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Agile Missile Dynamics and Control

Kevin A. Wise* and David J. B roy"
The Boeing Company, St. Louis, Missouri 63166

The dynamics and technical challenges of controlling missiles capable of high-angle-of-attack flight are dis-
cussed. The missile control effectors discussed include thrust vectoring, reaction jet thrusters, and aerodynamic
tail surfaces. A control power analysis is summarized that indicates the effectiveness of these control effectors over
the missile’s flight envelope. The six-degree-of-freedom dynamics for high-angle-of-attack missile flight control are
presented. Autopilot design models and nonlinear simulation results demonstrating high-angle-of-attack flight are

also presented.

Introduction

N aircraft close-in-combat scenarios, a large off-boresight an-

gle targeting capability, or the ability to engage targets in the
rear hemisphere, is a significant advantage. Superagility in missiles
refers to this capability. Following a successful missile launch and
separation, dynamic pressures are often too low for aerodynamic
controls to make a quick turn. When the propulsion system ignites,
vectoring the thrust (or using reaction jets) can provide this capabil-
ity, and as the velocity increases, the aerodynamic surfaces become
more effective. For the missile to possess superagility (high-angle-
of-attack capability) some form of alternate control is needed.

Figure 1 illustrates the maneuvering of an agile missile from
launch to endgame, indicating a high-angle-of-attack (AOA) ma-
neuvering capability provided by either thrust vector control (TVC)
or reaction control system (RCS) thrusters. Some of the technolog-
ical challenges for agile missile high- AOA flight include asymmet-
ric vortex shedding, high-AOA stability variations, roll control, jet
interaction effects, nonlinear blended autopilots, agile missile guid-
ance, and fast-response propulsive controls and their integration
with the main engine.

This paper discussesthese challengesand the dynamics and flight
control of agile missiles using alternate controls (TVC and/or RCS
thrusters). A detailed presentation of the nonlinear dynamics is
made. This derivation of the nonlinear equations and the resulting
linearizationto form autopilotdesign models are needed to illustrate
how the dynamics at high AOAs differ from conventionallow-AOA
dynamics. The autopilotdesignmodels, actuator characteristics,and
sensor models are presented, along with the flight control system
simulation results from a high-fidelity nonlinear simulation.

Missile Dynamics

The body axis six-degree-of-freedam equations of motion's2
(EOM) are used in the design of the flight control system. Assuming
arigid body, constant mass, and inertia, the standard six-degree-of-
freedom body EOM are written as

u=rv—qw+X+G,+T,
v=pw—ru+Y+G,+T,
w=qu—pv+Z+G, +T,
p=—Lpypg—Lyqr+L+ Ly
G =M, pr— Mg, — p?) + M+ M;
7 =—=N,,pqg — Ngqr+ N + Nr
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where G; models gravity; X, Y, and Z model the linear acceler-
ations produced by the aerodynamic forces; L, M, and N model
the angular accelerations produced by the aerodynamic moments;
T, Ty,and T, model propulsionsystemforces;and Ly, My, and Ny
model the moments produced by the propulsion system. Note that
these variables have units of acceleration. The aerodynamic forces

C,,C,, and C; are modeled as nondimensional quantities and are
scaled to units of force. This scaling is described by
X =g C,
y|=L]c, )
m
z C

where g (Ib/ft?) is the dynamic pressure; S (ft?) is a reference area;
m is the mass in slugs; and C,, C,, and C, are nondimensional
aerodynamic forces. The aerodynamic moments acting on the body
are similarly modeled as

gsl
77—z (Gl +Cul)
L xxdzz ngl
M| = c, 3)
N Y
gs

T 7z Cnlx + Cilr)

where C;, C,,, and C,, model nondimensional moments and / is a
reference length. Note that the cross-axis inertia term I, couples
the roll-yaw moment equations.

The gravitational forces are modeled as

G, —sin(@)
G, | = g| cos(f)sin(¢) 4)
G, cos(0) cos(¢)

The pitch-plane angle-of-attack « and yaw-plane sideslip angle
B are defined in Fig. 2, along with the total angle of attack ar. The
stability axis coordinatesare a transformationof the body axes using
«. The wind axis coordinatesare a transformationfrom stability axes
using .

