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A fully autonomous � ight vehicle must be capable of accurately tracking a desired trajectory for the safe
and effective completion of a given mission. An approach to maneuver autopilot design is presented based on
a six-degree-of-freedom nonlinear trimming algorithm coupled with a robust tracking controller. Acceleration
commandsrequired for closed-loop tracking of a desired trajectory in an Earth-� xed reference frame are provided
bya simpleguidancestrategy.Thetrimmingalgorithmgenerates optimalstate commandsandfeedforward controls
to accomplish the maneuver, while assuringthat these commandscan be tracked by an inner-loopcontroller without
violatingvehicle performanceoractuatorconstraints.Thisapproachis demonstratedin simulated� ightof anactual
� xed-wing uninhabitedaerial vehicle, named Ariel. Excellent tracking performance is achieved for a representative
three-dimensional trajectory using a high-� delity aircraft model with nonlinear dynamics and realistic wind gust
disturbances. In addition, an analysis of system robustness to uncertainty in the vehicle model is performed.

I. Introduction

A LOW-COST, � xed-wing uninhabited aerial vehicle (UAV)
named Ariel has been designed, built, and � own by the De-

partment of Aeronautical Engineering, University of Sydney. The
UAV has a mass of 32.5 kg, and 3.02-m wingspan.The objective of
� ight control researchis to transformthe UAV into a self-pilotedve-
hicle through development of onboard mission planning, trajectory
optimization, and robust maneuver tracking control functions.

Among other applications, an important use for UAVs is sub-
scale (or full-scale) � ight testing and analysis, especially in condi-
tions characterizedby time-varyingand highly nonlineardynamics.
High-precision and robust � ight control systems could perform re-
quired � ight-test maneuvers with accuracy, repeatability, economy,
and safety. Robust maneuver tracking is also highly desirable in
current applications, where the optimal use of vehicle capabilities
is essential to mission success or perhaps survivability.These con-
siderations motivate the development of a new approach for high-
performance maneuver control in autonomous � ight vehicles.

The problemof controllingan aircraft to track a desired trajectory
has been approached a number of different ways in the literature.
In Ref. 1, e.g., multiple interconnectedclassical control loops were
used to track commanded states. This general approach has been
widely used, but is only useful to obtain limited performanceover a
restricted� ight envelope.Fine tuning of controllergains is required,
and there is no means for optimizing performanceor characterizing
robustness.

Anothergeneralapproachcanbe classi� ed as prediction-basedal-
gorithms. These methods determine a feedforward control solution
to accomplish a desiredmaneuver based on an internalmodel of the
aircraftdynamics.A numerical approach,called inverse simulation,
has been applied successfullyto aircraft control problems.2;3 This is
essentiallyan iterativealgorithmthat repetitivelyperforms stepwise
dynamic simulations. It does not, however, account for model un-
certainty. A related, but more rigorous approach4 solves a receding
horizon optimal control problem for each stepwise control input.
The system, though, is limited to linear dynamics, and again the un-
certaintyin predictionsof aircraft responseis notdirectlyaddressed.
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More recently, nonlinearcontrol techniqueshave been applied to
the aircraft tracking problem. Both Refs. 5 and 6 present strategies
that combine input/output linearization with classical proportional
integral derivative control in outer command loops to obtain good
performance over an expanded � ight envelope and stability robust-
ness to modeling errors. This also requires complex gain tuning
when applied to the full multivariable tracking problem. In addi-
tion, robustnessqualities cannot easily be related to speci� c param-
eter uncertainties. This problem is addressed formally in Ref. 7,
where plant uncertainties are handled by a robust version of the in-
put/output linearization technique. Restrictions on the plant, how-
ever, such as being af� ne in the controls and minimum phase, are
dif� cult to satisfywith typicalaircraftdynamics.Nevertheless,these
techniquescould provide robust inner loops for the maneuver track-
ing approach considered here.

Successful trajectory control and maneuvermodeling techniques
havealso beendevelopedbasedon singularperturbationtheory8 and
minimum error excitation.9 However, these techniques require the
generationof complete commanded state and control histories for a
given maneuver, as opposed to utilizing a desired trajectory in iner-
tial space only. Optimal control for desired outputs10 also requires
an a priori de� nitionof outputhistoryrequiredforgiven trajectories.

