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Abstract

This report explores the possibility of actively controlling a projectile with four canard lifting
surfaces, equally spaced radially, with the end goals of extending range, improving terminal accuracy,
and shaping the trajectory of a projectile. A description of a general mathematical model used to
predict the dynamic behavior of a canard-controlled projectile in atmospheric flight is given. The
model is exercised in prediction of the response of an advanced projectile currently under
development. For the projectile used in this study, it is shown that the maximum range can be
extended by 148% using controlled canards. It is also shown that projectile trajectories can be shaped
to follow a predetermined and significantly different path than the nominal trajectory.
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1 Introduction.

Traditionally, field artillery target effects are produced by firing a sufficient number of rounds with known
accuracy at a given target so that, statistically, the target is neutralized. While this methodology is certainly
successful for eliminating targets on the battlefield, it is not without several undesirable side effects that
degrade overall effectiveness. Unless you are able to increase the lethality of the munitions, the goal of
improving field artillery systems generally boils down to increasing achievable range and improving terminal
accuracy of the projectile.

It is obvious that a round with extended range enjoys the flexibility of being able to engage a greater
number of targets over a larger land area. A less obvious, yet equally important advantage of extended
range is that the system with greater range requires fewer repositionings on the battlefield and can provide
fire support for a higher percentage of time. This becomes particularly important in today’s highly mobile
battle environment, where a significant portion of time s spent moving into position. In a highly mobile
battle environment, the commander seeks to minimize decision cycle time. That is to say, he is attempting
to minimize the time needed to gather information, analyze the data, make a decision, publish the course
of action, and execute the plan. The friendly commander’s goal is to operate inside the enemy’s decision
cycle, in other words, to make decisions and execute operations faster than the enemy can react to these
operations, thus introducing confusion and disarray into the enemy’s actions. Since a long-range projectile
can cover a large area of land, rounds can be fired at many different targets on the battlefield in a short
period of time. While the enemy is repositioning to react to artillery fire at a particular target, the long
range artillery system can quickly engage the repositioned unit or other targets on the battlefield. Thus, a
long range projectile adds increased flexibility to the field artillery commander, allowing him to influence a
much greater portion of the battlefield, for longer periods of time.

The intensity of Army operations dictates that the field artillery optimize target effects with every round
fired. One method of improving target effects is to increase the terminal accuracy of each round [1]. Current
field artillery doctrine requires large numbers of rounds to be fired in order to neutralize a particular target.
Statistically, only a small percentage of these rounds actually produces effects on the target. Increased
accuracy provides that the ’extra’ rounds, those not having effects on target, are never fired. If more rounds
than necessary are fired, the firing unit accepts an unnecessary risk of being acquired by enemy target
acquisition assets and subsequently engaged with counter fire. When the firing unit comes under steady
counter fire, the unit will reposition and be rendered unavailable for other missions while in transit. Also,
firing more than the minimum number of rounds needed to eliminate a target wastes expensive munitions and
burdens the resupply system. Every extra round expended on a particular target represents an opportunity
cost that could have been directed at another objective on the battlefield. More importantly, target effects
decrease exponentially as a function of the number of projectiles fired at a particular target due to the lack of
surprise. The first volley fired is by far the most important volley to achieve maximum target effectiveness.
Furthermore, if rounds are inaccurate, targets will reappear on the battlefield. Potentially, this will require
additional artillery engagements and negatively affect the outcome of the overall battle plan. Thus, increased
terminal accuracy increases target effects by landing more first hits, reduces vulnerability by firing less shots,
and uses less material, which reduces the burden on the supply system - all contributing to a more effective
and lethal field artillery unit.

Generally, the line between a target and an artillery cannon determines the angle at which a target is
engaged. Once positioned, the commander has little ability to effect the angle or direction which a target
is attacked. If the commander desires to attack a target from a different direction, the firing unit must
be repositioned to an area located on the same line as the desired engagement direction. As a matter of
practicality, this is seldom done, since the benefits associated with attacking a target in the optimal line of
fire seldom outweigh the disadvantages of taking a firing unit out of action for repositioning. Obviously, some
directions are not possible, such as attacking the enemy from behind the enemy’s front line. With active
control, the trajectory of a projectile can be drastically altered so that targets can be attacked from a wide
variety of angles of inclination as well as different directions. An actively controlled projectile allows the field
artillery commander to engage difficult targets due to the ability to attack targets from different directions
and renders the unit available for missions for a greater percentage of time due to reduced repositioning
requirements.

The work presented in this report explores the possibility of actively controlling a projectile with four




canard lifting surfaces, equally spaced radially, with the end goals of extending range, improving terminal
accuracy, and tailoring the trajectory of a projectile. The report begins with a description of a generic
mathematical model used to predict the dynamic behavior of a canard-controlled projectile in atmospheric
flight. Next, the model is exercised in prediction of the response of an advanced projectile currently under
development.

2 Projectile Mathematical Modeling.

The following sections describe the equations used to simulate a canard-controlled projectile. It is assumed
that the projectile is a rigid body modeled by a fully coupled six-degree-of-freedom nonlinear set of ordinary
differential equations. Aerodynamic forces and moments of the projectile body and canard lifting surfaces
are functions of both angle of attack and local Mach number. Air density and the local speed of sound are
computed using the standard atmosphere modified to allow for variation in the sea level temperature. The
control system uses inertial position and velocity, roll rate, and attitude feedback to track an inertial position
trajectory using the movable canard lifting surfaces.

2.1 Atmosphere Model

The trajectory of a projectile depends on the density of air in which it is flying. Since air density varies with
atmospheric conditions, measurements of the trajectory of a projectile taken during different atmospheric
conditions can be compared with one another only after having been reduced to certain standard conditions.
For this purpose, a standard atmosphere was developed and is used regularly in the Aerospace community.
Expressions for air density, p, and speed of sound, @, as a function of altitude, z, are given by Equations 1
and 4, respectively. See Von Mises [2] for a complete development of the standard atmosphere equations.

p = 0.00237847(1 + 0.000006882)*258 if 0 > z > —35, 332 feet (1)

a = 49.0124+/518.4 + 0.003566z (2)

If = < —35, 332 feet, then the value of air density at an altitude of —35, 332 feet is used. Note that projectile
altitude is defined as positive downward so that flight above the ground plane results in a negative value of
z. One of the assumptions in the standard atmosphere is that air temperature at sea level is 59° F. For a
nonstandard day, temperature at sea level is given by Equation 3.

Tp = 1.8 OAT +518.4 (3)

In Equation 3, OAT is the outside air temperature and is the difference from the standard temperature
given in units of Celsius. OAT = 0 is the standard day temperature at sea level. Expressions for air density
and speed of sound as a function of altitude and outside air temperature can be derived and are given by
Equations 4 and 5.