Aerodynamics

The missile’s aerodynamic forces (C,, C v, and C.) and moments
(C,, C,,, and C,,) are typically modeled as functions of «, 8, Mach,
body rates (p, g, and r), &, B, the aerodynamic control surface de-
flections (é,, 8,, and §,.), center-of-gravitychanges, and whether the
main propulsion system is on or off and is referred to as plume
effects. Also, the aerodynamic forces may depend upon whether
reaction jets are on or off and is referred to as jet interactioneffects.
These complicated and highly nonlinear functions are used in the
EOM to model the airframe’s aerodynamics.

Asymmetric vortex shedding is a nonlinear phenomenon that
must be addressed when considering high-AOA flight. Figure 3 il-
lustrates the effect of asymmetric nose vortices at high AOAs with
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Fig.2 Coordinate systems used in missile dynamics.
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Fig.3 Out-of-plane moment caused by asymmetric vortex shedding.
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Fig.4 Configuration redesign reduces asymmetric vortex shedding.

zero sideslip. Note that, due to the asymmetric vortices, the out-of-
plane moment (yaw moment) is larger than the in-plane moment
(pitch moment).

These asymmetric vortices can cause the nose to slice right or
left and may require large control inputs to counter the effect. This
phenomenon is often referred to as phantom yaw and can be miti-
gated by the addition of small nose strakes and/or nose bluntness.
Figure 4 illustrates the possible reduction in out-of-plane moment
by modifying the missile’s configuration.
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Fig.5 Missile pitch-plane stability characteristics with angle of attack.
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Fig. 6 Interaction of jet plume with freestream aerodynamics.

In addition to the challenge of overcoming phantom yaw, the
missile’s static stability significantly changes with AOA. Figure 5
illustrates the changing pitch plane stability with AOA. A positive
slopeis unstable,and a negative slopeis stable. For the missile under
investigation, aerodynamic control authority ends at or near 30-deg
AOA, and some form of alternate control is needed to fly at high
AOAs.

When RCS thrusters are used for control, there is an interaction
of the jet plume with the freestream aerodynamic flow. Figure 6
illustrates this jet interaction, which is very nonlinear with AOA.
Note the high-and low-pressureareasin frontand back of the nozzle.
This occurs when the jet plume is entrapped by the freestream flow.
The entrapped high-pressureregion (times its areaand moment arm)
produces a moment on the missile that is larger than the jet thrust
force times its moment arm (distance to the c.g.). By exploiting
this phenomenon, a smaller reaction jet can be used, thus reducing
propellant requirements. This amplification, if not accounted for,
would be an increase in the loop gain in the flight control system,
which can significantly impact stability.

If the jet plume penetrates the freestream flow, the high-pressure
field does not form, with the net thrust force produced by the jet
reduced by the low-pressure field. Thus a 200-1b thruster may only
produce 80 1b of thrust. This attenuation,if not accounted for, would
be a decrease in the loop gain in the flight control system that can
also impact stability for an open-loop unstable missile.

A key parameter in modeling the jet interaction phenomenais the
jet penetration height. This parameter indicates if there is an am-
plification or an attenuation of the jet thrust (force). Unfortunately,
this parameter varies significantly with flight condition and is dif-
ficult to predict. These nonlinear jet interaction effects also cause
the moments produced by the thruster not to be proportional to the
thruster force.

Propulsion System Forces and Moments

For TVC actuators,’ the autopilot is designed to command the
TVC actuator angle &; (rad). For the RCS thrusters, the autopilotis
designed to command the thrust level Txcs (1b).

The TVC forcesand moments are modeled using a constantthrust
that is deflected by the actuator. It is assumed that the actuator can
deflect the thrust vector only in the pitch (8, ) and yaw (87, ) planes,
using two actuators devoted to this task. (No roll control from the
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TVC actuation system is assumed.) The resulting thrust [used in
Eq. (1)] along the body axes is

cos(én) cos(ST)_)
—sin(ST,_) 5)
—sin (875) cos (87,_)

where T is the axial thrust of the main propulsion system. The roll,
pitch, and yaw moments (L7, My, and Ny ) produced by the TVC
will be the moment arm /7 = x., — Xvc times the preceding pitch
and yaw forces, respectively, and are described as