This paperpresentsan autonomous� ight control strategycapable
of high-performance tracking of a given three-dimensional Earth-
� xed � ight trajectory in the presence of nonlinear dynamics and
parameter uncertainty.This is achieved by dividing the control task
into three parts, a simple three-dimensional guidance loop, a six-
degree-of-freedom(DOF) feedforward maneuver control law, and
a robust inner-loop command-following controller. An advantage
of this separation, and important to the approach presented here, is
that the vehicle performance and control constraints, as well as dy-
namic nonlinearities, are handled by the maneuver logic, while the
inner-loopcontrolleraccounts for parametricuncertainty.The vehi-
cle model uses tabulatedaircraft stabilityand controlderivatives.As
such, it cannot be inverted in closed form to compute desired con-
trol input histories for a nominal trajectory (as in many other algo-
rithms). The essentialcomponentof thisdesignis a 6-DOFnonlinear
trimming algorithm that determines optimal state and feedforward
control commands based on a search procedure that achieves opti-
mal vehicle accelerations without violating performance or actua-
tor limitations.Commandedaccelerationsare obtainedfrom � ltered
trajectory errors and their derivatives, and 6-DOF maneuver com-
mands are followed by an inner-loopcontroller that is designed for
robustness to expected parameter uncertainty.

The approach is similar to that of Refs. 11 and 12. Unlike these
methods though, the technique presented here does not rely on
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separationof force andmomentdynamicsfordecouplingof trim cal-
culations. It also incorporates nonzero body rate commands, which
provides for a unique, quasitrimmed solution for aircraft states and
controls. Another similar trimming function is presented in Ref. 13
for retrimming an aircraft after structuralor control failures. In con-
trast, the algorithm here is used for maneuver tracking and is not
limited to linear systems or equilibrium � ight conditions. The ap-
proach here is based on an iterative search procedure using a com-
plete nonlinear model of the aircraft. This procedure identi� es the
optimal solution from the set of feasible maneuvers with respect to
the constraints.

The maneuver tracking control system is a subset of a complete
autonomous guidance and control system under development for
UAV Ariel. A brief overview of the complete system is given to
indicate the context for the contributionsof this research. The ma-
neuver tracking problem is then de� ned, and the 6-DOF nonlinear
maneuver algorithm is discussed in detail. The approach used for
inner-loop control is presented, and robustness to parametric un-
certainty is analyzed. Finally, the complete system performance is
demonstrated for a simulated maneuver sequence.

II. Autonomous Flight Control System
The autonomous � ight control system is shown in Fig. 1. The

UAV vehicle dynamics are represented by a nonlinear model, a
low-altitude gust model, and realistic sensor models. This provides
a high-� delity simulation of the vehicle behavior and is used to
evaluate the performance of the � ight control system.

Autonomousguidance is providedlargely by an optimized � ight-
path generation routine. It calculates the current optimal three-
dimensional trajectory, accounting for geometric constraints (ob-
stacles) and aircraft performance limitations. This capability has
been developed through a parallel research effort and is not the
focus of this paper. Details can be found in Refs. 14–16. Of impor-
tance is simply that the desired position, velocity, and acceleration
is provided, at any given time, in an Earth-� xed reference frame.

A guidancecomputer is used to generate the local trajectorycom-
mands that will be followed by the maneuver tracking system. This
function provides a smoothly converging path from off-track � ight

Fig. 1 Complete autonomous � ight control system.

conditions (which will occur due to wind gusts, sensor noise, and
model uncertainty). The guidance computer directly generates de-
sired vehicle accelerations,which provideexponentiallyasymptotic
convergence to the optimized � ight path.

The 6-DOF maneuver autopilot, which is the focus of this paper,
is an optimal trimming function that determines stepwise vehicle
attitude and control inputs to track a commandedaccelerationin the
presence of constraintson the states and controls. It, thus, provides
the interface between the desired trajectory in an Earth-� xed frame
and the maneuver required by the aircraft to track the � ight path.
Feedforwardcontrol commands are generated,such that the vehicle
would perfectly track a feasible path in the absence of modeling
errors and disturbances.

An extended Kalman � lter will be used to update full-state esti-
mates based on the fusion of data from multiple sensors.

Finally, a robust tracking controller routine provides inner-loop
feedback. The controller’s outputs are combined with feedforward
controls from the maneuver autopilot. A linear quadratic track-
ing design is used, and the effect of parametric uncertainty is
analyzed.

III. 6-DOF Maneuver Logic
The objective of the 6-DOF maneuver algorithm is to deter-

mine the optimal and feasible single-step commanded vehicle
states and controls required to track the desired trajectory. The
solution procedure uses a novel search strategy to determine the
best admissible instantaneous � ight condition. Search direction
is based on the achievable acceleration for a given state vector.
Constraints include nonlinear dynamics, vehicle performance, and
control actuator limitations. A unique solution is identi� ed by con-
straining the DOFs to a feasible subset of the state and control
space derived from physical considerations of the aircraft control
problem.

