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Full Envelope Missile Autopilot Design
Using Gain Scheduled Robust Control

Harald Buschek¤

BGT Bodenseewerk Gerätetechnik GmbH, 88641 Überlingen, Germany

The challenge to cope with highly nonlinear and rapidly time-varying dynamics will be a prevailing factor
when designing autopilots for next-generation agile missiles. Robust control techniques are employed to design
lateral and roll controllers for an agile skid-to-turn missile. Uncertainty models for variations in the aerodynamic
coef� cients and in the � rst � exible-body mode have been introduced. The controllers are scheduled as a function of
dynamic pressure using a novel conditioning/blending technique to achieve full � ight envelope control capability.
A high-� delity nonlinear six-degree-of-freedom simulation accounting for structural vibrations and various noise
effects is used to verify the approach in a practical setting. A sequence of lateral acceleration commands and a
realistic engagement scenario demonstrate the performance and robustness properties of the designed autopilots.
The applicability of linear robust control techniques to nonlinear dynamic systems is illustrated in an authentic
environment employing the challenging example of a highly maneuverable missile.

I. Introduction

A UTOPILOT design for future missile systems will be domi-
nated by the requirementof ultimate agility in the entire � ight

envelope of the missile. Critical issues for next-generation autopi-
lots will not only be a fast response to the required acceleration
demands or to provide extreme maneuverability while maintaining
stability, but also to guarantee robustnessover a wide range of mis-
sion pro� les at all altitudes. Accelerating and decelerating � ight
conditions,varyingmass and inertia properties,perturbationsin the
thrust pro� le, or uncertain effectiveness of the control surfaces are
among the effects leading to a highly nonlinearbehaviorof the mis-
sile dynamics in the considered � ight envelope.

Classical control techniques have dominated missile autopilot
design over the past several decades. Most guided missile systems
employ acceleration and rate feedback together with proportional
and integralcontrol to stabilizethe missile and to track the guidance
command signals.1 The gains of these autopilots are obtained in a
variety of linearized � ight conditions and have to be scheduled by
appropriate algorithms to account for the changing environment.

The development of robust control techniques in the 1980s has
revolutionized � ight control system design considerably. Methods
such as H1 design and ¹-synthesis provide the means to design
multivariable controllers that satisfy performance speci� cations
and simultaneously guarantee stability when the system deviates
from its nominal design condition and/or is subject to exogenous
disturbances.2¡4 Robust autopilots for the linearized missile dy-
namics in the pitch plane have been designed in Refs. 5–7. An
H1 � ight controller for the coupled pitch, yaw, and roll dynam-
ics is illustrated in Ref. 8. H1 control is also employed in Ref. 9
for a bank-to-turnautopilot considering the effects of � exible-body
dynamics and noise.

Autopilots that are designed using robust control techniques are
capableof coveringa signi� cant fractionof the � ightenvelope.Nev-
ertheless, one single robust controllerwill most likely not suf� ce to
satisfy all performanceand robustness requirements throughout the
full envelope.This will particularlybe true in the case of agile mis-
siles with rapidly changing dynamics. In general, gain scheduling
as it is commonly used for conventional proportional/integral con-
trollers cannot directly be applied to robust controllers. These con-
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trollers may not have the explicit structure required to interpolate
the individual gains with respect to changing � ight conditions. A
simple approach to adjust a robust controller to a changingenviron-
ment is given in Ref. 10 by scheduling the input signal levels to the
controlleras a functionof Mach number.A separationof a designed
pitch controller into a pair of single input/single output transfer
functions describing a linearized acceleration error controller and
a linearized pitch rate controller is employed in Ref. 11. The poles
and zeros of the resulting transfer functions are interpolated with
respect to changing angles of attack and Mach numbers.

The transition from linear time-invariant systems to linear
parameter-varying (LPV) systems represents another approach to
extend the autopilot design envelope. In Ref. 12, an LPV formula-
tion is used in conjunctionwith multiple ¹-synthesiscontrollersfor
both the pitch and the roll/yaw channels. The missile dynamics are
considered in the endgame phase of the � ight only, assuming con-
stant altitude and velocity. An LPV formulation of the short-period
dynamics is used in Ref. 13. A linear matrix inequality approach
is chosen to design a self-scheduled H1 controller depending on
real-time measurements of angle of attack, velocity, and altitude. If
suf� cient system information and computing power are available,
the state-dependentRiccati equation (SDRE) method from Ref. 14
can be used. The nonlinear dynamics are parametrized to obtain a
linear structure having state-dependent coef� cients. The resulting
SDREs of the corresponding H2 problem are then solved at each
time step yielding a nonlinear H2 design. A direct application of
H1 control techniquesto nonlinearsystems is presented in Refs. 15
and 16, which involves the replacementof the Riccati equationwith
the so-called Hamilton–Jacobi–Isaacs equation.