T,
T _T
T
T,

~lr 1T sin(57,)
Ixxlzz - 1(21
Lr .
M, | = ;T sm(én) cos(ér,.) 6)
N, I,

—Ip 1T sin(8,)
Ixx Izz - I\'zz

An RCS also produces propulsion forces and moments. The re-
action jets are assumed to be positioned such that no axial force
is generated. The RCS control system is designed to provide roll,
pitch, and yaw moment control. The forces produced by the pitch
and yaw jets are modeled as

0 o

T,|=—|T, )
m —

T. 7.

where 7_"), and Tz are the RCS thrust forces in the y-body (yaw) and
z-body (pitch) directions, respectively. These moments producedby
the thrusters are modeled by the xycs thruster forces multiplied by
the moment arm /7 = X., — Xgcs. Itis assumed here that the pitch
and yaw jets are located at the same missile x station xgcs.

Roll jets may also be used to control missile roll. These jets are
symmetrically placed so that only a rolling momentis produced and
is modeled as

L, = Iron Tl 8)
IXX
Adding this to the moments produced from the pitch and yaw jets

results in

[ Iron Tron Iyl Ty
L, LI, — 12
br I, T h
My = - ©)
I,
Ny Y
lT Ixx Ty
IXX Izz - Ivzz _

Angle-of-Attack and Sideslip Dynamics

The following derivation will form a set of differential equa-
tions describing the dynamics for V, &, and g valid for large o and
B <90 deg. Consider the following definition of the body velocities
from Fig. 2:

u =V cos(a) cos(B), v = Vsin(B)
(10)

w = V sin(a) cos(B)

where V is the magnitude of the missile velocity vector. This can
be represented as a transformation of the wind-axis velocity vector
to the body axes as follows:

u %4
v =85,8|0 (11
W _| gopy 0 _fwo

where the transformations S, and Sy are

ca 0 —sa cB —sB 0
S,=10 1 0 , Sg=1|sp B O (12)
se 0 ca 0 0 1

where ¢(-) and s(-) denote cos(+) and sin(-), respectively. Differen-
tiating Eq. (11) yields

u cacf —sacf —casp 1%
v|=| sB 0 cp Va (13)
w sacf  cacf  —sasp VB

Inverting the coefficient matrix in the preceding equation yields

1% —cac*f  —sBcf  —c*Bsa u
Va | = _—ﬁ s 0 —ca v (14)
. ¢
VB sBcBea —c*B sasBcp w
Wia, B)
Substituting from Eq. (1) yields
v p u
Va | =W, B)|—|qg|x]|v
VB r w
X G, T,
+|Y|+|G |+ |T, (15)
z| 6] |r
Expanding Eq. (15) results in
V=cacB(X+G,+T)+spY +G,+T,)
+sacf(Z+ G, +1T))
a = (I/VCﬁ)[—S‘C{(G( +X+ T() + CC{(GZ +Z+ Tz)]
(16)

+ g — [pca + rsa]tan(B)
B=(/V)[—casp(G, + X +T)+cB(G, +Y +T,)

—sasB(G,+Z+T,)]+ psa —rca

Acceleration Dynamics

This sectionderivesrigid-bodydifferentialequations for the body
axis accelerations at the c.g. The body axis acceleration at the c.g.
is given by

AX X + GX + T\’
A | =|Y+G,+T, a7
A, Z+G.+ T

Expanding these terms gives

qS
_CX(OC, ﬁa (Sea 8aa 8r)
m

Ax _S Gx Tx
Al =1 L@ p6.8,8) | +|G | +]|T
A, " G, T,

qS
L2 C (. B.6..6,.5,)
m

(18)

where the functional dependence of the aerodynamicson «, 8, and
the aerodynamiccontrolsurfaces§; is shown to highlight what terms
will be differentiated. The aerodynamiceffects due to the body rates
P, q, and r and the plunge effects from « and 8 are assumed zero.
If these effects are known, then they should be included. Differen-
tiating this expression yields
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A, _Tc, _[c., _[Cx
A, =% ¢ v+ c, d+%§ C, | B
A, C, C., C,
_[Ch. Cu Co 156 G, + T,
+%S Cy Cyu Cy||ba|+]|6G,+T, (19)
Coo Cuu Ciy, 5 G.z-i—TZ