A. Aircraft Dynamic Equations
The true motion of an aircraft is described (neglecting distur-

bances) by nonlinear differential equations, which may be written
in terms of translationaland rotational dynamics (see Ref. 17).
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The translational(force) dynamics in a wind-axis coordinatesys-
tem are given by

XW ¡ mg sin µW D m PV ; YW C mg cos µW sin ÁW D mV rW

(1)
ZW C mg cos µW cos ÁW D ¡mV qW

where XW , YW , and ZW are the wind-axis components of the aero-
dynamic and propulsive forces acting on the aircraft; V is the total
velocity; ÁW , µW , and ÃW are the wind-axis attitude angles; qW

and rW are the wind-axis pitch and yaw rates; and m is the aircraft
mass.

The rotational (moment) dynamics in body-axis coordinates are
given by

L D Ix x Pp ¡ Ix z.Pr C pq/ ¡ .Iyy ¡ Izz/qr

M D Iyy Pq ¡ Ix z.r
2 ¡ p2/ ¡ .Izz ¡ Ix x /rp (2)

N D Izz Pr ¡ Ix z. Pp ¡ qr/ ¡ .Ix x ¡ Iyy /pq

where L , M , and N and p, q , and r are moment and angularvelocity
components, respectively, about the x , y, and z body axes and Ii j

are the mass moments of inertia. Note aircraft symmetry about the
x – z plane is assumed.

The forces XW , YW , and ZW and moments L, M , and N in Eqs. (1)
and (2), and thus the aircraft’s acceleration, are functions of the
body-axis de� ned aircraft states x D [u; w; q; µ; h; v; p; r; Á; Ã]T ,
i.e., x-wise body axis velocity, z-wise body axis velocity, pitch
rate, pitch angle, altitude, y-wise body axis velocity, roll rate,
yaw rate, roll angle, and azimuth angle, respectively, and controls
u D [±e; ±t ; ±a; ±r ]T , i.e., elevator de� ection, throttle setting (per-
centage power), aileron de� ection, and rudder de� ection, respec-
tively. The relationship itself is given in Sec. III.C [see Eq. (7)].

B. Problem Statement
Given the aircraft’s state and desired accelerationin the local ver-

tical local horizontal (LVLH) frame (adLVLH D [axd ; ayd ; azd ]T
LVLH ),

the function of the 6-DOF trimming algorithm is to calculate the
states x and controls u that minimize the 2-norm of the difference
between theachievableaccelerationaaLVLH D [axa ; aya ; aza ]T

LVLH and
the desired acceleration adLVLH . That is,

min
.x 2 X;u 2 U/

adLVLH ¡ aaLVLH.x; u/
2

subject to the constraint that

.X; U/ D f.x; u/ : x and u are feasibleg (3)

That is, the objective is to � nd the best possible orientation for
the aircraft such that it will achieve (or will be as close as possible to
achieving) some desired overall acceleration.The control inputs re-
quired for this orientationmust also be provided.This must be done
in a realistic, feasiblemanner,subjectto constraintson the allowable
values for x and u. Restrictions on x include angle-of-attacklimits,
attituderestrictions,and performancerestrictions,suchas maximum
turn rate. Maximum allowable control surface de� ections and rates
and power limitations form the restrictions on u.

C. Solution Concept: Quasitrimmed Flight Condition
There are enough DOFs that the solution of the minimization

problem (3) for the states and controls, while meeting the con-
straints imposed by the dynamics (1) and (2), may not be unique.
Examination of the physical considerations of the aircraft tracking
controlproblemallows introductionof additionalconstraints,which
reduce the DOFs to a feasible subset of the state and control space
that contains the optimal solution.The minimizationproblem(3) is,
thus, reduced to a simple procedure with a unique solution. Many
possibilities exist for the choice of such additional constraints.The
techniquepresented imposes the requirementsof an (instantaneous)
quasi-steady-state solution and a coordinated turn condition. This

solution concept is outlined, and the detailed algorithm description
follows in Sec. III.D.

The minimizationofEq. (3)occurswhen theaircraft’s main lifting
surface orientation is optimal with respect to achieving the desired
acceleration. More speci� cally, the x– z wind-axis plane must be
rotated so that the desired accelerationvector adW lies in that plane.
The desired acceleration adW includes gravitational effect

adW D CW V ¢ adLVLH ¡ gLVLH (4)

where

CW V D C1.ÁW / ¢ C2 µW0 ¢ C3 ÃW0

where C1 , C2 , and C3 are standard rotation matrices for roll, pitch,
and yaw respectively17; ÁW , µW , and ÃW are wind axis roll, pitch,
and yaw attitude angles; and gLVLH D [0 0 g]T

LVLH , with g the
acceleration due gravity.