Anotherapproachto designautopilotsfor agilemissiles is to apply
feedbacklinearizationtechniquesto thenonlinearmissile dynamics.
However, dif� culties arise with the nonminimum phase character-
istic of tail-controlled missiles, when normal acceleration is com-
manded. A two-timescale separationtechniqueand a rede� nition of
the outputare used in Ref. 17 to alleviatethis problemfor a pitch au-
topilot. The singular perturbation technique, together with a partial
linearization,is employedin Ref. 18 to pursuethe samegoal.A feed-
back linearizationautopilotusing an adaptive neural network struc-
ture is presented in Ref. 19 and is applied to a bank-to-turnmissile.

In this paper, a full envelope skid-to-turn autopilot for an agile
air-to-air missile is designed using ¹-synthesis methods. The con-
trollersare scheduledas a functionof dynamicpressureemployinga
conditioning/blending technique. Implementation issues of the lin-
ear designs in a nonlinearenvironmentare discussed.A sequenceof
lateral acceleration step commands and a realistic engagement sce-
nario are evaluated in a detailed nonlinear six-degree-of-freedom
simulation. The results illustrate the applicability of the selected
approach.
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II. Missile Model
A tail-controlled, agile air-to-air missile with an axisymmetric

con� guration is used. To apply linear control techniques, the non-
linear missile dynamics are linearized and decoupled into three
simpli� ed sets of dynamic equations for the pitching, yawing, and
rolling motion. Because of the axisymmetric property of the mis-
sile, a skid-to-turn steering policy can be employed. This steering
policy has no preferred maneuver plane and selects both the longi-
tudinal and the lateral plane to command the requiredaccelerations.
Accordingly, there is no clear distinction between longitudinal and
lateral-directionalcontrol as is the case with bank-to-turnmissiles.
Employing decoupled dynamics, this fact is naturally accommo-
dated by using one autopilot that is identical for the longitudinal
and the lateral plane (lateral autopilot) and a separate roll autopilot
that provides attitude stabilization.

The linearizedequationsofmotionof the lateralmissiledynamics
including the effects of thrust vector control (TVC) are

P̄ D .Y¯ =V0/¯ ¡ r C [.Y³ =V0/ C cth.T=mV0/]³
(1)

Pr D N¯ ¯ C Nr r C [N³ ¡ cth.lth T =Iz/]³

where ¯ is sideslip angle, r yaw rate, and ³ rudder de� ection. The
derivativesY¯ ; : : : ; N³ are a functionof the present � ight condition,
sideslip angle, and rudder de� ection. V0 is the velocity at the lin-
earized � ight condition, m is mass, and Iz is the moment of inertia.
The in� uence of thrust vector control is representedby the thrust T ,
the distance lth between the center of gravity and the nozzle, and the
factor cth relating the � n de� ection angle to the actual thrust vector
de� ection.

The lateral acceleration at the center of gravity is given by

ay;cg D V0. P̄ C r/

(2)
D Y¯ ¯ C [Y³ C cth.T=m/]³

and the correspondingaccelerationat the locationof the accelerom-
eter is

ay;acc D acg C lacc Pr

D .Y¯ C lacc N¯ /¯ C lacc Nr r

C fY³ C lacc N³ C cth[.T=m/ ¡ lacc.lthT=m/]g³ (3)

where lacc represents the distance from the accelerometer to the
center of gravity. The time dependency of variables such as mass,
moment of inertia, etc., is neglected in the linear models.

Although the system dynamics have been linearized at certain
� ight conditions corresponding to speci� c Mach numbers and al-
titudes, there exists an additional dependence of the aerodynamic
derivatives on sideslip angle and control de� ection. The resulting
variation of the linearizedsystem dynamics due to a change in these
variablesis accountedfor by uncertaintymodels in the aerodynamic
derivatives Y¯ , Y³ , N¯ , and N³ . To simplify the design procedure,
variations in thrust are neglected,and a representativeaveragevalue
is assumed.