where the subscripts denote partial derivatives. Grouping terms re-
sults in

A, . 2C, C, C, 1%
A |= q—v 2, ¢, C,||ve
m .
A, 26, C, C,|Vg
- S Cxlgg szg“ C,\’lyy (Sc G,v + Tz\'
+ q; C)’M C)’Sa C)’Sr Sa + G)> + Ty (20)
szw Cmu sz 8, Gz + Tz
Substituting from Eq. (14) yields
Ax G,v + Tz\' X«Se X«Sa X«Sr Se
Ay = G), + Ty + Y«Se Y«Sa Y«Sr Sa
Az GZ + Tz Z«Se Z«Sa Z«Sr Sr
{ 2X Xo Xg cacf s sacP u
+ v 2Y Y, Y —sajfef 0  ca/cB v 21)
272 Z, Zg casp ¢ —sasp w
Substituting for [z v w]” yields
Ax G,v + Tz\' X«Se X«Sa X«Sr Se
Ay = G‘y + Ty + Y«Se Y«Sa Yar Sa
Az Gz + Tz Zée Z«Sa Z«Sr 8,
| 2X X, Xg
+ v 2y Y, Y [W(a, B)
2Z Z, Zg
A, spr — sacfq
X Ay | +V | sacBp — cacpr (22)
A, cacfq — spp

Note that the time rates of change of the accelerations are modeled
proportionalto actuator rates. Thus, an actuator dynamics model is
required to model the accelerationsas states in a state space model.

Autopilot Design Models

Maximizing overall missile performance requires choosing the
appropriate autopilot command structure for each mission phase.
This may include designing a different autopilot for separation dur-
ing launch, an agile turn at high AOA, midcourse where a long
flyout is required, and endgame where terminal homing maneuvers
are necessary. The autopilot can command either body rates, wind
angles, attitudes, or accelerations.

During launch a body rate command system is typically used.
Rate command autopilots are very robust to the uncertain proxim-
ity aerodynamics. During an agile turn, directional control of the
missile’s velocity vectorrelative to the missile body is desired. This
equates to commanding AOA or sideslip and regulatingroll to zero.
During midcourse and in the terminal phase, an acceleration com-
mand autopilot is typically used. At the end of terminal homing,
during a guidance integrated fuse maneuver, the missile attitude
may be commanded to improve the lethality of the warhead.

Separation, midcourse, and endgame autopilots have been de-
signed and implemented in production missiles and are in general
well understood. Autopilot designs for high-AOA flight are signif-
icantly less understood. Missile performance during the agile turn

can be maximized by maximizing the missile’s turn rate. High mis-
sile turn rates lead to faster target intercepts. The missile’s turn rate
(for a pitch-plane maneuver) is given by

. A, cos(a) — A, sin()
y = %

High turn rates can be achieved by commanding a constant high
AOA or by commanding large values of normal acceleration
[A, cos(x) — A, sin(a)]. Simulation studies have shown that due
to the large changes in the missile’s velocity (V) at high AOAs (due
to the high drag), commanding body accelerations during an agile
turn may not be desirable.

The nonlinear missile dynamics can be written as

x= f(x,u) 24)

To form a linear model, partial derivatives of f; are needed with
respect to each state variable and each control input. These partial
derivatives are evaluated at a specific flight condition design point.
This would typically be at a trimmed equilibrium condition; how-
ever, at high AOAs the missile is generally not in what is considered
an equilibrium condition.

(23)

Pitch Autopilot Design Model

The pitch-plane nonlinear AOA and pitch rate dynamics are de-
scribed in Eqgs. (1) and (16). Zeroing roll-yaw dynamics and lin-
earizing about o result in

a=(Zy/V)a+q+(Zs/ V), — (sap/ V)T, + (cap/ V)T,

(25)
q = Maa+qu+M68e +MT
where
da 0Z
Zy=—= — -G, —T,— X )ca
da da
0
| —+G, + T, +Z Jsa
a=ag
da 0Z X
Zs = ={—ca —
99, a9, 99, ‘o
oM oM oM
M, = — R M, = — My = —
dor a=ag dq a=ag 93, a=ap

Because most TVC actuators are limited to small deflection angles,
the sin(8z,) ~ dr,, and cos(d7,) ~ 1, resulting in

T.=T/m, T.=—(T/m)éy,, My =—(Ir T/Iyy)STE (26)