The x –z wind-axis plane orientation is � xed by the bank an-
gle ÁW of the aircraft. When examined from a stepwise, discrete
viewpoint, this means simply that the aircraft must be placed in a
quasitrimmed (or quasi-steady-state) � ight condition in this desired
orientation, with the correspondingstates and controls such that 1)
the achievedaccelerationmatchesthe desiredacceleration[Eqs. (1)]
and 2) moments about the center of gravity are zero [Eqs. (2)].

Given the aircraft’s current � ight condition (at time ti ), the qua-
sitrimmed � ight condition just described will be commanded at the
next time step (time ti C 1). The assumption of a quasitrimmed � ight
condition implies that the body-axis angular accelerationsare zero.
This effectively adds the constraint

Pp D Pq D Pr D 0

The � nal additional constraint, added to enable unique solution for
the quasitrimmed states x and controls u, is that all turning maneu-
vers are (instantaneously) steady and coordinated. This is used in
calculationof the body-axisrates p, q, and r and effectivelyrequires
that the side force Y is zero [see Eq. (6) in Sec. III.D].

This method amounts to viewing the tracking of a trajectory as
achievinga set of discrete,quasitrimmed� ightconditionsover time.
Obviously this only refers to the feedforward component of the
trackingcontrol system; it is the functionof the inner loop to control
the continuouslychangingrates that will necessarilyresult from the
dynamic tracking of a trajectory. For this reason, only the quasi-
steady-statesÁ, u; v, and w are passed as trackingcommands to the
inner-loop controller (see Fig. 1).

D. Algorithm Description
The � rstoperationin the trimsolutionloopis to selecta bankangle

Á to achieve the desired orientation of the aircraft. With reference
to Eq. (4), a binary search procedure over the range ¡90 < ÁW <
90 deg is used to iterate on ÁW until

adW D [´ 0 » ]T (5)

where ´ and » are arbitrary real numbers and the yw axis compo-
nent is zero, indicating that the x – z wind-axis plane has been opti-
mally orientatedwith respect to the desired acceleration.The body-
axis Euler angles Á, µ , and Ã are extracted using the solution for
ÁW , from the coordinate transformationmatrix relationshipCBV D
CBW ¢ CW V .

Next, the body-axis rates p; q, and r are calculated.The require-
ment for steady, coordinated turns reduces the body-axis side-force
component to zero, giving17

mg sin Á cos µ D m.ru ¡ pw/

Body-axis rates in a steady turn are then given by

p D min ¡
g sinÁ sin µ

u cos Á C w tan µ
; pmax

r D min
g sin Á cos Á cosµ

u cos Á C w tanµ
; rmax (6)

q D min[.r tan Á/; qmax]
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If the requiredratesexceedallowablemaximumvalues(at high bank
angles, for example) they are limited, and the turn simply becomes
uncoordinated,with body-axis side-force component nonzero.

Inverse solution of the nonlinear dynamics [Eqs. (1) and (2)] for
the states ® and ¯ and the controlsu forms the next stage of the trim
function algorithm and is termed the states and controls iteration
procedure.The six forces and moments XW , YW , ZW , L, M , and N
may be written (in nondimensionalform) as the sum of components
due to each of the states and controls

C A D C A0 C CA®
® C CA¯

¯ C CA p Op C C Aq Oq C CAr Or

C C A±e
±e C C A±t

±t C CA±a
±a C C A±r

±r (7)

where A D X , Y , Z , L , M , or N ; C Ax=±
are aerodynamic/control

coef� cients [@CA=@.x=±/]; CA0 are coef� cient values when states
and controls are zero; and Op D pb=2V , Oq D q Nc=2V , and Or D
rb=2V , where Nc and b are wing chord and span lengths respectively.

The method used to obtain the aerodynamic and control coef-
� cients CAx=±

in Eqs. (7) includes the full nonlinear mathematical
model to accurately describe the aircraft dynamics over the entire
� ight envelope. The coef� cients were calculated as detailed func-
tions of the states and controls

C Ax=±
D fC.V ; ®; ¯; u/ (8)

where the function fC was based on extensive � fth-order curve � ts
of experimentalwind-tunneldata and numerical � ow analysis (also
see Sec. IV.A).

