized
three-dimensional version of the explicit algorithm of [15,17], with a
model process control approach for the control of time of flight to
allow multiple simultaneous round impact for a boost glide vehicle.
The framework allows the selection of a relatively few parameters by
the designer to control the trajectory andmission to achieve complex
nontractable performance goals across the battlespace.

II. Algorithm Overview

The algorithm produces a composite guidance acceleration
expressed in the North, East, down at launch (NEDL) frame
composed of three terms.

�a NEDL �
X3
i�1

�aNEDLi (1)

The first is the homing guidance algorithm that ensures that the
missile flies to the target and arrives with a selected velocity
orientation. The second term is a bias for cancellation of the gravity
acceleration and for in-flight time-of-flight control. The function of
the third term is to fly the projectile along an optimal flight path to

conserve energy. The relative weighting of the components of the
acceleration command are scheduled during the flight.

The weighting of the individual components of the composite
algorithms are critical. Two of the components are best defined in
terms of the P frame (see Fig. 1). These are the energy management
and the time-of-flight controls. TheP frame is the Earth local tangent
frame at the missile position with its x axis aligned with the missile’s
current bearing (the projection of the missile velocity onto the local
tangent plane). The z axis of the P frame points along the local
gravity vector.

The relative weighting of the components is naturally done in the
vertical plane defined by the x-z axes of the P frame. Thus, the
weighting factor scheduling is done in theP frame. From [15,17], the
homing component was defined in the NEDL frame. Its component
must be transformed into the P frame for weighting. The resulting
composite law expressed finally in the NEDL frame is given by

�aNEDL � TP2NEDL ~KdsmT
T
P2NEDL �a

NEDL
exp � TP2NEDL ~Kdsm �aPbias

� �I � ~Kdsm�TP2NEDL �aPem (2)

TP2NEDL is the transformation from the P frame to the NEDL
frame. For the flat Earth, this transformation is created through a
rotation of the current azimuthal angle of the current missile velocity.
The homing element of the acceleration command expressed in the
NEDL frame is �aNEDLexp . The energy management acceleration
component expressed in the P frame is �aPem. The bias command for
time-of-flight control and gravity bias correction expressed in the P
frame is �aPbias.

~K dsm is a gain tensor of the form

Kdsm 0 0

0 1 0

0 0 Kdsm

2
4

3
5

The purpose of the gain tensor is to allow the shaping in the vertical
plane defined by the x-z axes of the P frame to be controlled, while
allowing the homing commands normal to this plane to be
unrestricted. The value of the scalar Kdsm is selected based on the
value of the range-to-go (RGO) (in feet) to the target.

IF RGO�RGOM:Kdsm�0

IF RGOM >RGO>RGOM�5000::Kdsm��RGOM�RGO�=5000
IF RGO�RGOM�5000:Kdsm�1

(3)

RGOM is the range-to-go specified by the designer at which the
energy management is ramped down and the homing element begins
to become active in the x-z plane of the P frame.

The value ofRGOM is a function of the range from the launch point
to the target.

RGOM � RGOMslope�Rt � Rmax� � RGOMmax (4)

RGOMslope is the desired slope ofRGOM with target range (unitless).
RGOMmax is the value ofRGOM atRmax (in feet).Rt is the target total

Fig. 1 P frame definition.
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range from the projectile launch point (in feet).Rmax is the maximum
guided range of the projectile (in feet)

The value ofRGOM is typically negative so that the fraction of the
flight dedicated to homing control decreases as the total flight range
increases. This ensures that the energymanagement provides a larger
fraction of the flight as the range extends. This allows for maximum
range extension through careful energy management, but provides
increased trajectory control at the shorter ranges where energy
management is not important.

III. Homing Component

The homing guidance algorithm steers the missile to the desired
final aimpoint (in NEDL coordinates) and to a desired final velocity
orientation relative to the NEDL coordinates. For short range
missions, where the flat Earth model may be assumed, the dispense
flight-path angle relative to the local horizon is the same as the flight-
path angle relative to the NEDL frame. Similarly, the commanded
final azimuthal angle is the same in the NEDL coordinates and the
local North, East, down coordinates at the target location. For longer
range missions, where spherical Earth effects are important, a
correction may be needed.