1.233
p =

0.003562 , 5ss
AR )

T

a = 49.0124/T5 + 0.003566 2 (5)

The Earth’s atmosphere generally fosters air velocity perturbations that can significantly modify the trajec-
tory of a projectile. It is common to separate the atmospheric air velocity perturbations into steady and
fluctuating components, typically called mean wind and atmospheric turbulence, respectively. The atmo-
spheric wind velocity model adopted in the current effort includes only a mean wind component and assumes
that the atmospheric wind flows parallel to the Earth’s surface. The magnitude of the atmospheric mean
wind velocity vector, given by Equation 6, is modeled as an arc tangent function in order to account for the
Earth’s boundary layer. Figure 1 depicts the atmospheric mean wind velocity as a function of altitude with

o = 100. 0 .
o, z

mw = T PTY Y 6

Vinw = - tan (1000) (©)

(1 if 0 > z > —35,332 feet (4)




25000
20000
3 é | |
- 15000 JE PO .......................................... s ........................................... ....................................
® : f z §
i z :
2 10000 ; §
5000 : T | R
0 i | i |

0 20 40 60 80
Mean Wind Velocity (feet/second)

Figure 1: Mean wind velocity versus altitude (o = 100).

Because the arc tangent function approaches 7/2 at infinity, Equation 6 approaches o as altitude increases.
The atmospheric mean wind flows over the Earth’s surface at an arbitrary angle, ¥,,. A value of ¢, = 0°
implies an initial headwind on the projectile, ¥y, = 90° implies an initial right cross wind, ¥, = 180° implies
an initial tailwind, and %, = 270° implies an initial left cross wind acting on the projectile. Note that the
atmospheric mean wind model is quite crude and is merely a simple method for introducing trajectory errors
due to atmospheric wind.

2.2 Projectile Dynamic Model.

The motion of a projectile in atmospheric flight is assumed to be adequately described with six rigid body
degrees of freedom comprised of three body inertial position coordinates as well as three Euler angle body
attitudes. Figure 2 illustrates the inertial and body coordinate systems used in the current effort. The
inertial coordinate system, in its most pure form, is fixed or in uniform translation relative to the stars. For
the present study, the Earth is presumed to be a flat surface. Thus, the inertial coordinate system is defined
as an earth surface fixed coordinate system denoted by subscript /. The inertial system’s origin is located
at the end of the gun tube with 7y and j7 forming a plane parallel to the Earth’s surface. The k; axis points
down into the Earth’s surface. The projectile body system, denoted with subscript B, is fixed to the center
of gravity of the projectile. The 7p axis points out the nose of the round. If the quadrant elevation angle
were zero, then the 7p and 77 axes would initially be aligned [3]. Looking down on the projectile with roll
angle equal zero, the jp axis points out the right canard wing and kg axis points down. The equations of
motion are written with respect to body coordinates with appropriate kinematic equations relating body
translational and rotational rates with inertial translational and Euler angle rotational rates, respectively.
The resulting 12 nonlinear differential equations are given by Equations 7 through 18. See References [3,4]
for a detailed derivation.

& = ucos 6 cos ¥ + v(sin ¢ sin f cos Y — cos psin ) + w(cos sin b cos Y + sin ¢ sin ) (7)
¥ = ucos #sin ) + v(sin ¢ sin fsin Y + cos ¢ cos ) + w(cos ¢sinfsiny — sin ¢ cos ) (8)
z = —usinf + vsin¢cosf + wcos ¢ cosf 9)

¢=p+gsingtand + rcosgtanf (10)

0 = qcosd — rsing (11)

¥ = gsin ¢ secf + rcos psec (12)
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Figure 2: Coordinate system description.

w=X/m+rv—quw (13)
v=Y/m+pw—ru (14)
Ww=Z/m+qu-—pv (15)
p=L/les (16)

4= M/[Iy +rp(lyy — Ioz)/Iyy (17)
7= N/lyy +pe(lyy — Irz) /Iy (18)

Note the following variable definitions utilized in the previous equations: «, y, and z are the measure numbers
of the inertial position vector expressed in the inertial reference frame; ¢ is the Euler roll angle, § is the Euler
pitch angle, v is the Euler yaw angle; u, v, and w are the translational velocity components of the center
of gravity of the projectile resolved in the body axis system; p, ¢, and r are the components of the angular
velocity vector of the projectile with respect to inertial space expressed in the body frame; m is the projectile
mass; I, and Iy, are the roll and pitch moments of inertia about the center of gravity, respectively. The
applied forces X, Y, and Z and moments L, M, and N are given by Equations 19 through 24.

X =—F, —mgsinf + Xy (19)

Y=——2% F, +mgsingcosf+Y, (20)
Vw2 + v2

Z = -——wa—Fn + mgcos ¢ cos @ + Zy (21)
Vw?+v2

L=M,+Ly (22)

M=— M, + M, (23)

Vw2 +v2
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Figure 3: Projectile body aerodynamic forces.
N=—2 M, +N, (24)

Note the following variable definitions used in Equations 19 through 24: F, and F, are the drag and

normal body aerodynamic forces acting at the projectile center of gravity and are detailed in the following

section; M, and M, are the pitching and rolling body aerodynamic moments and are also detailed in the
following section; u,, vq, and w, are the body aerodynamic velocity components at the center of gravity of
the projectile including the effect of atmospheric mean wind; X, Yy, and Z, are the total canard force
components expressed in the body axis; and Ly, Muw, and N, are the total canard moment components
expressed in body coordinates. Note that the total canard forces and moments include contributions from
all four canard lifting surfaces.

2.3 Body Aerodynamic Model.

A basic assumption in developing aerodynamic force and moment equations is that only two unique aerody-
namic body force and moment components are generated, a drag and normal force, F, and F,, as well as a
rolling and pitching moment, M, and M,. The body aerodynamic forces act at the center of gravity of the
projectile. These forces can be visualized on the projectile in Figure 3. The projectile body aerodynamic
force and moment expressions are given in Equations 25 through 28.

1 wD?

By = L2 + 42 4+ 01) T2 Crp(a, M) 25
1 D?

F, = -ép(ug + vg + wg)%—C’pN(a, M) (26)
1 D3

M, = Zp(ul + v} + wg)%—cMR(a, M,) (27)




1 D3
My = 5p(u2 + 02+ w?) - Curp (o, Me) (28)

The reference diameter, D, used to nondimensionalize the projectile aerodynamic force and moment data is
typically the cross-sectional diameter. As shown in Figure 3, the angle of attack of the projectile is defined as
the angle between the relative wind velocity vector and the 75 axis. Using Figure 3 as a guide, the projectile
angle of attack can be developed and is given by Equation 29.