Substitution of Eqs. (7) for the six forces and moments into
Eqs. (1) and (2) yields (upon rearrangement) a system of matrix
equations of the form

m

QS
¢ adW C

CD0

¡CY0

CL0

C
CD±e

CD±a
CD±r

CD p CDq CDr

¡CY±e
¡CY±a

¡CY±r
¡CYp ¡CYq ¡CYr

CL ±e
CL ±a

CL ±r
CL p CLq CLr

¢

±e

±a

±r

Op
Oq
Or

D
¡CD®

¡CD¯
¡CD±t

CY®
CY¯

CY±t

¡CL®
¡CL¯

¡CL ±t

¢
®

¯

±t

(9)

1
QSb

.¡.Iyy ¡ Izz/qr/

1
QS Nc

¡Ix z.r
2/

1
QSb

.¡Ix z.¡qr//

¡
Cl0

CM0

CN0

¡
Cl® Cl¯ Cl±t

Cl p Clq Clr

CM®
CM¯

CM±t
CM p CMq CMr

CN®
CN¯

CN±t
CN p CNq CNr

¢

®

¯

±t

Op
Oq
Or

D
Cl±e

Cl±a
Cl±r

CM±e
CM±a

CM±r

CN±e
CN±a

CN±r

¢
±e

±a

±r

(10)

which may be solved for [®, ¯, ±t ]T and [±e , ±a , ±r ]T , respectively,
using simple matrix inversiontechniques.Equations(8–10) are then
evaluated in an iterative manner until the solution for ®, ¯ , ±e , ±a ,
±r , and ±t converges. The iteration comprises the following steps
(cyclically): 1) evaluation of the coef� cients [Eq. (8)], 2) solution
of the force equations [Eq. (9)] for ®, ¯ , and ±t , 3) re-evaluationof
the coef� cients [Eq. (8)], and 4) solution of the moment equations
[Eq. (10)] for ±e , ±a , and ±r .

Dividing the six forceandmoment equationsinto two sets of three
equationsfor solution ensured that the force requirementswere met
by ®, ¯, and ±t , and the residual moment requirementswere met by
±e , ±a , and ±r .

Solutionvalues for ®, ¯, ±t , ±e , ±a , and ±r are then checkedfor fea-
sibility according to the criteria discussed in the problem statement
[Eq. (3)]. If the solution is inadmissable, the desiredLVLH-axis ac-
celeration adLVLH is reduced in magnitude, and the entire process is
repeated.Note that this rotates the correspondingdesired wind-axis
acceleration because the gravitational acceleration component re-
mains constant. Maximum commanded accelerations were limited
to §5 g in each of the three LVLH axis directions. This procedure

is referred to as the state limitation loop and completes the structure
of the algorithm.

This solution technique represents a constrained optimization in
which speci� c knowledge of the system and dynamics has been
included to reduce the search to a feasible subspace in which a
unique, optimal solution can be found.

IV. Robust Control System Design and Analysis
This section describes the design and analysis of inner-loopcon-

trollers to track commands generated by the 6-DOF maneuver al-
gorithm. A linear quadratic tracking (LQT) controller is used as
a baseline for controller design comparisons. The vehicle models
developed for � ight simulation and controller design are also dis-
cussed,and the sourcesof error in these models are highlighted.The
effect of uncertainty in the UAV aerodynamic and control deriva-
tives on the stability and performanceof the � ight control system is
examined.Finally, a robust controllerdesign is developedto demon-
strate that robust stabilization is achievable for “worst-case” model
uncertainties.

A. Vehicle Models
Flight simulationof the UAV and control system analysesare per-

formed using a high-� delity nonlinear UAV model.18 This model
includes extensive wind-tunnel data and numerical � ow analysis
results, as well as detailed models of the vehicle mass properties,
power plant, and operating environment.A multidimensionalcurve
� t is used to provide a continuous model of the aerodynamic and
control derivatives for a wide range of operating conditions. To
facilitate linear trackingcontrollerdesign and direct examinationof
the effect of parametric uncertainty, an accurate linear model has

been developed from � rst principles.19 This model incorporatesde-
tails of the vehicle geometry, propulsion system, trim conditions,
and aerodynamic derivatives and computes the linear system ma-
trices directly. In general, the full nonlinear UAV model is used to
represent the actual vehicle dynamics during simulation, whereas
the linear model is used for controller design and analysis.