The homing guidance acceleration is normal to the velocity vector
because the uncontrolled portion along the velocity vector has been
removed [15,17]. The azimuthal orientation of the final velocity is
given by an optimized rule set based on the current bearing off of the
line of sight to the target.

The homing guidance law is given by [15]:

�aNEDLexp � V2

RGO
�C1�r̂NEDL � cos �v̂NEDL�

� C2�v̂NEDLf � cos�v̂NEDL�	 (5)

where r̂NEDL is the unit vector for the line of sight to the target point
expressed in NEDL coordinates; � is the current heading error
between the line of sight and the current velocity; v̂NEDL is the unit
vector along the current velocity expressed in NEDL coordinates;
v̂NEDLf is the unit vector for the desired final velocity orientation;� is

the angle between the current velocity and the desired final velocity
orientation; C1, C2 are the two explicit guidance gains; V is the
missile speed (in feet per second); RGO is the range-to-go (in feet).

The azimuthal orientation of the final velocity is given by a rule set
based on the current bearing off of the line of sight to the target. The
azimuthal angle of the line of sight is given by the components of the
line-of-sight unit vector.

tan� LOS� �
�
r̂NEDLjy
r̂NEDLjx

�
(6)

where r̂NEDL is the direction vector along the line of sight from the
projectile current position to the target point location.

The current value of the projectile velocity azimuth in the NEDL
frame is determined from the components of the missile velocity in
this frame.

tan� M� �
�
v̂NEDLjy
v̂NEDLjx

�
(7)

The commanded azimuth angle of the missile velocity in the
NEDL frame at the final point is

 f �  LOS � K � M �  LOS� (8)

The value of K is set to a value between one and two. As is the
common practice with the explicit algorithms, the value of the C2 is
set to zero near the intercept. For the current algorithm, this occurs at
10 s time-to-go.

The homing guidance is initiated once the flight-path angle during
the initial ascent after launch drops below a value as determined by
the parameter �P, which is the Homing Guidance Start Flight-Path

Angle selected by the designer.

IV. Time-of-Flight Control Element

To satisfy the multiple simultaneous round requirement, the
guidance algorithm may be enabled to control the absolute time of
flight to the target point. Whereas the MSR requirement is specified
as a relative time of arrival, the time-of-flight control is implemented
in terms of the absolute time of flight because no communication
occurs between projectiles in the salvo.

The second term considered in Eq. (2) is a composite bias term.
The first element of the bias is the correction for the acceleration due
to gravity �aPgbias, which is not considered in the development of

[15,17]. The second element �aPTOFbias is the additional bias added for
time-of-flight control. The bias term is then defined by

�a Pbias � �aPgbias � �aPTOFbias (9)

�a Pgbias �

8<
:

0

0

�g0

9=
; (10)

where g0 is the local acceleration due to gravity (in feet per second
squared).

The time-of-flight bias is determined during the flight by the in-
flight time-of-flight control algorithm. If the time-of-flight control
algorithm is not invoked, then it is the null vector. If the time-of-flight
algorithm is invoked, the form of the time-of-flight bias in the P
frame is

�a PTOFbias �
( 0

0

aTOFbias

)
(11)

The in-flight time-of-flight control corrects for factors unknown at
launch. These factors include rocket motor variations, drag
variations, and unknown winds.

The in-flight time-of-flight control depends on selection of the
aTOFbias that is computed as part of the guidance command. During
time-of-flight control guidance, the value of aTOFbias is updated
iteratively with each guidance update based on the current predicted
flight time to the target. The predicted flight time to the target is based
on an onboard 3 degrees of freedom simulation of the projectile
assuming a constant value of a aTOFbias with the planned guidance
algorithm for the remainder of the flight. This approach is a form of
model predictive control.

To minimize the computational workload required for the MPC
approach, it is desired to limit the number of trajectories that must be
run. The global optimal for the open-loop control (in the present
formulation, the acceleration bias) does not need to be determined at
eachMPC update to ensure stability. An iterative approach, in which
the performance index (in the present paper, the magnitude of the
error in the time of flight relative to the commanded value) is reduced
in each iteration update, guarantees stability [28]. This thought leads
to the present concept of the use of a slowly iterating approach that
performs only one update (and trajectory simulation) at each MPC
update.