To model RCS thruster forces (axial thrust 7' is due to main engine)
[see Egs. (7) and (9)]

T\'=T/m» Tz=TRCS/m» MT=_(1T/Iyy)TRCS 27
Neglecting the influence of gravity on the AOA dynamics (because
it is divided by V') and the T sin(e) term (because it represents a

constant) and combining these into a linear matrix model result in

. ZO( 1 Z«S
1 M, M, |9 M,
fao T(SC{()S(STO - CC{()C(ST())
mV
+ Tres + mv oz, (28)
- =Ty
Iy.v 1,

yy
This state-space model can be used to design pitch autopilots at a
specific flight condition («ty, Mach, altitude, c.g.). If A, rather than
« is preferred as a state variable, then replace the & equation with
A, from Eq. (22). This also requires removing « from the pitch
rate dynamics and adding an actuator model to include the terms
proportional to the actuator deflection rates.
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Roll-Yaw Autopilot Design Model

The lateral directional nonlinear dynamics are described in Eqs.
(1) and (16). Zeroing the pitch dynamics and linearizing about o
(with B = 0) result in

i Yy/V  sap+ (Y,/V) cag+(Y,/V)] [B
ﬁ = Lﬁ Lp Lr p
; Ny N, N, r

Y«Sa/v Y«Sr/v
+ L«Sa L«Sr
N«Sa N«Sr

/v .0 0 T,
[8“} +1 0 1 0Ly (29)
’ 0 0 1]|]|Ng
where the elements of the matrices were obtainedin a similarmanner

to Eq. (25).
For TVC (assuming a small TVC angle §7,) results in

T = Ls L, = —leT o
y — m Trs T — IXXIZZ — I\?z Tr
(30)
N, — _lT IxxT
T Ixxlzz - Ing T’
Modeling an RCS control system yields
T, Iron Tro I;1.T,
Ty=—), LT=RllRll 7lxz 1y
m Ixx Ixxlzz - I\'zz
(31)
I 1, T
N, = xxty
! Ixx Izz - Ing

Neglecting gravity results in the following linear autopilot design
model:

-T
: Y, Y Y, "
) £ —
é |V sap + % cop + % B —11,.T s
1.7 - Lﬁ Lp L, P LI, - Irzz "
i N, N, N, r ;1. T
Ly Izz - Irzz
! 0
Y«Sa Y«Sr m
Vv Vv 34 il Ik Ty (32)
+ L«Sa L«Sr 8, + Ixx Izz - Irzz IXX TRoll
N«Sa N«Sr lTIxx 0

Ixx Izz - I\'zz

This state-space model can be used to design roll-yaw autopilots
at a specific flight condition (&g, Mach, altitude, c.g.). Note that 8
was assumed to be zero for a bank-to-turn missile. This modeling
assumptionis used because at high AOAs 8 must be kept very small
to keep from saturating the roll channel controls.

Sensor Measurements

Most tactical missiles use strapdown inertial measurement units
(IMU) for navigation, which have three accelerometers and three
gyros. The accelerometers and gyros are arranged into a triad to
measure accelerationsalong and rotational rates about the x, y, and
z body axes, respectively. Because of packaging considerations, the
IMU is usually not located at the missile’s c.g.

The location of the accelerometers relative to the c.g. greatly af-
fects the measured accelerations and must be accounted for in the
design of the flight control system. Ideally, if the accelerometers
are located at the c.g., then they measure just the translational ac-
celerations. If the accelerometers are located off the c.g., then they
measure a combination of translationalaccelerations and rotational
accelerations. This can be expressed as

ammu = deg. + ® X rpyy + @ X o X ryy (33)

where ryyy is a vector from the c.g. tothe IMU and w = [p ¢ r]”.
Note that the sensed accelerations are a nonlinear function of the
body rates.

Linear sensor models are required for linear autopilot design. On
symmetric airframes the y and z axis c.g. offsets are usually small
and can be neglected. The z-axis accelerometeris compensated for
the x-axis c.g. offset as follows:

Azny = AZeg + (Xeg. — Ximu)q (34)

This effect can have a dramatic impact on the flight control sys-
tem design. Equation (34) shows that the rotational dynamics are
blended with the translational dynamics. This changes the zeros of
the transfer function from the control input to the sensor output.