2 2
VP t W (29)

Uq

a = tan™?

The local Mach number, M,, at the projectile center of gravity is computed using Equation 30, which utilizes
Equation 5 for the local speed of sound.

7 \/ﬁ_z
o W /@FeTe 0
a 49.0124+/15 + 0.0035662

The body aerodynamic velocity components expressed in the body reference frame including the effect of
atmospheric mean wind are given by Equations 31 through 33.

g = U+ Vi €058 cos 1 cos iy + Vine €Os Bsin o sin oy, (31)

Vg = U + Viny (sin ¢ sin 8 cos ¢ — cos ¢ sin ) cos ¥y, + Viny (sin ¢ sin 6 sin ¢ + cos ¢ cos ¢) sin 1y, (32)
We = W + Vi (cos ¢ sinf cos ¢ — sin @ sin ) cos ¥y + Viny (cos ¢ sin @ sin ¥ — sin ¢ cos ¢) sin 1, {33)

As was previously defined, Vi, is the mean wind velocity at altitude and %, is the azimuth angle at which
the mean wind originates. See section 2.1 for a discussion of the atmosphere model. The projectile body
aerodynamic force and moment coefficients are a function of both the local Mach number, M,, and the angle
of attack, a.

Cpy = cfnl(Ma)a+cfn3(Ma)a3+cfn5(Ma)a5 (34)
Crp = Cpr(Ma) + cpr(Ma)a'z (35)
3 5 ¢* +r2D
CuMp = Cmp1 (Mo)o + emp3(Ma)o® + cmps (M) + empg(Ma) ———= (36)
24/u2 + vZ + w?
i (37)

CMmr = cmra(M,) + cmrz(Ma)Tm

The aerodynamic coefficients, csn1, ¢n3, Cfns, Cp0, Cip2, Cmpls Cmp3; Cmp5+ Cmpgs Cmrd, and Cmyi, are obtained
through linear interpolation of a table of data that is a function of Mach number, M,.

2.4 Canard Aerodynamic Model.

Both the total canard aerodynamic force vector, F. = XoTi3+YwiB+Z0 I}‘B, and the total canard aerodynamic
moment vector, M. = L, tg + My B + Nykp, are summations of individual force and moment contributions
from each canard lifting surface.

Ne

Xo =) Xui (38)
i=1
Nc

Yo=Y Y. (39)
i1
Ne

Zy = Z Zi (40)
=1
N
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Figure 4: Canard geometry.

N¢

M, = Z My; (42)
i=1
N¢

Ny = Nui (43)
i=1

In Equations 38 through 43, N is the number of canard lifting surfaces. The current work uses four canards
so that N. = 4. The basic geometry of the canard lifting surfaces is shown in Figure 4. When the angular
rates of the projectile are nonzero, each canard experiences a different aerodynamic velocity since each canard
is located at a different position on the projectile body. Equations 44 through 47 provide generic formulas
for the relative acrodynamic velocity components and the local Mach number of the ith canard needed for
subsequent computation of canard aerodynamic forces and moments. .

Ugi = Ug — TTyi +QqTzi (44)
Vai = Vg + TTzi — PTzi (45)
Wei = Wq — qTzi + PTy; (46)

M= —VY uj; +va; + W3 (47)
' 7 49.0124+/T, + 0.0035662

In Equations 44 through 46, 7z, 7y, and r;; are components of the vector from the projectile center of
gravity to the computation point on the ith canard lifting surface expressed in body coordinates.

Note that small differences in each canard’s altitude create very small differences in atmospheric mean
wind velocity magnitude, which, ultimately, also modifies the relative velocity experienced by a canard.
However, this effect is believed to be very small and not taken into account. It is assumed that each canard
experiences the identical atmospheric velocity field and density as the projectile center of gravity. In other
words, at any time instant, the density and atmospheric velocity are assumed constant over the projectile
and equal to that experienced by the projectile center of gravity.




As shown in Figure 4, the canards are not swept. Although in a general flight condition, the canard lifting
surfaces encounter skewed flow, this effect is not modeled. Instead, it is assumed that canard aerodynamic
lift and drag forces always lie in a plane parallel to the canards airfoil section. General formulas for the lift
and drag forces generated by the ith canard are given in Equations 48 and 49.

Li = 5plud + v+ wk)SiCL (48)
D; = %P(Ugi + 0% + we)SiCp (49)

In Equations 48 and 49, S; represents wing surface area of the ith canard, and the aerodynamic lift and drag
coefficients are given by Equations 50 and 51.

Cr = cia(M;)ey (50)

Cp = cao(M;) + caa(Mi)of + ci(M;)C} (51)

The aerodynamic coeflicients, ¢4, ¢4, a2, and c;, are obtained through linear interpolation of a table of

data, which is a function of the local canard Mach number, M;. It is important to note that due to the simple

expansion of Equations 50 and 51 in e;, the equations are only valid for small angles of attack. Because

of slight differences in the formulas for computing aerodynamic forces and moments about the projectile’s
center of gravity, each canard lifting surface is developed separately in the following four subsections.

2.4.1 Canard 1.

As shown in Figure 5, the aerodynamic angle of attack of Canard 1 is given by Equation 52.

@; = 6; +tan™? <w“1) (52)
Ug1
The aerodynamic force and moment components are given by Equations 53 through 58.

Wa1 Ual

X 1= Ll - D1 53)
’ Uz + Wi Vg +wi (

Y1 =0 (54)

Ual Wq1
Zwl = —L1 - D1 (55)

: VuZ +wk Vil +wl

L1 = Zy1myy — Y1721 (56)
My1 = Xp1721 — Zy1T21 (57}
Ny1 =Yyi17rz1 — leryl (58)

2.4.2 Canard 2.

As shown in Figure 6, the aerodynamic angle of attack of Canard 2 is given by Equation 59.

a9 = 0y — tan~! (E) (59)
Uq1
The aerodynamic force and moment components are given by Equations 60 through 65.

Va2 Ug2

Xwz = —L2 - D (60)
Vs + vk, Vs + vl
Ua2 Va2
Yoz = Ly — Dy (61)
Vuip + vl Vuds + v,

Zy2 =10 (62)
Lys = Zw27'y2 — YuwaTz2 (63)
Mys = Xy2rz2 — Zwarz2 (64)
Nyz = Yuarss — Xuary2 (65)
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2.4.3 Canard 3.

As shown in Figure 7, the aerodynamic angle of attack of Canard 3 is given by Equation 66.

asz =63+ tan™! (wa3>

Uqg3

The aerodynamic force and moment components are given by Equations 67 through 72.