To achieve feasibility of the solution, a hybrid approach is
employed. In this hybrid approach, existing guidance algorithms are
embedded in the MPC by the composite guidance law to ensure
feasibility in terms of the final position and velocity orientation. A
stability constraint is applied during time-of-flight control on the
other elements of the composite guidance law. The stability
constraint is an increase in the time-to-go at which the explicit gain
C2 is set to zero from the nominal 10–15 s. This stability constraint is
selected so that the composite guidance is able to meet the mission
inequality constraint that the vertical flight-path angle must be
steeper than �60 deg, but it does prevent the guidance from
achieving the commanded flight path of �70 deg used in the
guidance design. Unfortunately, the selection of the value of the
stability constraint with the MPC control continues to require
simulation and Monte Carlo analysis to ensure acceptable behavior
for implemented designs.
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This onboard simulation is initialized by the current estimated
missile states from the navigation algorithm and the simulation is
called once per iteration. A 0.4 Hz update rate for the time-of-flight
control bias provides sufficient control of the time of flight.

The difference of the current estimate of the time of flight for the
current value of aTOFbias (tpredictk) and the commanded time of flight
(tcommand) is the current time-of-flight error.

�terrk � tpredictk � tcommand (12)

If the current time-of-flight error and the previous time-of-flight
error (�terrk�1) have different polarity, then their product f1 will be
negative.

f1 ��terrk�terrk�1 < 0 (13)

For this case, the value of aTOFbias that zeros the time-of-flight error
lies between the current value ofaTOFbiask and the previous value of the
bias aTOFbiask�1 . Thus, for the case of f1 < 1, the next value of the bias
is given by

aTOFbiask�1 � �aTOFbiask � aTOFbiask�1�=2 (14)

If the value of f1 > 0, then both the current and the previous values
of the time-of-flight bias lie on the same side of the value which will
zero the time-of-flight error. For this case, the next value of the bias is
changed based on the computed error �terrk. In this case, the next
iteration of the bias acceleration aTOFbiask�1 is

aTOFbiask�1 � aTOFbiask � kt�terrk (15)

where kt is a user selectable gain nominally set to a value of one.
The basis for this update algorithm is that increased positive (i.e.,

downward) bias decreases theflight time to the target. If the predicted
time of flight is short (�terrk < 0), then the algorithm makes the bias
more negative (upward) to slow the flight.

Finally, the value of aTOFbias is limited. It can be no less than
�96:6 ft=s2 and no greater than 32:2 ft=s2. Little time-of-flight
control is available for values of aTOFbias between 0 and 32:2 ft=s2.

The initial value of aTOFbias is nominally set to the value of
�32:2 ft=s2 but the rapid convergence of the algorithm makes the
performance of the time-of-flight controller insensitive to the initial
value.

V. Energy Management

The third component of the algorithm in Eq. (2) is the energy
management term. The term is designed to fly the missile along an
energy-conserving trajectory by establishing a maximum L=D glide
path with flight-path angle model following. During the ascent, the
energy management term generates no acceleration command until
the flight-path angle is less than the glide guidance start angle �GL.

The energy management term is best defined in the P frame
because it represents management of the vertical shaping. In the P
frame, the bias term is given by

�a PEM �
(

0

0

a


)
(16)

The scalar commanded accelerationa
 is computed by a controller
which seeks to place the missile at the maximum L=D subject to the
flight-path angle follower.

a
 � C
LqSref=W (17)

C
L � ~CL � k���
 � �� (18)

where � is the current flight-path angle, �
 is the commanded flight-

path angle, ~CL is the lift coefficient for maximum lift-to-drag ratio,
C
L is the commanded lift coefficient for energy management, k� is
the gain used to control stiffness of the flight-path angle model

follower, q is the current dynamic pressure (in pounds per feet
squared), Sref is the aerodynamic reference area (in square feet), and
W is the weight of the projectile (in pounds). The flight-path follower
can be used to eliminate the phugoidmode of gliding vehicles excited
when the glider is launched on its gliding trajectory at an altitude that
does not allow for an equilibrium glide at the desired maximum lift-
to-drag ratio.