B. Sources of Model Uncertainty
The performance and stability robustness of any � ight control

system is highly dependent on the uncertaintyin the model used for
its design. Parametric uncertainty for the UAV is characterizedand
upper bounded in each of the aerodynamic and control derivatives.
This, in turn, can be used to determine worst-case matrix perturba-
tions in the linear model. To this end, analytical and experimental
results have been evaluated for their contribution to model uncer-
tainties. Details of the parametric uncertainty analysis are provided
in Ref. 14, but are not the focus of this paper. Results showed un-
certainties of within 10% for static stability derivatives, whereas
dynamic derivative uncertainties ranged in the order of 10–45%.
Dynamic derivatives, though, do not have a dominant effect on the
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Fig. 2 Nominal step response, tracking roll angle.

Fig. 3 Worst-case pole variations, nominal LQ design (longitudinal).

outcome of the linearized system matrices. Unmodeled dynamics
are not speci� cally considered.

1. Linear Uncertainty Models
Whereas control system designs based on classical or modern

control methods have inherent robustness properties, conventional
measures of stability or performance can be very optimistic in the
presence of model uncertainty. For this reason, the speci� c effect
of parametric uncertainties on the structure of the linear model
was examined. The range of possible parameter variations can be

mapped to a set of possible system matrices through the augmented
dynamic equations Px.t/ D [A C 1A]x.t/ C [B C 1B]u.t/, where
1A and 1B represent all possible matrix perturbations consistent
with the uncertainty in the original derivatives. Determining the
maximum sizes of 1A and 1B requires an optimization over all
possible parameter variations. This is simpli� ed, however, by the
algebraic nature of the in� uence of each coef� cient on the rele-
vant terms in the A and B matrices. The software developed for
obtaining the worst-case perturbation matrices is documented in
Ref. 19.
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The effect of uncertainty in the aerodynamic and control deriva-
tives can be visualizedin terms of the characteristicmode shapes for
the aircraft. Sampling across the range of possible 1A and 1B val-
ues (correspondingto a given set of parameteruncertainties), a scat-
ter plot of resultant open- and/or closed-loop pole locations can be
created.Figure 2 shows a step response for the nominal control sys-
tem design (Sec. IV.C) and Fig. 3 provides an example scatter plot.

2. Wind Gust Disturbances
In the evaluation of closed-loop tracking performance, realistic

disturbanceshavebeen included.The von Kármán gust model spec-
i� ed by MIL-SPEC-F-8785C (see Ref. 18) has been implemented
in the simulation and is used for testing.

C. Linear Quadratic Tracker Design for Nominal
Performance and Stability

For the baseline control system in this research, the linear
quadratic (LQ) tracker con� guration was used. The control law is
of the form u D ¡K x, where K is de� ned by R¡1 BT P and P is
the solution to the algebraic Riccati equation

AT P C P A ¡ 2P B R¡1 BT P C Q D 0 (11)

The system matrix A is an augmented matrix including additional
states Pz D yc ¡ y, where yc is the commanded output and y D Cx
is the output vector. This amounts to adding integral action on the
tracking errors of the system. The K matrix is partitioned into the
terms Kr ; K y , and Kz , that is, the feedbackgainson regulatedstates,
tracking errors, and the integral of errors, respectively.

For simplicity,lateraland longitudinalcontrollersweredeveloped
separately.The conventional Q and R weighting matrices were ad-
justed to obtain good disturbance rejection, high damping, and a
bandwidth that provides a fast response without saturation of con-
trol actuator limits or maximum rates. The tracking performance
in following a step roll-angle command is shown in Fig. 2. Further
details are given in Ref. 14. In general, the performance of both
lateral and longitudinal controllers for the nominal UAV model are
characterizedby a short-response time, with little overshoot, and a
fast-settling time (1.5 s for roll angle and 1.0 s for x-body velocity)
with zero steady-state error. For sensible step commands, control
actuator rates were also within speci� cations. The design point for
this baseline LQT controller was a cruise � ight condition, at 70-kn
true airspeed and 1000-ft altitude, with the open- and closed-loop
pole locations given in Table 1.

Fig. 4 Worst-case pole variations, robust Lyapunov design (longitudinal).

This LQ trackerdesignwas takenas a nominalbaselinecontroller
with very good performance characteristics. The design serves as
a useful best-performance yardstick for comparison purposes and
was used in the following analysis to examine the potential adverse
effects of speci� c parameter uncertainties on the stability and per-
formance of the closed-loop system.

D. Analysis of Parametric Uncertainty
To characterizethe relative importanceof uncertaintyin the aero-

dynamic and control derivatives, each of these parameters was var-
ied over a speci� ed range, and the resulting maximum linear model
matrix perturbations 1A and 1B were obtained (see Sec. IV.B.1).
For the nominal controller design of Sec. IV.C, the correspond-
ing distribution of closed-loop pole locations was examined. This
provided a useful test for the signi� cance of individual parameter
errors because the LQ design methodology is well known for hav-
ing inherentrobustnessproperties (60-degphasemargin and in� nite
gain margin).