Wa3 Ua3
Xuws = La—= = — Ds—= >
V Ug3 + Wa3 V Us3 + We3
Yuz =0

Zoa=—L Ua3 -D Wa3
ws = 3\/u2 + w? 3\/u2 + w?
a3 a3 a3 a3

Lys = Zy3arys — YusTz3

Mys = Xuw3arz3z — Zy3Tz3

Nys = Yu3rzz — XwaTys

2.4.4 Canard 4.

As shown in Figure 8, the aerodynamic angle of attack of Canard 4 is given by Equation 73.

- Va4
g = 64 — tan 1( a)
Ua4q

The aerodynamic force and moment components are given by Equations 74 through 79.
Va4 Ugq
Xws = —La—r—= — Ds—F—==
Vuds + v Vs + v
Uq4q Va4
Ywa = Ls — Dy
Vuls+ v Vs + vl

Zys =0

Lys = Zyarya — YyaTza
Mys = XwaTz4 — ZwaTz4

Nya = Yuarza — Xuwarys

(73)
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Figure 5: Canard 1 geometry.

Figure 6: Canard 2 geometry.
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2.5 Control System Model

There are three options when computing projectile trajectory simulations using the movable canards. The
first option is to eliminate the canards from the simulation. In this case, the simulation becomes a standard
six-degree-of-freedom projectile simulation. The second option is to allow the canards to be set at predeter-
mined deflection angles as a function of time. Because the canard angular deflections would not depend on
the state of the projectile, this type of control does not involve sensor feedback and is denoted the open loop
control case. The third option is to compute the canard deflection angles using an automatic flight control
system that utilizes sensor feedback to drive the trajectory of the projectile toward a prespecified desired
trajectory. This third case is denoted the closed loop control case.

The purpose of the closed loop projectile control system is to first generate a desired trajectory and
second to command the controllable canard lifting surfaces in such a way as to follow the desired path. The
trajectory command methodology and projectile feedback control laws are presented in the following two
subsections, respectively.

2.5.1 Command Traje:ctory Model

A desired trajectory can be prescribed by a set of inertial guidance points that the projectile should fly
through. Figure 9 shows an example desired trajectory as specified by six points in space. For the present
study, only two-dimensional command trajectories were used. However, the methodology can be extended
to three-dimensional trajectories in a straightforward manner. The commanded inertial position at some
instant in time is computed such that it leads the projectile by some buffer distance, By, along the desired
path. It is analogous to a "donkey chasing hay” scenario. Figure 10 illustrates the geometry involved in
solving for the command coordinates. Noting Figure 10, along a particular line segment, the trajectory line
is given by Equation 80. .
Az 27— Az 27 —bp =0 (80)
In Equation 80, Az and Az are changes in the trajectory line segment coordinates from the end edge point to
the start edge point. Obviously, Az and Az can be different for each trajectory line segment. A projection

line can be formed, which passes through the current position of the projectile and at the same time Is
perpendicular to the current tracking line. The projection line is given by Equations 81 and 82.

Az zp+ Az zr —ar =0 (81)

ar =Az z+ Az (82)

Recall that z, y, and z are components of the inertial position vector of the projectile center of gravity. The
projection point (zp, zp) is defined as the point of intersection between the tracking and projection line. It
is arrived at by equating the tracking line and the projection line. Equations 83 and 84 provide formulas for
computing z, and z,, respectively.
2, = aTAA.: by zAz (83)
z2 4+ Az
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Figure 9: Example command trajectory.
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5 = aTAA.; + br 2A:c (84)
22+ Az

The commanded inertial position leads the projection point by the distance B, along the tracking line.

There are two cases that must be considered. The first case is where the distance from the projection point

to the tracking line segment edge point is greater than the buffer distance. In this case the inertial position

command, z. and z, will be on the same line as the projection point and Equations 85 and 86 provide the

formulas for computation.
By

ze =2y + ———; (85)
1+ (22)
B,
2o = 2+ ———— (86)
1+ (52)

The second case that must be considered is where the distance from the projection point to the tracking
line segment end edge point, which we shall denote as dr, is less than the buffer distance, By. In this case,
the current tracking line segment is incremented and the command point is now along the new tracking line
segment. Denote the new tracking line segment start point as (2,2;). The command point is computed
starting from (zs, z;) and using an equivalent buffer distance equal to B, —d;. Equations 87 and 88 provide
formulas for computation.

To=2s+ _ﬁ‘___dT_z (87)
V1+(3%)

=zt _Bg;d’f_g (88)
1+ (3%)

Note that in either case the cross range command, y., will be identically zero, since only two-dimensional
command trajectories are being considered.

2.5.2 Feedback Control Law Model

In section 2.4, expressions for canard aerodynamic forces and moments exerted on the projectile body
were developed. These forces and moments are a function of canard rotation angles, &1, d2, d3, and d4,
corresponding to the four canards. Judicious rotation of the canards can modify the path of the projectile in
a desirable fashion. The purpose of the feedback control laws is to command canard rotation angles so that
the projectile does, in fact, follow the commanded inertial path to within a specified accuracy. The feedback
control law mathematical model used in the current effort utilizes inertial position and velocity feedback, roll
rate feedback, and Euler angle feedback. Thus, =, y, 2, £, ¥, %, P, #, 8, and ¢ are assumed available for use
in the control law model. The basic control law philosophy is to eliminate the angle between the projectile
velocity vector and the position vector from the projectile center of gravity to the trajectory command point.
To this end, the inertial position error vector, {e; ey €}, is expressed in projectile body coordinates using
Equations 89 through 91.

es = cos B cos (xc — ) + cos sinP(ye — y) — sinb(z — 2) (89)
ey = (sin ¢sin 6 cos ) — cos g sin ¥)(zc - z) + (sin ¢ sin 6 sin ¥ + cos ¢ cos ) (ye — y) +sin ¢ cos 0(zc — z) (90)

e, = (cos ¢ sin 6§ cos ¥ + sin @ sin ¥)(zc — z) + (cos #sin 0 sin ) — sin ¢ cos ¥)(ye — y) + cos ¢ cos 6(z. — z) (91)

Equations 92 through 94 provide expressions for the control system estimate of the projectile velocity vector
expressed in body coordinates.