The anticipated energy loss during the glide is used compute the
glide slope to ensure constant dynamic pressure. From [23], the
equation for the commanded flight-path angle �
 is

�
 � 1

�L=D�maxj1� ��V2=2g�j (19)

where �L=D�max is themaximum lift-to-drag ratio for the projectile at
the current conditions, � is the exponential atmosphere density
exponent, and g is reference acceleration due to gravity (32:2 ft=s2).

VI. Fire Control for Multiple Simultaneous Round
Time-of-Flight Control

The time-of-flight control is performed by two distinct algorithms
during prelaunch and in-flight. During the prelaunch phase, the goal
is to create planned trajectories of varying time-to-target values to
account for the delayed launches of the remaining rounds in the
salvo. The maximum rate of fire of the gun is known and thus the
amount of time-of-flight variation to be planned for each round in the
salvo is known. The prelaunch phase is concerned with controlling
the relative time of flight of the rounds in the salvo. No requirement
exists on the salvo absolute time of arrival.

In the prelaunch time-of-flight control, the first round isfired along
a planned trajectory with the slowest time of flight to the target. For a
gun that is capable of firing a round every 5 s, the second round in the
salvo is then fired along a trajectory which is 5 s faster than the first
trajectory. The third round is then fired along a trajectory that is 10 s
faster than the slowest trajectory. The process continues until the
salvo is complete or the maximum time-of-flight flexibility has been
achieved.

The variation in the planned time-of-flight control is achieved by
varying the elevation and azimuth angle of the barrel at firing. The
azimuth angle varies from 0 deg for theminimal elevation angle up to
the maximum azimuth value for the maximum elevation angle. The
longest flight times are achieved with the highest barrel elevations
and largest azimuth angles.

For the prediction of the time of flight for the prelaunch phase, all
round conditions are held at their nominal values. For time-of-flight
control guidance, the nominal value of the time-of-flight control
acceleration bias aTOFbias is �32:2 ft=s2. This value is necessary to
give the in-flight time-of-flight control algorithm adequate control
authority.

VII. Results

The guidance algorithm was exercised with and without the time-
of-flight control activated in a 3-degree-of-freedom flat Earth model
with a 1962 Standard Atmosphere‡ and an inverse square gravity
model. The requirements placed on the guidance algorithm are given
in Table 1. The trajectories were run with the guidance parameters in
Table 2 unless otherwise noted.

Figure 2 presents the family of trajectories produced by the
composite guidance algorithm for a range of in-plane target points.
The projectile is commanded to arrivewith a commandedfinal flight-
path angle at the target of 70 deg below the local horizon. The
projectile is launched at a 60 deg barrel angle at an exit speed of
2800 ft=s. The point to which the projectile is guided is fixed. The
final time of flight and the final speed are indicated in the figure. The
lower apogees for the shorter range target points are created by the
greater range-to-go for transition to the homing guidance as the target

‡U.S. Standard Atmosphere, U.S. Government Printing Office,
Washington, D.C., 1962.
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range decreases. Essentially, the projectile begins to respond to the
homing commands during the ascent as soon as the command-start
flight-path angle is reached and begins to pull down to the desired
target point and flight-path angle. For these intercepts, the energy
management algorithm is not activated. Figure 3 shows the speed
histories for these trajectories where the postlaunch rocket motor
firing is clearly visible. The energy management proportion of the
trajectory increases with range. For a range less than 40 n miles, the
energy management algorithm does not play a significant role in the
flight. Beyond 40 n miles, the energy management algorithm
provides the initial phase of the guidance and does not produce
acceleration commands until the apogee is reached. For the 50 nmile
intercept, the homing algorithm does not contribute until 270 s into
the flight.

Figure 4 shows the relationship between the achieved flight-path
angle and the desired optimal flight-path angle from the energy
management algorithm for the 50 nmile target point trajectory. After
the initial pull-up from the apogee, the energy management
algorithm commands cause theflight-path angle to oscillate about the
optimal value. The amplitude of the oscillation can be controlled by
selection of the values of k� . Then, the homing guidance pulls down
the flight path to meet the specified end constraints for zero miss
distance and flight-path angle. The miss distances for these fixed
target points are within the accuracy of the simulation and the
achieved flight-path angles are within 7 deg of the commanded
70 deg below the local horizon.