Structural vibrations due to aeroelastic effects corrupt measured
accelerationsand body rates. These vibrations may lead to induced
oscillationsand even rigid–elastic body mode coupling resulting in
possibleperformancedegradationsof the missile.This phenomenon
is also taken into account in the autopilotdesign procedure.Because
treating the fully coupled rigid–elastic equations of motion would
be beyond the scope of this study, a simpli� ed model has been
developed to represent the impact of � exible-body effects on the
measurement signals (see Ref. 20). The following transfer func-
tion characterizes the additional acceleration measured by the ac-
celerometer due to aeroelasticvibrationsof the structure excited by
� n de� ections to control the missile:

ai .xacc; s/ D s28i .xacc/
8i .xFin/ NqScY ³ C cth8i .xTVC/T

s2 C 2³i !i s C !2
i Mi

³.s/ (4)

Accordingly, the additional body rate measured by the gyros is

ri .xgyro; s/ D

s
d8i .x/

dx
x D xgyro

8i .xFin/ Nq ScY ³ C cth8i .xTVC/T

s2 C 2³i !i s C !2
i Mi

³.s/ (5)

where Nq is dynamic pressure and S is the reference area. The fre-
quencies of the elastic modes !i , mode shapes 8i , and the modal
masses Mi can be determinedby a � nite elementanalysisof the mis-
sile structure. The mode shapes are evaluated at the corresponding
locationsof the sensors, � ns, and nozzle, respectively.It is important
to realize that the aeroelasticpropertiesof the structureare changing
while the motor is burning and propellant is consumed. To a cer-
tain extent, this is accounted for by modeling the variations of the
natural frequencies !i as uncertainties to cover the body bending
characteristics from launch to motor burnout.

For roll autopilot design, the linearized roll dynamics of the mis-
sile including TVC effects are given by

Pp D L p p C [L» ¡ cthlth;p.T=Ix /]»; P8 D p (6)

where p is roll rate,8 roll angle,and» aileronde� ection.As with the
lateral dynamics, uncertaintymodels for the uncertainaerodynamic
coef� cients L p and L » are introduced to achieve the desired ro-
bustness characteristics. Flexible-body characteristics do not need
to be modeled in the roll channel because the frequencies of tor-
sional structuralvibrationsare considerablyhigher than roll autopi-
lot bandwidth.

III. Controller Design Using ¹-Synthesis
A. Lateral Controller

As described in Sec. II, both rigid-body and � exible-body dy-
namics are included in the lateral controller design procedure. It is
suf� cient to include only the � rst elastic mode because it is the one
that has the most crucial impact on the rigid-body behavior.

To improve the dynamic representation of the missile, a model
of the actuation system is included in the design. The actuator is
modeled as a second-order system with a bandwidth of 30 Hz and
damping of 0.7.

The interconnection structure for controller design is shown in
Fig. 1. The design is carried out as an accelerationcommand track-
ing system. The additional accelerationsand body rates originating
in the � exible-body dynamics are superposedon the corresponding
signals of the rigid-body dynamics. The uncertainty in the aero-
dynamic coef� cients is represented by the structured uncertainty
block

D D
±¯

±³

(7)

where ±¯ and ±³ account for the uncertainty in Y¯ , N¯ , and Y³ , N³ ,
respectively.

Fig. 1 Generalized plant for lateral controller design.
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The uncertain frequency of the � rst body bending mode is mod-
eled in a simpli� ed fashion according to Ref. 21. Only variations
in the !2 term in Eqs. (4) and (5) are considered. Treating the real
perturbation in the natural frequency as complex in the framework
of ¹-synthesis serves to introduce uncertainty also in the 2³! term
in Eqs. (4) and (5) even though it is not explicitly considered.21 The
uncertainty is shown by 1! in Fig. 1.