Consider the transfer function from elevator §, to acceleration
Az, [fromRef. 4, Eq. (4)] given by

AZc,g. _ a)g (Zﬁesz + ZotM«Se - Z«SeMa) (35)
Se [s2 = (Zo/V)s = M,](s> + 2t,0,5 + w2)

For tail-controlled missiles this transfer function is nonminimum
phase [has arighthalf-plane (RHP) zero]. As the elevator§, deflects,
the fin force (Z;, 6, ) accelerates the missile in the wrong direction.
However, this fin force creates a pitching moment that rotates the
missile. As the missile rotates, the body force builds (Z, &), acceler-
ating the missile in the correct (commanded) direction. Aerodynam-
icallyunstable(M, > 0)tail-controlledmissiles posea considerable
control challenge in that they have both RHP poles and zeros.

The transfer function from §, to Azpy does not have the same
zeros as using Az, . Figure 7 illustrates the location of the accel-
eration zeros as the sensor is moved along the body of the missile.
When the IMU is aft of the c.g., the two zeros are real with one
in the RHP. As the IMU moves forward of the c.g. to the center of
percussion the zeros bifurcate and become complex, moving in
along the jw axis.

The autopilot designer can shape the zeros in the acceleration
transfer function by placing the sensor at a different location. De-
pending upon how the feedback gains are designed, this can be
exploited to improve stability and transient performance. See Hsu
and Robel.® and the references therein, for more discussionon zeros
and their impact on the flight control system.

Fin Actuator Model

There are four tail fins each driven by an electromechanical(EM)
actuator. The fin actuator dynamics can be modeled with a second-
ordertransferfunction. The significantnonlinearitiestypicallymod-
eled include position and rate limits as well as mechanical backlash.

The fin mixing logic that relates 4., §,, and §, commands to in-
dividual fin deflections is configuration specific and depends upon
whether the missile is flown with an “x” or “+” tail. Here (for an
x tail) the equations for the fin mixing logic are

5 1 -1 -1
8.

L P B (36)

1 |11 —1 “

84 1 1 1 "

where 4., é,, and §, are the autopilot pitch, roll, and yaw fin com-
mands, respectively, distributed to the four fins, and the §;,i =
1,...,4, are the actual fin deflections. Note that it is the §; that
exhibit the nonlinearities (fin and rate limits and backlash).

RCS Thruster Actuator Model

RCS actuatorscan be built with EM valves, hot gas poppet valves,
hydraulic valves, and solenoid valves. They can be stand-alonesys-
tems (requiring their own propellant) or can be integrated with the
main engine (bleed off the main engine chamber pressure). They
can also be on-off or continuous (throttling).

Both the continuous and on-off RCS actuators can be modeled
with a first-order transfer function. The 63% rise time of the thrust
is used to specify the time constant in the transfer function. The
RCS thrustis magnitude and rate limited. In addition, some on-off
designs cannot change states (on or off) until they are fully opened
or closed.
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TVC Actuator Model

TVC actuators operate in a similar manner to the fin actuators
and are usually modeled with second-order transfer functions. The
nonlinearities typically modeled include position and rate limits as
well as mechanical backlash.

Figure 8 shows a plot of the normal thrust producedby anonlinear
TVC actuator response (no backlash modeled) to a 10-deg square
wave input. This response illustrates the effects of both the position
and rate limiting. For a 5000-1bfmain engine motor and a deflection
limit of 10 deg, the maximum normal force is 868.24 1bf.

Using the response shown in the Figure 8, the maximum thrust
rate for the TVC actuator can be computed as a function of the TVC
nozzle rate limit. A fast thrust rate is required to maintain stability
and to capture the high-AOA command during the agile turn.

Figure 9 shows a comparison of the TVC thrust rate capability
with that of a 500-1bfRCS jet, in which the RCS jetis parameterized
by the time it takes the jet to reach full thrust.

For a 200-deg/s TVC actuatorrate limit the thrustrate is slightly
less than 20,000 Ibf/s. This equates to a 500-1bf RCS jet thatreaches
itsfull thrustin 34.7 ms. Ata400deg/s TVCrate limit, the equivalent
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Fig.9 TVC and thruster thrust rate capabilities.