An important feature of the guidance algorithm is its performance
against moving targets. Figure 5 shows the projectile trajectory
against a tanklike target that is initially at rest at 43 n miles
downrange from the launch point, and which begins to move normal
to the launch bearing immediately after launch. The target vehicle
accelerates along its direction of travel at 10 ft=s2 until it achieves a
speed of 88 ft=s2. After this point, the target vehicle continues to
move at a constant speed and bearing. An offboard targeting system
provides perfect target coordinates which are passed through an
alpha-beta filter with values of �� 0:4 and �� 0:1 and an update
rate of 20 Hz. The projectile flies to the predicted intercept point
using the inferred velocity from the filter and the time of flight to the
intercept from an onboard trajectory simulation updated at 2 Hz.
There is no delay on transmission on the target coordinates. The
intercept occurs at 43.0 n miles downrange and 3.5 n miles
crossrange with a time of flight of 246 s. The commanded flight-path
angle was �70:0 deg and the achieved flight path was �66:6 deg.
The guidance algorithm selects a commanded azimuth angle based
on the intercept geometry and achieves a final value of 22.0 deg. The
achieved miss distance is within the accuracy of the simulation.

The performance of the algorithm without the time-of-fight
control under targeting noise was considered. As before, targeting is
provided by an offboard targeting system, which provides a
stationary white noise process error on the target coordinates in the
downrange and crossrange coordinates. Table 3 presents the miss
distance in the downrange and crossrange directions as a function of
the targeting error. The resulting miss distances are consistent with
the expected out-to-input noise variance for the predicted position for
the alpha-beta filter and tend to essentially zero as the targeting noise
goes to zero. The guidance algorithm behaves in a stable, well-
mannered fashion in response to targeting noise.

The prelaunch time-of-flight fire control performance was
evaluated. The elevation angle is varied from 60 to 65 deg, and the
barrel azimuth angle off of the line of sight to the target is scheduled
linearlywith barrel elevation to amaximumvalue of 25 deg off of the
line of sight to the target. The resulting time-of-flight windows that
may be achieved with the barrel elevation and azimuthal angle

Table 1 Guidance algorithm constraints

Parameter Constraint

Final flight-path angle < � 60 deg
Perfect targeting miss distance <0:1 ft
Relative time-of-arrival <2 s

Table 2 Guidance design parameters

Guidance parameter Value

RGOMslope
�1, unitless

Rmax 3:281 � 105, ft
RGOMmax

5:7 � 104, ft
C1 6
C2 �2
Onboard time-of flight model update rate 0.4 Hz
k� 0.25
k 2
�p homing guidance start flight-path angle 35 deg, Rt � 30 n mile

35–50 deg, 20 � Rt � 30 n mile
50 deg, Rt � 20 n mile

�GL energy management start flight-path angle 0 deg

Fig. 2 Composite guidance trajectories.

Fig. 3 Speed histories.
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selections are shown in Table 4. Thus, by selection of these two
parameters, the simultaneous time of arrivalmay be planned for up to
eight rounds with a launch dwell time of 5 s. The selection of the two
angles must be such that the gun slew time does not exceed the gun
dwell time.

The effect of in-flight conditions on the time-of-flight variation for
the non-time-of-flight guidance algorithm illustrates the need for the
in-flight time-of-flight algorithm. A trajectory against a fixed target
location with no targeting noise, but with a deterministic variation in

thewind,was considered. The only variation source in the simulation
was a constant 30 n mile tailwind which was not known before
launch. Thus, the tailwind is not considered in the fire control
solution. Figure 6 shows the resulting trajectories and time of flight.
Although the trajectory variation appears relatively minor, the time
of flight varies by approximately 9 s, which is greater than is
permissible for satisfactory lethality performance.