Weighted measurement noise corrupts the feedback channels

Wna D 0:001; Wnr D 0:005 (8)

In addition to the robustness requirements introduced into the
design by the uncertainties and external disturbances, performance
speci� cations are imposed by individual weighting functions. The
weighting Wacc on the error signal between commanded and
achieved acceleration de� nes the desired speed of response and
steady-state error of the resulting closed-loop system. The weight-
ing on yaw rate, Wr , introducesdamping into the designwhereas the
weighting on the control, Wu , is important to limit controller band-
width. This constrains the control de� ections to the limits of the
actuator and reduces the feedthrough of measurement noise to the
actuation unit. This is a crucial issue in a realistic controller design
because noisy � n de� ection command signals lead to an increased
power consumption in the actuation system. On the other hand, if
controller bandwidth is restricted too much the overall missile per-
formance will degrade due to slow autopilot responses. Therefore,
an optimal tradeoff between robustness properties, noise rejection,
andperformancespeci� cationsneedsto be found. In practice,an ap-
propriateselectionof the weighting functions is achievediteratively
by alternate controller design and simulation steps. As an example,
the optimal weights for the present design in the medium dynamic
pressure region were determined to be

Wacc D 100[.1=300/s C 1]

.1=0:03/s C 1
(9)

Wr D 5 (10)

Wu D
0:001[.1=0:007/s C 1]

.1=1400/s C 1
(11)

Using ¹-synthesis, three controllers have been designed at rep-
resentative � ight conditions covering the full envelope of the mis-
sile. A standardorder-reductiontechniqueusing a balanced realiza-
tion22 was employed to reduce the dimension of the inherently
high-order ¹ controllers. All controllers could be reduced to
seventh-order without sacri� cing the robust performance levels of
the full-order designs.

To illustrate some representative properties of the robust con-
trollers, the frequency response plot of one of the controllers is
shown in Fig. 2. The transfer function from the measured accelera-
tion error to the control signal exhibits two characteristic features:

Fig. 2 Frequency response plot of lateral controller.

Fig. 3 Generalized plant for roll controller design.

a strong rolloff at higher frequencies to reduce the impact of high-
frequency measurement noise in the acceleration loop and an addi-
tional indentation at the � rst body bending frequency to damp the
� exible-body mode. Because the frequency of the � rst mode has
been considered uncertain in the design, the indentation is not dis-
tinct but broader to capture the effect of the varying frequency dur-
ing motorburning.This indentationdemonstrateshow the controller
performs an implicit notch � ltering of the body bending dynamics.
Hence, extra notch � lters are rendered obsolete.

B. Roll Controller
The selectedskid-to-turnsteeringpolicyrequiresthe rollautopilot

to perform an attitude stabilization in the maneuver plane and to
provide adequate roll damping. Accordingly, the roll controller is
designed as a roll angle command tracking system as shown in
Fig. 3.

Similar to the lateral autopilot, a robust control design approach
is pursued. The error signal between commanded and achieved roll
angle 8err is fed back to the controller together with the measured
roll rate pm for additional roll damping. Weighting functions on
8err , pm , and control u determine the characteristicsof the resulting
closed-loop system

W8 D 125[.1=600/s C 1]

.1=0:24/s C 1
(12)

Wp D 0:01 (13)

Wu D 0:0001[.1=0:01/s C 1]

.1=4000/s C 1
(14)

Uncertainty models for the uncertain aerodynamic coef� cients
L p and L » are introduced to achieve the desired robustness charac-
teristics

D D
±p

±»

(15)

The actuatormodel from the lateral design is included.Weighted
noise disturbances corrupting the measurements are characterized
by

WnÁ D 0:001; Wnp D 0:1 (16)

Again, three different robust roll controllers have been designed
for the full envelope of the missile. As in the lateral case, the con-
trollers were reduced to seventh-orderwithout a loss in robust per-
formance.

Various analyses regarding the performance and robustness of
the designed lateral and roll controllers have been carried out using
linear techniques and simulations. However, a detailed description
of these linear results is omitted in favor of an in-depth discussion
on implementationand simulation of the linear robust controllers in
a highly nonlinear, realistic environment.