The variationof open- and closed-looppoleswas examinedfor all
individual parameter uncertainties, to determine those which have
the worst effect on closed-loop stability. From the pole-scatter dia-
grams, these parameters were readily identi� able as those with the
ability to destabilize the closed-loop poles with the smallest rela-
tive uncertainty. These derivatives were then selected and used to
construct a worst-case uncertaintycon� guration for the robust con-
troller design (Sec. IV.E) and are given in Table 2.

E. Robust Control System Design
The approach taken for the development of robust tracking con-

trol laws was chosen for its ability to directly address the structure
of the parametervariations in the system matrices.The details of the
algorithm can be found in Ref. 20. In effect, the design comprises
a nominal and robust contribution to the feedback gain matrix. The

Table 1 System pole locations

Open loop Closed loop

Longitudinal Lateral Longitudinal Lateral

¡5:08 § 6:03i ¡1:09 § 5:74i ¡24:1 § 23:1i ¡17:1 § 18:5i
¡0:057 § 0:353i ¡11:04 ¡2:04 § 0:323i ¡9:49 § 3:32i

¡0:069 ¡1:41 ¡1:40
¡0:017 ¡0:820
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Table 2 Worst-case derivative uncertainties

Derivative Uncertainty, %

Longitudinal
CL 50
CL® 50
CL ±t 150
CM±e 50
CM±t 50

Lateral
CY±r 120
Cl p 100
Cl±a 90
Cl±r 175
CN±r 70

Fig. 5 Case 1: nominal tracking performance.

Fig. 6 Case 1: nominal LVLH velocity tracking.

system is assumed to be of the form Px.t/ D [A0 C 1A.r/] x.t/ C
[B0 C 1B.s/]u.t/, where r and s are vectors of the uncertain pa-
rameters. The dynamics are augmented by the state equation Pz.t/ D
C0 x ¡ yc , and the control law has the form u.t/ D .K0 C K1/x0,
where x0 D [x z]T . It is desired to have the output track the com-
manded input:

lim
t ! 1

y.t/ D yc

The feedback matrix K0 can be any stabilizing gain matrix for the
augmented tracking system, and the LQ tracker design (Sec. IV.C)
satis� es this description. The robust controller is designed through
iterative solution of a Lyapunov equation that involves the nomi-
nal closed-loop system. An inner loop performs a search over the
parameter space to determine if the closed-loop poles are robustly
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stabilized. A single gain parameter is adjusted until the control law
stabilizes any system matrices in the parameter set. The advantage
of this approach is that the structure of the uncertainty is addressed
directlyby the computationof the maximum real part of the closed-
loop poles for any parametervaluesin theuncertaintyset.The result,
however, can be conservative,and it may be possibleto � nd a robust
stabilizing control law with a lower gain.

The advantage of the robust controller design is well demon-
strated by Figs. 3 and 4, which show the open- and closed-looppole
distribution for the longitudinal worst-case derivative uncertainties
listed in Table 2. Whereas the nominal controller (Fig. 3) results in
a potentiallyunstable design, the robust controller (Fig. 4) is able to
stabilize the system. The result for lateral control is analogous, and
the details are given in Ref. 14.

Although these results demonstrate that signi� cant uncertainty
can be accommodated in the aerodynamic and control coef� cients,
it is important to note that stability has been tested only for small
perturbations from the trim � ight condition. For large magnitude

Fig. 7 Case 2: tracking performance without feedforward.

Fig. 8 Case 2: LVLH velocity tracking without feedforward.

maneuvers, these results would be optimistic because the trajectory
could require deviations from the � ight envelope for which this lin-
ear state-spaceanalysis is valid. In addition, the issue of robust per-
formancehas not been addressed,and the abilityof this controllerto
trackmaneuvercommandscan be signi� cantlydegradedin the pres-
ence of uncertainty.These issuesmotivatecurrent research,which is
aimed at developinga robust,nonlinear6-DOF maneuver autopilot,
which eliminates the need for a linearized inner-loop controller.

It shouldalso be noted that methods such as quantitativefeedback
theory(QFT),21;22 whichare capableof attainingrobustperformance
speci� cations as well as stabilization,would be applicable as inner-
loop controllers here.