Ues = cos @ cos Pz + cos §sin Py — sin bz (92)
ves = (sin ¢ sin @ cos P — cos ¢ sin Y)& + (sin ¢ sin 8'sin 1 + cos ¢ cos ¥)y + sin ¢ cos 6z (93)
wes = (cos ¢ sin B cos ¢ + sin ¢ sin )& + (cos ¢ sin @sin ¢ — sin ¢ cos )y + cos ¢ cos 62 (94)
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Note that u.s, ves, and w.s are computed by the control system but are in fact equal to u, v, and w,
respectively. Using Equations 89 through 94, the pitch and yaw error angles are formed.

bpmn = tan=! (L”f_l) ~ tan-! (_) (95)

Ugy

YErR = tan™! (e_y> ~tan~! (M> (96)
ez Ufsl

The quantities uyi;, v, and wyy are low pass filtered versions of uc;, ves, and we; governed by Equations
97 through 99.

Tullpil + Ufip = Ues (97)
TuVfil + Vpil = Ues (98)
TwWfil + Wil = Wes (99)

In the previous equations, 7, 7y, and 7, are time constants chosen to optimize overall system performance.
The control laws also utilize integrated roll rate ( p; ), integrated pitch angle error ( 6grrr ), and integrated
yaw angle error ( Yerrr ) as given by Equations 100 through 102.

pi=p (100)
0prrI = OERR (101)
YERRI = YERR (102)

The basic control laws are angular rate commands, e,, 4, and e, given by Equations 103 through 105.

ep = Kpp+ Kpipi + Ky (103)
eq = K¢Ogrr + Ko,0cRRI (104)
er = KyYERR + Ky, YERRI (105)

In the previous equations, Ky, Ky, K¢, Ke, Kg,, Ky, and Ky, are feedback control law gains and are set
to optimize system performance. To form the final canard rotation angles, Equations 106 through 109 are
used.

di=e—¢ (106)
da=e€r+e (107)
d3=¢eq+ep (108)
da=¢er—¢ (109)

The canard rotation angles are limited to lie between a predetermined constant, £877a777-

2.6 Solution Technique.

The mathematical equations developed previously represent an initial value problem comprised of 18 coupled
ordinary differential equations. Due to the difficulty in obtaining a closed form analytic solution to these
equations, a numerical approach is taken to compute both time simulation and linear dynamic models of
the system. A computer program was developed to perform the computations. The code, dubbed BOOM,
is written in portable FORTRAN and has no calls to routines not contained in the source code file.
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2.6.1 Time Simulation.

To simplify the discussion to follow, vector notation will be utilized. Define ¢ as a vector containing the
state variables of the problem.

(=t yz¢ 64 uvwpgqr p bprrr YERRI Ufil Viil wra]” (110)
Let 9 be a vector containing the canard control deflections.
9 =1[61 62 I3 d4) (111)
The initial value problem previously developed can be cast in the form shown in Equations 112 and 113.
(= F(¢,9) (112)
¢t =0) =G (113)

For time simulation, Equation 112 is integrated numerically in time using Newton’s method with initial
conditions specified through Equation 113. The recursion formula is given in Equation 114.

((t + At) = ((t) + Atf(C(2), 9(t)) (114)
The time simulation software was verified by a hand calculation through one time step using a random,
nonzero state and nonzero input parameters.
2.6.2 Linear Models.

At any time step in the simulation described previously, denote the current state as ¢. A linear dynamic
model can be formed that is valid in a small neighborhood around ¢.

o _ [0£] 7y o [97] 5 |
= = |5 — | 4 1
% =%+ |5 (115)
The state variables and control deflections can then be constructed using Equations 116 and 117.
¢(t) =+ (116)
d(t) =T +D(t) (117)
The matrices %é and g—-g are the system dynamics and control matrices, respectively. Eigenvalues of the

system dynamics matrix yield the modes of the system, which include stability information, while the
control matrix is useful in determining initial control system gain values. Notice that the linearization is
not performed about a steady state condition as is usually the case in aircraft linear models but rather an
instant in time where the system state is changing. Thus, information derived from the linear model, such
as frequency and damping of projectile modes, is valid for the instant in time at linearization. The system
dynamics and control matrices are computed using a forward difference. Equations 118 and 119 provide the
formulas for computing the (i, j) components of the dynamics and control matrices, respectively.

3fi _ fill+¢;,9) — £(C.9)
3Cj = J . (118)
_% _ fl(c"a +6j) - fz(&,'&)
519]' - &j (119)

In Equations 118 and 119, ¢; and ¢; are perturbation vectors such that all components are zero except the
jth component, which is a small perturbation value.

3 Results.

Time simulation results were generated for an extended range projectile, which is currently under develop-
ment. Basic technical data on the projectile is given in Table 1. The body aerodynamic coefficient data
is given in Figures 11 through 21. The body aerodynamic was generated using the computer code PRO-
DAS. Note that the PRODAS generated body aerodynamic data is an estimation based on theoretical and
empirical data sources. It is not the results of the projectile in a firing range or in a wind tunnel.
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Table 1: Extended Range Projectile Parameter Values

Parameter Symbol | Units | Value |

Projectile Reference Diameter D ft 0.5

Mass of Projectile m slug 3.98

Roll Moment of Inertia Ix slug ft* | 4.13

Pitch Moment of Inertia I, | slugft? | 352.0

Yaw Moment of Inertia L, slug ft2 | 352.0

Canard 1 Wing Area Si ft? 0.1052

Canard 2 Wing Area So ft? 0.1052

Canard 3 Wing Area S3 ft? 0.1052

Canard 4 Wing Area S4 ft? 0.1052

Component of Distance from C.G. to Canard 1 Tr1 ft 2.37
Component of Distance from C.G. to Canard 1 Ty1 ft 0.51
Component of Distance from C.G. to Canard 1 721 ft 0.00
Component of Distance from C.G. to Canard 2 Tz2 ft 2.37
Component of Distance from C.G. to Canard 2 Ty2 ft 0.00
Component of Distance from C.G. to Canard 2 722 ft -0.51
Component of Distance from C.G. to Canard 3 T3 ft 2.37
Component of Distance from C.G. to Canard 3 Ty3 ft -0.51
Component of Distance from C.G. to Canard 3 723 ft 0.00
Component of Distance from C.G. to Canard 4 Tr4 ft 2.37
Component of Distance from C.G. to Canard 4 Ty4 ft 0.00
Component of Distance from C.G. to Canard 4 o ft 0.51
Roll Rate Gain kp nd -1.00

Integrated Roll Rate Gain kp; nd 0.00

Roll Angle Gain kg nd -0.70

Pitch Angle Error Gain ko nd 0.04

Integrated Pitch Angle Error Gain ko, nd 0.002

Yaw Angle Error Gain ky nd 0.04

Integrated Yaw Angle Error Gain ky, nd 0.002
Canard Deflection Limit SLIMIT rad 0.17
Forward Velocity Time Constant Tu nd 0.1
Side Velocity Time Constant Ty nd 0.1
Vertical Velocity Time Constant Tw nd 0.1
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Figure 11: Projectile body aerodynamic coefficient c¢f,1 vs. Mach number.
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Figure 12: Projectile body aerodynamic coefficient csn3 vs. Mach number.
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Figure 13: Projectile body aerodynamic coefficient ¢sn5 vs. Mach number.
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Figure 14: Projectile body aerodynamic coefficient cspo vs. Mach number.