IV. Autopilot Implementation Issues
A. Controller Scheduling

As described in Sec. III, three controllershave been designed for
the lateral and the roll autopilot,respectively.Each controllercovers
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Fig. 4 Controller conditioning/blending scheme.

a certain dynamic pressure region and is used for all velocities,alti-
tudes, angles of attack, sideslip angles, etc., in this region. The con-
trollers are implemented using a combined conditioning/blending
scheme, which is derived from the so-called “high-gain antiwindup
approach” in Ref. 23. This technique achieves a smooth transition
between controllersby ensuring that the states of the next controller
to be switched in are consistent with the current system states. The
setup is shown in Fig. 4. Here, controller 1 is on-line while the off-
line controllers 2 and 3 are being conditioned. The conditioning is
performed using the error signal between the outputs of the off-line
controllers and the output of active controller 1

uerr 2;3 D K .u ¡ u2;3/ (17)

K is a conditioninggain to allowforan improvedadaptationto active
controller 1. In the case of the lateral autopilot, the measurement
vector that is fed to the controllers is given by (see Fig. 1)

y D
aerr

rm

(18)

The driving element for the controllers is the accelerationerror aerr,
whereas yaw rate rm is used mainly for damping purposes.The idea
of conditioning is to arti� cially increase the acceleration error for
the off-line controllerswhenever their respectivecontroloutputs are
too small in comparisonwith the output of the on-line controllerand
to reduce the acceleration error whenever their control outputs are
too high. With the present missile dynamics, the control de� ections
are de� ned such that a positiverudderde� ection results in a negative
lateral acceleration.Therefore, the error in the control output enters
the measurement vector with a negative sign:

y2;3 D
aerr ¡ uerr 2;3

rm
(19)

When transferring between controllers, a blending approach is
used to avoid the typical bumps when conditioningis not fully com-
pletedand controllersare simply switched instantaneously.The out-
puts of the corresponding controllers are selected as a function of
changing dynamic pressure. As already mentioned, each controller
coversa certain dynamicpressureregion.These regionsare selected
such that they overlap for a certain amount (see Fig. 5). When dy-
namic pressure enters these overlapping sectors, the outputs of the
two correspondingcontrollers are blended by linear interpolation:

Nq < Nql : u D u1

Nql · Nq · Nqu : u D 1 ¡
Nq ¡ Nql

Nqu ¡ Nql

u1 C
Nq ¡ Nql

Nqu ¡ Nql

u2

Nqu < Nq : u D u2

(20)

Fig. 5 Dynamic pressure ranges for blending the lateral controllers.

where Nql and Nqu are the lower and upper bounds of the overlap-
ping dynamic pressure sector, respectively. While the outputs are
blended, conditioning is performed for both controllers simultane-
ously. Because both controllers yield a robustly stable closed-loop
system in their respectivedynamic pressure regions, blending their
outputs in the overlapping sector will also result in a stable sys-
tem for most practical cases. Nevertheless, additional simulations
are still required to properly adjust the conditioning gain and the
bounds of the overlapping sector to ensure that a smooth transition
from one controller to the other is achieved.

In the case of the lateral autopilot, blending between the low and
the medium dynamic pressure controllers is performed between 50
and 100 kPa, and the medium and high dynamic pressurecontrollers
are blendedbetween120 and 200 kPa. The roll controllersare sched-
uled in a similar fashion, with slightly different dynamic pressure
regions.

B. Implementation
The three lateral controllers together with the conditioning/

blending logic constitute the lateral autopilot. As mentioned ear-
lier, this lateral autopilot is implemented twice: once to control the
yaw dynamics and once to control the pitch dynamics.Accordingly,
the roll autopilot consists of the three scheduled roll controllers.

The feedback signals that need to be provided are accelerations
and body angular rates, which are commonly available through sen-
sors. If dynamic pressure for controller scheduling is not directly
measured, it can be estimated utilizing initial information supplied
by the launching aircraft.

Presently, all controllers have been reduced to seventh-order.
However, there is no requirement that all controllersbe of the same
dimension.The conditioning/blending technique is capableof deal-
ing with controllers of arbitrary dimensions.

V. Nonlinear Evaluation
A. Six-Degree-of-Freedom Simulation

To verify the performance and robustness characteristics of the
designed autopilots in an authentic nonlinear environment, a high-
� delity six-degree-of-freedom (6-DOF) simulation is employed.
The standardequationsof motion for an axisymmetriccon� guration
in body axes are given by

Pu D vr ¡ wq C .1=m/.Fx C Tx / C gx

Pv D wp ¡ ur C .1=m/.Fy C Ty/ C gy

Pw D uq ¡ vp C .1=m/.Fz C Tz/ C gz

Pp D .1=Ix /.L C LT /

Pq D .1=Iy /[M C MT ¡ pr.Ix ¡ Iz/]

Pr D .1=Iz/[N C NT ¡ pq.Iy ¡ Ix /]

(21)

where .u; v; w/ are the velocity components and .p; q; r/ the
corresponding angular rates. .Fx ; Fy ; Fz/ represent the aerody-
namic forces, .L; M; N / the aerodynamic moments, .Tx ; Ty; Tz/
the thrust forces, and .LT ; MT ; NT / the thrust moments. In Eq. (21)
.gx ; gy ; gz/ are thegravitationalaccelerations.Massm andmoments
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of inertia are time varying and change according to the burned pro-
pellant.