F. Limitations
Whereasthe6-DOF feed-forwardmaneuverautopilotaidsgreatly

in overcoming plant nonlinearities, the tracking control system as
presentedis limiteddue to theutilizationof onlya singleLQT design
as the inner-loop controller. Maneuvers are, thus, limited to those
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Fig. 9 Case 3: tracking performance with gusts.

Fig. 10 Case 3: LVLH velocity tracking with gusts.

in which the velocity does not change by more than approximately
8 kn from the cruise (design) value. At very least, several LQT
controllers designed at different velocities would be required to
adequately cover the entire maneuver envelope for the UAV.

V. Maneuver Tracking
The maneuver trackingexamplesgiven in this section were based

on simulation results for UAV Ariel. The maneuver de� ned as the
desired trajectory in the following results was representative of
maneuvers that the aircraft would be expected to handle during
autonomous � ight. The desired trajectory consisted of the follow-
ing sequence: 1) a wings-level accelerated descent at 2 ms¡2, 2)
a 360-deg descending right turn with a constant descent rate of
5 ms¡1 (»1000 ft/min) and a turn rate of 12 deg/s, 3) a straight
and level segment of 10-s duration, 4) a 360-deg ascending left
turn with a constant ascent rate of 5 ms¡1 (»1000 ft/min) and a

turn rate of 12 deg/s, and 5) a wings-level accelerated descent at
2 ms¡2 .

This combinationof separatemaneuversegmentsprovidedexam-
ples of straight and level, climbing, descending, and turning � ight,
whereas the transitions between the segments provided examples
of pull-ups and push-overs. This trajectory was used for three test
cases, the results of which are presented here. In each of the three
cases, the UAV entered the maneuver from a cruise � ight condition
of 70-kn true airspeed at an altitude of 1000 ft.

A. Case 1: Nominal Tracking System
Case 1 consisted of the nominal tracking system (6-DOF trim

algorithm coupled with LQ inner-loop controller). The results for
case 1 are shown in Figs. 5 and 6. Excellent tracking performance
was exhibited by the nominal system, as seen in Fig. 5, with a
maximum positionerror of 3.6 m. The abrupt transitionsrequired in
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z-wiseLVLH velocity(W velocity)betweenmaneuversegmentsare
obvious in Fig. 6, and result in damped transients with approximate
durationsof 5–6 s. These transientsalso appear in the x- and y-wise
velocity components to a lesser extent, but are insigni� cant in effect
on the maneuver tracking performance.

B. Case 2: Tracking System Without Feedforward Control
Case 2 consistedof the nominal trackingsystem used in case 1 but

with an important modi� cation. The feedforward commands from
the6-DOF trimmingfunctionweredisconnected,leavingthecontrol
commandsto beprovidedby the inner-loopcontrolleronly.Tracking
performance was noticeably degraded, as seen in Fig. 7, with the
maximum positionerror increasingto 25.8 m. The lag exhibiteddue
to loss of feedforward control was also visible through extended
transients (»10 s) and poorer overall tracking in the LVLH-axis
velocity components (Fig. 8) as compared with the nominal system
(Fig. 6). This highlights the importance of the feedforward control
component in successful high-performancemaneuver tracking.

C. Case 3: Nominal Tracking System with Disturbances
Case 3 comprised the nominal tracking system used in case 1

with the introduction of disturbances (in the form of gusts) for the
duration of the tracking maneuver. The von Kármán gust model
(Sec. IV.B.2) was used, with a realistic moderate turbulence level
of average strength 10 ms¡1 (»20 kn). Although tracking perfor-
mance (Fig. 9) was degradedin comparisonwith thenominal system
(Fig.5), it remainedsatisfactoryin thepresenceof adversewindcon-
ditions. The maximum position error was 6.1 m. As is normally the
case, the most signi� cant effect of the turbulencewas on the z-wise
velocity component (Fig. 10).

VI. Conclusion
This paper has presenteda high-performancemaneuver autopilot

capable of accurate trajectory following in the presence of non-
linear aircraft dynamics and parametric uncertainty. The approach
is based on a 6-DOF nonlinear trimming algorithm coupled with
a robust inner-loop controller. The effect of uncertainty in vehicle
aerodynamic and control derivatives on closed-loop stability was
analyzed,and it was shown that a robust inner-loopcontrollercould
be designed for expected levels of modeling error. The system was
demonstratedthroughthe use of a high-� delitymodel of UAV Ariel.
Simulated � ights alonga representativetrajectoryillustratedthe im-
portance of feedforward control in achieving good tracking perfor-
mance. Successful results were obtained for a realistic � ight with
signi� cant wind gust disturbances, suggesting that this approach
may be suitable for the development of a fully autonomous � ight
vehicle.
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