To correct for these unknown in-flight variations, the in-flight
time-of-flight control algorithm must be activated. First, a
deterministic �100 ft=s variation in the muzzle exit velocity is
considered. Figure 7 shows the three trajectories with the in-flight
time-of-flight controller active for a commanded total time of flight
from the launch of the first round of 248.5 s. The fast muzzle exit
velocity of 2900 ft=s results in an increase in the bias magnitude and
a higher trajectory. The higher trajectory slows the average
groundspeed of the projectile to correct for the greater initial speed.
Figure 8 shows the history of the time-of-flight commanded bias for
the three trajectories. The rapid convergence of the bias and its
stability are readily apparent. Unfortunately, the use of the bias as the
control mechanism for the in-flight time-of-flight control algorithm
leads to a disruption in the achieved final flight-path angle. Table 5
presents the achieved final flight-path angle for these three
trajectories. It should be noted that the 2900 ft=s trajectory is coming
in at an azimuth of �180 deg (inbound along the radial from the
launch point to the target point) at the target point. The 2900 ft=s
launch speed trajectory has an increased final speed reflecting the
increased energy provided by the launch into the projectile. It should
be noted that the nominal 2800 ft=s launch speed trajectory has an
increased speed compared with the non-time-of-flight control
trajectory. This indicates that the increased performance may be
obtained beyond the explicit guidance algorithm [17] with the
nominal gains.

The second example is a steady 30 kt wind that is unknown to the
fire control system. This wind is present immediately after launch
and persists through the impact at the target. Its magnitude and
direction (tailwind) are constant throughout the flight. Because the
wind velocity is unknown to the fire control, the commanded time of
flight from the fire control will be longer than the trajectory would be
without the in-flight controller. Figure 9 shows the time-of-flight
control guidance trajectory without the unknown wind and with the
unknown wind. The rapid convergence of the commanded bias is
evident from the commanded bias history in Fig. 10.

The achieved flight-path angle is �83:0 deg without the tailwind
and �67:1 deg with an azimuth angle of �180 deg (inbound) with
the tailwind. Both trajectories impacted the target at the commanded
time of 248.5 s.

The two results for the time-of-flight control guidance were based
on perfect knowledge of the launch speed variation and the current
wind speed. For variations unknown before launch, but which are
directly observable by instruments aboard the projectile, this is a

Fig. 4 Fifty nautical mile trajectory flight-path angle.

Fig. 5 Crossrange moving target intercept.

Fig. 6 Effect of wind on nominal guidance.

Table 3 Miss performance in the presence of targeting noise

Downrange noise 1�, ft Crossrange noise 1�, ft Downrange miss 1�, ft Crossrange miss 1�, ft
0.0 0.0 0.0 0.0
3.0 3.0 2.4 2.6
6.0 6.0 10.1 3.8

Table 4 Prelaunch time-of-flight control windows

Range, n mile QE, deg  i, deg ToF, s Window, s

20 60 0 175.1
20 65 25 212.4 37.3
30 60 0 177.2
30 65 25 218.5 41.3
40 60 0 247.4
40 65 25 284.0 36.6
50 60 0 324.8
50 65 25 370.7 45.9
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good assumption. For quantities that must be inferred indirectly from
measurements, such as wind or vehicle aerodynamic coefficients,
therewill be degradation in absolute time offlight andmultiple round
relative flight control due to errors in the estimates. The requirement
for the algorithm is to bring multiple projectiles to bear on the target
within a specified time (
2 s) and not on the absolute time of flight.
Therefore, variations and uncertainties that bear on all of the rounds
in a salvo may not directly impact the relative time of arrival but will
impact it through secondary effects. Thus, any variations associated
with themeteorological day assumed in the prelaunch phasewill bear
on all rounds equally and will not have a major impact on the relative
time of arrival on the salvo. Items that will vary round-to-round will
have an impact on the relative arrival.

The following vehicle parameter uncertainties will affect the
relative performance: the normal force coefficient slope CN�, the
maximum normal force coefficientCNmax, the axial force coefficient
CA, and the wind speed along the different paths to the target. The
projectile may use an estimation algorithm to estimate the values of
these parameters. For this case, it is the residual errors from these
algorithms that drive the width of the time-of-arrival envelope. The
uncertainty in these parameters, multiplied by their sensitivity, will
determine the width of the arrival window at the target. Table 6
presents the sensitivity of the algorithm error in delivering the
projectile to the target at the commanded time for each of these error
sources. In this table, the uncertainties are treated as constant bias

errors present through the entire flight. Thus, if the uncertainties
represent the maximum value of a time-varying parameter, the
impact on the achieved time-of-flight accuracy will be lessened, as
they will tend to a smaller average value over the flight. Also, any
error in the aerodynamic parameters that is true for the entire
population of projectiles would not impact this calculation.