The aerodynamic forces and moments are determined by

Fx D Nq Scx ; Fy D NqScy ; Fz D Nq Scz

L D NqSd cL C cL p p.d=V /

(22)
M D Nq Sd cM C cMq q C cM P® P® .d=V /

N D NqSd cN C cNr r C cN P̄ P̄ .d=V /

where Nq is dynamic pressure, S the reference area, d the reference
length, and V the total velocity of the missile. The aerodynamicco-
ef� cients are extracted from tables and take into account the current
values of angle of attack, sideslip angle, roll angle, control surface
de� ection, and center of gravity position.The thrust forces and mo-
ments are calculatedby a representativepropulsionsystem and TVC
model.

The effects of � exible-bodydynamics are implementedusing the
transfer functions in Eqs. (4) and (5) with all variables being up-
dated as the simulation proceeds. Accordingly, not only the natural
frequency changes as accounted for in the controller design, but
mode shapes and modal mass are also functions of time. Actuator
models includingrate and de� ection limits, as well as sensormodels
for the accelerometersand gyros including measurement noise, are
incorporated.Other noise models account for motor vibrations and
aerodynamicnoise deterioratingthe quality of the feedbacksignals.

B. Acceleration Step Commands
To carry out an initial investigation on autopilot performance

and on the applicability of the implemented scheduling technique,
a sequence of positive and negative 10-g lateral acceleration step
commands is imposed on the missile. Figure 6 shows the missile’s
response where time has been normalized with respect to motor
burnout time tbo . A slight tendency to overshoot and minor steady-
state errors are detectable.Nevertheless, the overall response is fast
and provides adequate tracking of the acceleration command. The
nonminimum phase behavior of a tail-controlled missile is evident
in the initial accelerations going in the opposite direction of each
step command. The magnitude is due to the fast response of the
autopilot. Dynamic pressure in pascal (1 Pa D 1:45 ¢ 10¡4 psi) is
shown in Fig. 7 and varies from 30 kPa at launch to 360 kPa at motor
burnoutandback to 50 kPa at the end of the simulation.Accordingly,
the lateral autopilot starts with the low dynamic pressure controller
and blends to the medium and subsequently to the high dynamic
pressure controller before the boost phase terminates. After motor
burnout, the procedure is reversed.During the entire simulation, the
transition between controllers is smooth and does not exhibit any
bumps or oscillations.

The rudder de� ections normalized with respect to the � n de� ec-
tion limit are shown in Fig. 8. The control action is characterizedby

Fig. 6 Lateral accelerations for step commands.

Fig. 7 Dynamic pressure in pascal.

Fig. 8 Normalized rudder de� ections.

Fig. 9 Measured lateral acceleration.

a spike-shapedde� ection to initiatea rapid turn.Lateral acceleration
is then maintained by an almost constant rudder de� ection. A minor
level of noise is visible in the rudder de� ections,which is due to the
various noise sources corrupting the measurements. The feedback
signal, which is provided by the accelerometer, is shown in Fig. 9
illustrating the impact of noise on the quality of the measurements.

During the lateral accelerationcommands, a zero roll angle has to
be maintained for roll attitude stabilization.The roll angle in Fig. 10
stays in between §0:4 deg for most of the maneuver, demonstrating
the capability of the roll autopilot.

C. Three-Dimensional Engagement
A realistic engagementscenario is shown in Figs. 11 and 12. The

missile is launched horizontally at an altitude h0 . Its position with
respect to the target is characterized by an off-tail angle (OTA) of
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Fig. 10 Roll angle in degrees.

Fig. 11 Engagement scenario, side view.

Fig. 12 Engagement scenario, top view.