17




clpz

Mach Number

Figure 15: Projectile body aerodynamic coefficient cfp2 vs. Mach number.
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Figure 16: Projectile body aerodynamic coefficient ¢np1 vs. Mach number.
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Figure 17: Projectile body aerodynamic coefficient ¢mp3 vs. Mach number.
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Figure 18: Projectile body aerodynamic coefficient ¢nps vs. Mach number.
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Figure 19: Projectile body aerodynamic coefficient cpmpq vs. Mach number.
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Figure 20: Projectile body aerodynamic coefficient ¢;rq vs. Mach number.
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Figure 21: Projectile body aerodynamic coefficient ¢pri vs. Mach number
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Time simulation results were generated for the extended range projectile in both partially closed and fully
closed loop configurations. The 128-1b projectile is 79 in long, has a diameter of 6 in, and is similar in shape
to a standard projectile fired from a 155-mm gun. Four canards, each with a surface area of 15 in?, were
used to control the projectile. For this projectile, a canard surface area of 15 in? represents a practical upper
limit on what could be installed in a production round. Time histories of all the state variables are plotted
for the partially closed loop configuration in Figures 22 through 27. At the apex of flight, the partially closed
loop configuration injects a pitch command of 5.7° to effect a pitch up maneuver. Note that prior to the
apex of flight a closed loop roll channel control system using roll rate, roll angle, and integrated roll rate
eliminates both roll rate and roll angle of the projectile. Initial conditions for the simulation results shown
in Figures 22 through 27 are as follows: s =y=z=d¢=¢=v=w=¢q=r =0, u = 2788 fps, § = 45°,
p =31 r/s. Figure 22 shows the range, altitude, and cross range of the projectile in the partially closed loop
configuration. The range time history in Figure 22 compares the range of the projectile with and without
the movable canards installed. Under the conditions mentioned previously, the estimated range extension
is 148%. The small discrepancy between the baseline and controlled time histories before the onset of the
pitch command is due to the drag of the canards, which are not present on the baseline projectile. From the
altitude plot, it can be seen that the time of flight of the projectile dramatically increases from 79 s to 351 s.
The cross range of the projectile is slightly over 1.6 km at the terminal point. Subsequent to the execution
of the pitch command, a slight steady state yaw rate develops that alters the azimuth of the projectile hence
creating a dispersion in the cross range.

Figure 23 shows the body attitudes for the partially closed loop simulation set. From the roll angle
trace, it is seen that the roll channel control system eliminates the projectile roll rate and roll angle within
10 s. Also in Figure 23, the pitch attitude of the baseline trajectory is compared with the controlled
trajectory. At launch, both trajectories have a 45° pitch attitude; however, the baseline trajectory pitch
attitude monotonically decreases with time, whereas the controlled trajectory experiences some transient
oscillations immediately after the pitch command is executed. After the transient oscillations die out, the
controlled trajectory pitch attitude settles to a value of -2.3° in the steady state glide portion of flight.
Figure 23 also plots the yaw attitude as a function of time. From the yaw attitude plot, it is seen that yaw
attitude remains very small until the pitch command is executed at which time a small steady state yaw
rate develops, which induces a continuously increasing yaw attitude response with time.

Figure 24 shows the three components of the body velocity vector for the partially closed-loop case.
The forward velocity trace is interesting as it compares the baseline and controlled simulation results. The
baseline trajectory arrives at the terminal point ( z = 0 ) at ¢ = 79 s which corresponds to a terminal
velocity of 309.6 m/s, while the terminal point ( z = 0 ) of the controlled trajectory occurs at ¢ = 351 s,
which corresponds to a terminal velocity of 105.7 m/s. Thus, the controlled trajectory has a significant
decrease in forward velocity at the impact point. Furthermore, the decreased velocity is present throughout
a large portion of the flight. The body side velocity shown in Figure 24 remains very small throughout
the entire trajectory with some small transient vibration occurring at launch and at the onset of the pitch
command at ¢t = 38 s. The body vertical velocity is also shown on Figure 24. While not shown on Figure
24, the baseline vertical velocity is very small, since the angle of attack of the baseline trajectory is also very
small. In contrast, the vertical velocity of the controlled trajectory attains a maximum velocity of 75 m/s
at the onset of the pitch maneuver. The controlled trajectory vertical velocity is due to the pitch command
maneuver, which causes an angle of attack to be developed on the projectile, which, in turn, dictates that
the relative velocity have nonzero components along the axis of symmetry of the projectile and along the kp
axis. As the projectile angle of attack increases, a commensurate increase in the vertical velocity is to be
expected.

Figure 25 plots the components of the angular velocity vector for the partially closed loop projectile
configuration. It is seen from the roll rate time history that the action of the canards is to very rapidly
eliminate the roll rate from 31 rad/s to 0 within 10 s. This is absolutely necessary for the partially closed-
loop configuration, since the pitch attitude commands assume the projectile will maintain zero roll rate and
angle from the start of pitch commands to the terminal point. Pitch rate of the projectile is also plotted
in Figure 25 and shows that pitch rate jumps to 17.3°/s at the onset of the pitch command and eventually
damps to zero approximately 200 s after launch. Figure 25 also plots yaw rate of the controlled projectile.
At launch, yaw rate jumps to 0.7°/s due to yaw/roll coupling, but as roll rate decreases, the yaw rate settles
to a small value of 0.02°/s. At t = 38 s, a transient in yaw rate is caused by the abrupt pitch command. It

20




is the small yaw rate which persists throughout most of the flight, that causes monotonically increasing yaw
attitude and significant cross range dispersion at the terminal point.

Figure 26 shows the aerodynamic angle of attack of the projectile body as a function of time for the
partially closed loop configuration. While the baseline trajectory angle of attack is not overlaid on this plot,
it is very small (less than 1° over the entire time history). The angle of attack of the projectile body is shown
to be very small initially until the pitch command is executed, at which time, the angle of attack increases
to a maximum of 18.8°. Note that the canard model used in the current effort is only valid for small angles
of attack below 15°. As the canard angle of attack will basically follow the projectile body angle of attack,
the canards will be stalled during the high angle of attack portions of the transient response. This effect
is not modeled and may influence the results. Figure 26 plots the canard deflection for the partially closed
Joop case. To zero roll rate and roll angle, canards 2 and 3 deflect identically, while canards 1 and 4 also
deflect identically but in the opposite direction as canards 2 and 3. Since canards 1 and 3 are in the pitch
plane of the projectile and effect pitch maneuvers, they are deflected by 5.7° =+ the canard deflection to null
roll rate. A nonzero canard deflection is necessary to null roll rate in the steady state, because the aft fins
on the projectile have an effective cant of 0.29°.