RCS jet time to full thrustis 17.4 ms. This figure indicates that the
TVC actuator system is somewhat slower than the RCS system
in developing normal thrust. High TVC rates will be required for
the TVC actuatorto slew the thrust vector to its maximum position.
These high TVC rates will in turn drive the TVC power consumption
and battery sizing requirementsupward, thus increasing the costand
weight of the missile.

Flexible-Body Dynamics

In deriving the autopilot design models it was assumed that the
missile was a rigid body. In fact, it is a flexible body, and these
dynamics have a significant impact on the sensed accelerations and
body rates. The discussion here is limited to the airframe’s pitch
plane. Also discussed s the tail-wags-the-dogeffect due to fin mass
unbalance and inertiaand TVC nozzle inertia. Reference 2 contains
details on modeling these dynamics.

Consider the following flexible model:

Q-

Z,/V 1 Zy  Zy, o
a| | M, M, My My ||4
b, 0 0o 0 1 by
by but by by by | | b
Zs)V  Zs)V
M; M; 8
| 0 [5} (37)
bél bal

This linear analysis model describes the pitch-planerigid-body dy-
namics (@, ¢) combined with the first bending mode (b,), including
the tail-wags-the-dogeffects proportional to §,.

The pitch rate gyro and z-axis accelerometer measurements are

grLEX = qmu T F,lel, Azpipx = AzZimu + FAll;l/g (38)

Partitioning the A matrix in Eq. (37) into 2 x 2 blocks, the (1, 1)
blockis the same as in Eq. (28) and describesthe rigid-body dynam-
ics. The (1,2) block describesthe changesin the aerodynamicforces
and moments due to the body flexure. The (2, 1) block describeshow
the rigid-bodystates (¢, ¢) excite the bendingmode. The (2, 2) block
describes the first bending mode’s second-orderdynamics.

In addition to the rigid-body states (¢, ¢), the fin deflection §,
also excites the bending dynamics. Assuming the fin c.g. is located
off the fin’s rotational axis, when the fin rotates, a bending torque
is applied to the missile body that is proportional to both the fin’s
inertia and any mass unbalance. This effect is called the fail-wags-
the-dog effect and can be significant. When TVC is used, this effect
is large because the nozzle is heavy and its c.g. is not located about
its rotational axis.

The IMU sensor measurements are corrupted by the flexible dy-
namics. Filters are designed to remove these signals from the sensed
rates and accelerations. Unfortunately, these filters add gain atten-
uation and phase lag at the loop gain crossover frequency, thus
impacting stability margins.

Control Power Analysis

The autopilot design models can be used to assess the control
effector’s capability to control the missile’s dynamics as the flight
envelope changes. This section presents a static control power anal-
ysis of the missile’s pitch dynamics, examining for what part of the
flight envelope the aero, RCS, and TVC control effectors are the
most useful.

Aero control effectorsdepend upon dynamic pressure to generate
control power. At low velocities aero control effectors have low
control power. The aero control effectorsalso depend upon the AOA
and lose effectiveness at high AOAs.

Assuming that jetinteractioneffects are neglected, RCS thrusters
providea fixed level of thrustnormal to the x-body axis independent
of flight condition. The same level of control power is obtained at
low and high velocities.

Thrustvectorcontrolexhibitscharacteristicsindependentof flight
condition the same as RCS control. TVC actuators have a limited
deflection that then limits the normal thrust. Control power data for
the TVC designs are not presented, but the same trends apply to
both the TVC and RCS control effectors.

A state space model for the missile’s dynamics can be written as
X = Ax + Bu, where the aero and RCS control inputs enter into the
dynamics through the B matrix. The B matrix can be partitioned as
B = [B; Bgrcs]. The control effectiveness, or control power, can
be analyzed by computing the size of the B matrix as a function of
AOA, c.g. location, altitude, and Mach number. The singular values
of the B matrix are computed,” and the maximum singular value is
examined as the flight envelope parameters vary.

To minimize the amount of propellant used to perform maneu-
vers, it is important to know at what velocities and AOAs the aero
controls are effective. Similarly, for RCS and TVC controls, it is
important to know at what flight conditions the main engine must
be providing thrust.