120degandanoff-boresightangle(OBA)of ¡40 deg (lag situation).
The target is located at h0 C 2000 m and � ies with cospeed. As the
missile is launched,the targetperformsa break-awaymaneuverwith
a sustained normal acceleration of 9g. The missile intercepts the
evading target at h0 C 3000 m. In this scenario, all three autopilots
are interacting to track the target and to maintain stability. With the
present implementation of the skid-to-turn steering policy, normal
and lateral accelerationcommandsare employedto pursuethe target
while the attitude stabilization requires a zero roll angle.

The normaland lateralaccelerationhistoriesare shown in Figs. 13
and 14. Again, time has been normalized with respect to motor
burnout time. In both planes, the commands are tracked equally
well. Similar to the step command sequence, all three controllers
of the lateral autopilot are used, as can be seen from the dynamic

Fig. 13 Normalized normal acceleration.

Fig. 14 Normalized lateral acceleration.

Fig. 15 Dynamic pressure in pascal.

pressurepro� le in Fig. 15. Again, the schedulingalgorithmperforms
� awlessly.Angleof attack® andsideslipangle¯ are given in Fig. 16.

Figures 17 and 18 show elevator and rudder de� ections ´ and ³ ,
respectively. Initial oscillations indicate a certain sensitivity to the
relatively large acceleration error immediately after launch. How-
ever, the oscillationsare also caused by the rapidly changing accel-
eration commands at the beginningof the maneuver, which have to
be tracked by the autopilot. These variations in the command sig-
nals are in part due to an initial aerodynamic cross-couplingeffect,
where the pitch and yaw dynamics couple into the roll dynamics for
rapidly increasing® and ¯, see Figs. 19 and 16. As the missile rolls,
the body-� xed normal and lateral accelerations az and ay blend to
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Fig. 16 Normalized angle of attack and sideslip angle.

Fig. 17 Normalized elevator de� ections.

Fig. 18 Normalized rudder de� ections.

maintain the pursuit of the target. The aileron de� ections of the roll
autopilot shown in Fig. 20 counteract this induced rolling motion
and are able to stabilize the roll dynamics of the missile. After this
initial cross-couplingeffect, the maneuver is completed smoothly.

The control histories in Figs. 17, 18, and 20 are characterizedby
the initial oscillations and a certain sensitivity to noise. Reducing
controller bandwidth by adjusting the weights in the linear design
procedure can improve both features. However, care must be taken
so as not to slow down the controller too much. This could lead to
a reduced agility of the missile, resulting in an undesirable loss in
performance.

Both the sequence of accelerationsteps and the engagement sce-
nariodemonstratetheapplicabilityof linearrobustcontrollersonag-

Fig. 19 Roll angle.

Fig. 20 Normalized aileron de� ections.

ile missile dynamics in a nonlinearenvironment.The employedcon-
ditioning/blendingtechniqueproves to be a feasible tool to schedule
the controllers smoothly over the entire � ight envelope.

VI. Conclusions
A full envelope autopilot for an agile air-to-air missile has been

designed using robust control techniques. Employing ¹-synthesis,
three controllersfor the lateraldynamics and the roll dynamics have
been designed, respectively. A novel conditioning/blending tech-
nique is introduced to schedule the controllersover the entire � ight
envelope as a function of dynamic pressure. The resulting autopilot
is evaluated in a sophisticatednonlinear 6-DOF simulation.

The paper illustrates a practical application of advanced con-
trol techniques in a realistic environment.The designed linear con-
trollers demonstrate signi� cant robustness and excellent perfor-
mance characteristics in a highly nonlinear, rapidly time-varying
environment.One single controller accounts for all variations in the
missile dynamics due to angle-of-attack changes, control surface
de� ections, and structural vibrations in a considerable section of
the entire � ight envelope.This illustrates the potentialof employing
robust control techniques in demanding real-world applications.

The proposed conditioning/blending technique extends the ap-
plicability of robust control beyond individual design points. It
provides a straightforward methodology to schedule dynamic con-
trollers of arbitrary dimensions. Accordingly, full envelope autopi-
lots can be synthesizedutilizingonly a small number of controllers.
As a result, controllerdesign effort is kept to a minimum while high
levels of performance can be achieved over a wide range of operat-
ing conditions.The example of a high-agilitymissile shows that the
methodology can be used for challenging practical applications.
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