VIII. Conclusions

A composite guidance algorithm combining the near-equilibrium
glide management algorithm for energy management, the vectorized
three-dimensional version of the explicit algorithm, and a model
process control approach for the in-flight control of time-of-flight has
been presented. When the time-of-flight algorithm is not active, the
algorithm achieves zero miss and the desired tolerance of the flight-
path angle for zero noise targeting. The ability to target moving and

Fig. 7 In-flight ToF control compensates for variable gun exit speed.

Fig. 8 ToF control bias algorithm converges quickly.

Fig. 9 In-flight ToF guidance counteracts unknown wind.

Fig. 10 ToF control bias converges quickly for wind.

Table 5 Final conditions for ToF control trajectories

Gun exit speed, ft=s Time of flight, s Final speed, ft=s Final flight-path angle, deg

2700 248.5 1073 �63
2800 248.5 1093 �83
2900 248.5 1145 �69

Table 6 ToF control sensitivities

Parameter Absolute time-of-flight error sensitivity

CN� 0:3 s=�%uncertainty of CN��
CA 0:5 s=�%uncertainty of CA�
CN 0:1 s=�%uncertainty of CN�
Downrange wind estimate 0:05 s=�ft=s error in wind estimate�
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crossing targets was demonstrated. The composite algorithm retains
the performance of the original explicit guidance algorithm in the
presence of targeting noise. A method to allow multiple
simultaneous round impact for a boost glide vehicle was
demonstrated by means of prelaunch variation in the trajectory
shaping for the known delay in firing of multiple rounds because of
the gun launch rate and an in-flight time-of-flight algorithm, based on
an onboard model predictive control approach. The use of the bias in
the composite algorithm as a control for the time-of-flight control
leads to a disruption of the achieved final flight-path angle but the
mission requirements on the final flight-path angle can be satisfied.
Themodel predictive control at a reasonable update rate (0.4Hz)was
demonstrated to be sufficiently fast to control the slowly varying
time-of-flight dynamics against fixed targets. Stability of MPC
algorithms remains a concern because heuristically developed
stability constraints are added to elements of the composite guidance
algorithm to ensure proper behavior of the time-of-flight control. The
development of these stability constraints requires the use of
simulation and Monte Carlo analysis to ensure proper behavior of a
deployed system.

Appendix: Vehicle Aerodynamic Model

The vehicle used in the current analysis is a generic diameter
projectile with canard control and fixed tail fins. After gun launch, a
rocket motor is fired to increase the energy of the vehicle. The
aerodynamic features are modeled as a trim aerodynamic model.
Under this assumption, the axial force ismodeled as being composed
of five terms. The first,CA00, is the axial force coefficient for sea level
as a function ofMach number. The second termCA� is the correction
for total angle of attack as a function of the Mach number. The third
termCAMh is the correction for altitude as a function ofMach number
and altitude. The fourth term CAT is a correction for the effect of
thrust on the base drag contributions as a function of Mach number,
and the fifth term CA� is the axial force correction for the period
before canard deployment as a function of Mach number. The axial
force model is given in Eq. (A1).

CA0 � CA00�M� � CA��M;�T� � CAMh�M; h�
� CAT�M� � CA��M� (A1)

The normal force model consists of the normal force slope CN� and
maximum normal force coefficient CNmax. Both are modeled as a
function of the Mach number.

The maximum lift-to-drag ratio is then computed using the
standard relations. The maximum lift-to-drag ratio for the projectile
at sea level with the canards deployed and the rocket motor burned
out is given in Fig. A1. The zero-lift ballistic coefficient at sea level
with the canards deployed is given in Fig. A2, where the ballistic
coefficient B is given by

B�W=�CASref� (A2)

The maximum maneuver capability of the round is given by the
maneuver coefficient in Fig. A3. The maneuver coefficient M is
given by

M �W=�CNmax
Sref� (A3)
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