Study results show that the tail fins are very effective near zero
AOA but lose their pitch moment capability as the AOA increases
or as the velocity decreases, decreasing the dynamic pressure. As-
suming that jet interaction effects are neglected, the RCS jet’s pitch
moment capability is constant with AOA and Mach number. At low
Mach numbers the RCS control is more effective than aero control.
At high Mach numbers, the aero controls are much more effective
than the RCS jets. As altitudeincreases, the aero becomes less effec-
tive and requires an increasein velocity to maintainits effectiveness.
This is due to the decreasein dynamic pressureas altitudeincreases.

Figure 10 summarizesdatacomparingmissile fin and RCS control
effectiveness for an empty weight configuration. The RCS control
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Fig. 10 Comparison of aerodynamic and RCS control power.
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hasa fixed magnitude vs Mach number. The three curvesthatchange
magnitude with Mach number represent the amount of aero control
power for 0-, 10,000-, and 35,000-ft altitudes. For small AOAs and
above Mach 0.8, the fins are as effective as the RCS controls (data
are for 0-deg AOA). As expected, at the higher Mach numbers, the
aero control is significantly more effective than the RCS control.

Guidance and Control

Nonlinear guidance and control are used to intercepttargets. Dur-
ing agile maneuvers, guidance commands are computed to ma-
neuver the missile until the target is in the seeker’s field of view
and locked on. After lock on, the guidance uses augmented propor-
tional navigation to steer the missile through terminal homing and
intercept.

Autopilots were designed using linear quadratic regulator tech-
niquesfromRef. 8 to producea gainscheduledautopilot.The autopi-
lot used integral error control to track guidance commands. Simula-
tionresultsare presented for a missile using RCS thrustersand small
aerodynamic fins. This missile configuration included small nose
strakes to mitigate phantom yaw effects, as shown in Figs. 3 and 4.
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During the agile turn, missileroll attitude and AOA are controlled
by the autopilot, with sideslip angle regulated to zero. During this
phase the missile flies in a preferred orientation mode similar to
bank-to-turn control. After the agile turn, the autopilot is reconfig-
ured to control body accelerationsin a standard skid-to-turn mode.
Bank-to-turn control at high AOA is used to prevent asymmetries
from saturating the roll control channel. Also, the aerodynamic fins
are commanded to a fixed position at zero. This is done to reduce
the roll control requirements and because of unpredictable sign re-
versals in the aerodynamic fin control derivatives.

Figure 11 displays six-degree-of-freedan simulation time histo-
ries of an agile missile intercepting a target in the rear hemisphere.
A merge scenario was simulated with both aircraft at Mach 0.8 and
the targetinitially displaced by 1500 ft in crosstrack and downtrack.
This merge scenariorepresentsonly one of many scenarios that must
be used to evaluate the missile’s performance. A 90-deg AOA com-
mand was used to turn the missile into the rear hemisphere,and then
after seeker acquisitionof the target, proportionalnavigationis used
to intercept the target. Asymmetric vortex shedding was simulated
during the flyout.
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Fig.11 Agile missile six-degree-of-freedom simulation time histories.
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The Mach number time history shown in Fig. 11 demonstrates
how quickly the missile loses velocity while at high AOA. Follow-
ing launch, aerodynamic controls are used to provide a safe sepa-
ration from the aircraft and roll the missile to a preferred maneuver
plane. Then RCS thrusters are used to perform the high-AOA ma-
neuver with the fins commanded to zero. After the turn, the missile
switches back to aerodynamic control. This switch is based upon
missile speed knowing when the fins are aerodynamically effective.
During the remainder of the simulation the missile flies using only
fin control.

The simulation models an RCS system that is integrated with
the main propulsion system, in that the thrusters bleed off the main
engine pressure chamber. RCS controlis used only until the velocity
increasesto where the fins are effective. This strategy minimizes the
amount of propellant used for flight control, thus maximizing the
penetration into the rear hemisphere.

Conclusions

Several key technologicalchallenges for agile missile flight were
discussed. These challenges include asymmetric vortex shedding,
missile stability variations, roll control at high angles of attack,
jet interaction effects, and nonlinear guidance and control. During
high-angle-of-attad flight, the missile flies in a preferred orientation
to preventroll saturation and to mitigate aerodynamic uncertainties

caused by phantom yaw and fin sign reversals. Nonlinear simulation
results with asymmetric vortex sheddingshow a low thrusteractivity
used to maintain stability and track guidance commands.
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