Figures 22 through 26, show that the range of a projectile can be significantly increased by using body
lift achieved by pitching the projectile upward using the movable canard lifting surfaces. While a dramatic
increase in range is achievable, an equally dramatic increase in the time of flight and decrease in the impact
point velocity is realized. Thus, the action of the movable canards is to facilitate a transfer of kinetic energy
to potential energy, allowing the projectile to stay aloft longer. If a higher impact velocity or a shorter time
of flight is desired, then a subsequent decrease in the maximum range will follow.
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Figure 22: Partially closed-loop range extension, position (solid = controlled, dotted = baseline).
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Figure 23: Partially closed-loop range extension, Euler angles (solid = controlled, dotted = baseline).

23




body forward velocity (m/s)

body side velocity (m/s)

50 100 150 200 250 300 350
time (sec)

body vertical velocity (m/s)

B0 e
1

i ; ; i I i i
50 100 150 200 250 300 350
time (sec)

Figure 24: Partially closed-loop range extension, body velocity (solid = controlled, dotted = baseline). ,

50 100 150 200 250 300 350 .
time (sec)

24




Roll Rate (deg/sec)

Pitch Rate (deg/sec)

Yaw Rate (deg/sec)

1000 — ........................... ........................... ...........................

5100 bbb

0 : : : : :

] I | | [ I |
0 50 100 150 200 250 300 350
time (sec)

T e ........................... ...........................

0 50 100 150 200 250 300 350
time (sec) )

04

T i i i T i i
0 50 100 150 200 250 300 350
time (sec)

Figure 25: Partially closed-loop range extension, body angular velocity.
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Figure 27: Partially closed-loop range extension, control deflections.

26




Time histories of the projectile and control system state variables are plotted in Figures 28 through 34 for
a fully closed loop tracking trajectory simulation. Initial conditions for the simulation shown in Figures 28
through 34 are as follows: x:y:z:q&:z/)=v:w=q=r=p,-=933m:1/JERRI=vfu=wfiz =0,
u = uspy = 2788 fps, 6 = 45°, p =31 r/s. The fully closed loop simulations use an automatic flight control
system that utilizes sensors which feedback the signals z,y, 2, %,9, 2, %,0, 9,9, ¢, and r (full state feedback) to
guide the projectile onto a prespecified desired trajectory. The desired trajectory is specified in advance by a
set of way points. Figure 28 plots range, altitude, and cross range for case 1 of the fully closed loop tracking
simulation. In Figure 28, the dotted trace represents the commanded position, while the solid line represents
the projectile position. The desired trajectory represents a range extension from 21.06 km to 34.9 km. This
range extension is significantly less than the partially closed loop case shown previously. From the range
time history, it is shown that the projectile flight control system is able to track the desired trajectory to
attain a moderate extension in range. Around the apex of flight, the projectile does not track the desired
path particularly well, and it is believed that this is due to the sharp gradients in the desired path and the
reduction in control power that occurs at high altitude. Figure 28 also shows altitude vs. time and shows
that the time of flight increases from approximately 79 s in the uncontrolled case to 133 s in the closed-loop
case. Recall that for the partially closed loop case the overall time of flight was 351 s. The lateral range vs.
time plot in Figure 28 shows that the lateral range is regulated within 5 m. In contrast to the partially
closed loop case, lateral range is small, since the projectile flight control system commanded cross range to
zero ( yo = 0 ) at all times.

Figure 29 shows the body attitudes for the closed loop trajectory simulation. From the roll angle trace,
it is seen that the roll channel control system eliminates the projectile roll rate and roll angle within 10 s.
Also in Figure 29 the pitch attitude of the projectile is shown. Unlike an uncontrolled projectile where pitch
attitude decreases monotonically, the pitch attitude decreases from an initial attitude of 45° and begins to
oscillate at £ = 40 s. The oscillation in pitch attitude is caused by the projectile maneuvering to track the
desired trajectory. Figure 29 also plots yaw attitude vs. time, and it is shown that yaw attitude remains
small throughout the time of flight. This is in contrast to the partially closed loop case where yaw angle
was unregulated and monotonically increased due to a small persistent yaw rate. Figure 30 shows the three
components of the body velocity vector for case 1 of the closed loop tracking simulation. From the range time
history in Figure 28, it is seen that the terminal point ( z = 0 ) occurs at a time of 133 s, which corresponds
to a terminal velocity in Figure 30 of 235.3 m/s. While the moderate range extension profile reduces the
terminal velocity by 24%, the decrease in terminal velocity is far less than the partially closed loop case
shown earlier. The side velocity time history in Figure 30 is small throughout the time of flight except for
some high-frequency transient oscillations at launch. The body vertical velocity shown in Figure 30 attains
a maximum value of 27 m/s during maneuvering. As in the partially closed loop simulation, the vertical
velocity is due to pitch commands that purposefully cause an angle of attack on the projectile, which, in
turn, dictates that the relative velocity have nonzero components off the projectile axis of symmetry.

Figure 31 plots the three components of the body angular velocity vector for case 1 of the closed loop
tracking simulation. It is seen from the roll rate time history that the action of the canards is to rapidly
eliminate the roll rate from 31 rad/s to 0 within 10 s. Pitch rate is also plotted in Figure 31, and it shows
oscillations between +2 and -5° /s, which are necessary for maneuvering. Yaw rate is shown in Figure 31 and,
unlike the partially closed loop case, yaw rate settles to zero. Figure 32 plots the flight control system state
variables py, @grr1, YERRI- Figure 33 plots the projectile body angle of attack, projectile body aerodynamic
forces, and projectile body aerodynamic moments. From the angle of attack time history in Figure 33, it is
seen that the maximum body angle of attack is 6.63°, which is a relatively low angle of attack, indicating
that the desired trajectory did not exceed the maneuver limits of the canard controlled projectile. Figure 34
plots the canard control surface deflection angles, and the total canard forces and moments. Comparing the
projectile body aerodynamic forces with the total forces generated by the canards, it is seen that both the
canards and the projectile body contribute vertical forces, which are used to keep the projectile aloft longer,
hence extending range. In Figure 34, the canard deflection angle chart shows the deflections to be within
+3°. which is well within the imposed limits of £10°. To zero roll rate and roll angle, canards 2 and 3 deflect
identically while canards 1 and 4 also deflect identically, but in the opposite direction as canards 2 and 3.
Since canards 1 and 3 are in the pitch plane of the projectile and effect pitch maneuvers, they are deflected
by the pitch command + the canard deflection to null roll rate. A nonzero canard deflection is necessary to
null roll rate in the steady state because the aft fins on the projectile have an effective cant of 0.29°.
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Figures 28 through 34 show that the trajectory of a canard-controlled projectile can be significantly
altered from the baseline uncontrolled projectile in a predetermined manner. The prespecified command
trajectory represented a moderate range extension profile, and the projectile tracked the desired trajectory
well, particularly in the terminal portion of flight. Thus, actively controlled canards provide a suitable
method for increasing artillery projectile accuracy. The simulation also shows that for a moderate range
extension profile, the time of flight increases and the terminal velocity decreases but not as much as in the
partially closed loop case where dramatic range extension was realized. This reaffirms the notion that any
increase in range with canard control will come at the expense of time of flight and terminal velocity of the

round.
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Figure 28: Closed-loop tracking 1, position (solid = actual, dotted = commanded).
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Figure 29: Closed-loop tracking 1, Euler angles.
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Figure 30: Closed-loop tracking 1, body velocity.
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Figure 31: Closed-loop tracking 1, body angular velocity.
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Figure 32: Closed-loop tracking 1, integrated roll rate, theta error, and psi error.
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Figure 33: Closed-loop tracking 1, angle of attack, body forces and moments.
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Figure 34: Closed-loop tracking 1, controls, canards forces and moments.
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Time histories of the projectile and control system state variables are plotted in Figures 35 through 41 for
a fully closed loop tracking trajectory simulation. Initial conditions for the simulation shown in Figures 35
through 41 are asfollows: t =y =z2=¢=9v=v=w=g=7r=p; =0grrr = YERRI = Vi = wsy =0,
u = uspy = 2788 fps, # = 45°, p = 31 r/s. The fully closed loop simulations use an automatic flight control
system that utilizes sensors which feedback the signals z,y, 2, 2,9, 2,v,0, ¢, p, ¢, and r (full state feedback)
to guide the projectile onto a prespecified desired trajectory. The desired trajectory is specified in advance
by a set of way points. Figure 35 plots the range, altitude, and cross range for case 2 of the fully closed loop
tracking simulation. In Figure 35, the dotted trace represents the commanded position, while the solid line
represents the projectile position. The desired trajectory commands the projectile to a terminal range equal
to the uncontrolled range, however, the projectile approaches the target from the opposite direction of fire.
Thus, the projectile passes the desired target and subsequently returns to the target to attack the target
from the rear in the terminal portion of the flight. The simulation results shown in Figures 35 through 41
represent a dramatically altered projectile trajectory. From the range time history in Figure 35, it is shown
that the projectile flight control system is able to track the desired trajectory fairly well, at least as well as
in the first closed loop simulation set, except in the area from 100 to 140 s into the flight.

From Equation 12, it can be seen that the ¥ and ¢ differential equations are singular when the Euler
pitch attitude is 90°. When the v differential equation is singular, erroneous large projectile yaw attitudes
are computed, which, in turn, generate erroneous large projectile angles of attack that create large erroneous
aerodynamic forces and moments. While the simulation will run on the computer, the results are incorrect.
In the case of the controlled projectile, matters are even worse, because the automatic flight control system
uses yaw attitude to compute the canard deflection angles, so the pitch and yaw commands are erroneously
large as well. For simulation set 2, shown in Figures 35 through 41, the Euler pitch attitude must go through
90°, since the desired trajectory has an infinite gradient in the pitch plane. In the simulation results this
occurs at approximately ¢ = 100 s and the results can be seen throughout all the state variables plotted in
Figures 35 through 41. This problem is only due to the method of simulation and does not represent an
inherent problem with the automatic flight control system, since in an implemented flight control system, the
yaw angle signal would be generated from a sensor measuring the actual value and not a simulation. Further
studies of desired trajectories which will force the projectile to attain a 90° pitch attitude will need to be
simulated in another manner that does not entail a singularity at § = 90°. Such a simulation is possible by
using quaternions to define the attitude of the projectile.
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Figure 35: Closed-loop tracking 2, position (solid = actual, dotted = commanded).
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Figure 36: Closed-loop tracking 2, Euler angles.
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Figure 37: Closed-loop tracking 2, body velocity.
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Figure 38: Closed-loop tracking 2, body angular velocity.
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Figure 39: Closed-loop tracking 2, integrated roll rate, theta error, and psi error.
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Figure 40: Closed-loop tracking 2, angle of attack, body forces and moments.
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Figure 41: Closed-loop tracking 2, controls, canards forces and moments.
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4 Summary.

A mathematical model of a controllable artillery projectile has been developed and coded in FORTRAN. The
projectile is modeled as a rigid body possessing six degrees of freedom. Aerodynamic forces and moments of
the projectile body and canard lifting surfaces are a function of both angle of attack and local Mach number.
A modified standard atmosphere is used for modeling air density and the speed of sound. By numerically
integrating the equations of motion, trajectories can be generated for an unguided projectile, for a partially
closed loop projectile (roll channel closed) with open loop pitch and yaw commands, or for a fully closed
loop projectile system. In the fully closed loop configuration, a projectile automatic flight control system is
used to first generate a desired trajectory and second to command the controllable canard lifting surfaces in
such a way as to follow the desired path. The control system uses inertial position and velocity, roll rate, and
attitude feedback to track an inertial position trajectory using the movable canard lifting surfaces. Besides
time simulation, the computer code can also generate linear dynamic models of the projectile system at
prespecified time points along the trajectory. The software was verified by comparing code results to hand
calculation results from a single time step. The model has not been validated against range or firing table
data.

The model was exercised in prediction of the response of an advanced projectile currently under de-
velopment. For the projectile used in this study, it is shown that the range can be extended by 148% by
commanding a full authority pitch maneuver at the trajectory’s maximum altitude. While the canard pro-
Jectile configuration can significantly increase range, it also has a large increase in overall time of flight from
approximately 79 to 351 s. Another outcome of extending range is a significant reduction in impact velocity
from approximately 309.6 to 105.7 m/s.

From closed loop simulation set 1, it was shown that the projectile automatic flight control system was
capable of tracking a moderate range extension trajectory profile well, particularly in the terminal portion
of the trajectory profile. Since the projectile tracked the desired trajectory well, impact point errors can
be eliminated using a fully closed loop projectile control system. From closed loop simulation set 2, it was
established that the current simulation technique has problems when the Euler pitch attitude goes through
90° due to a singularity in the equations of motion. It is recommended that the simulation be modified to
use quaternion parameters to define the orientation of the body.
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