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A fully autonomous flight 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-fixed reference frame are provided
by a simple guidance strategy. The trimming algorithm generates optimalstate commands and feedforward controls
to accomplish the maneuver, while assuring that these commands can be tracked by aninner-loop controller without
violating vehicle performance or actuator constraints. This approachis demonstrated in simulated flight of an actual
fixed-wing uninhabited aerial vehicle, named Ariel. Excellent tracking performance is achieved for a representative
three-dimensional trajectory using a high-fidelity 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

LOW-COST, fixed-wing uninhabited aerial vehicle (UAV)

named Ariel has been designed, built, and flown 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
flight control researchis to transformthe UAV into a self-piloted ve-
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) flight testing and analysis, especially in condi-
tions characterizedby time-varying and highly nonlinear dynamics.
High-precision and robust flight control systems could perform re-
quired flight-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 flight vehicles.

The problem of controllingan aircraftto track a desired trajectory
has been approached a number of different ways in the literature.
In Ref. 1, e.g., multiple interconnected classical 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 flight envelope. Fine tuning of controller gainsis required,
and there is no means for optimizing performance or characterizing
robustness.

Another generalapproachcanbe classified as prediction-basedal-
gorithms. These methods determine a feedforward control solution
to accomplish a desired maneuver based on an internal model of the
aircraftdynamics. A numerical approach, called inverse simulation,
has been applied successfully to aircraft control problems >3 This is
essentially an iterative algorithm that repetitively performs stepwise
dynamic simulations. It does not, however, account for model un-
certainty. A related, but more rigorous approach* solves a receding
horizon optimal control problem for each stepwise control input.
The system, though, is limited to linear dynamics, and again the un-
certainty in predictionsof aircraftresponseis notdirectly addressed.
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More recently, nonlinear control techniques have 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 flight 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, robustness qualities cannot easily be related to specific 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 affine in the controls and minimum phase, are
difficultto satisfy with typical aircraftdynamics. Nevertheless, these
techniques could providerobustinner loops for the maneuver track-
ing approach considered here.

Successful trajectory control and maneuver modeling techniques
have also beendevelopedbased on singular perturbationtheory® and
minimum error excitation” However, these techniques require the
generation of 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 outputs'® also requires
an a priori definition of outputhistory required for given trajectories.

This paper presents an autonomous flight control strategy capable
of high-performance tracking of a given three-dimensional Earth-
fixed flight 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-loop controller accounts for parametric uncertainty. The vehi-
cle model uses tabulated aircraft stability and control derivatives. 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 this designis a 6-DOF nonlinear
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. Commanded accelerationsare obtained from filtered
trajectory errors and their derivatives, and 6-DOF maneuver com-
mands are followed by an inner-loop controller 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 and moment dynamicsfor decouplingof 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 presentedin Ref. 13
for retrimming an aircraft after structural or control failures. In con-
trast, the algorithm here is used for maneuver tracking and is not
limited to linear systems or equilibrium flight conditions. The ap-
proach here is based on an iterative search procedure using a com-
plete nonlinear model of the aircraft. This procedure identifies the
optimal solution from the set of feasible maneuvers with respectto
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 contributions of this research. The ma-
neuver tracking problem is then defined, 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 flight 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-fidelity simulation of the vehicle behavior and is used to
evaluate the performance of the flight control system.

Autonomous guidanceis providedlargely by an optimized flight-
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-fixed reference frame.

A guidancecomputeris used to generate the local trajectory com-
mands that will be followed by the maneuver tracking system. This
function provides a smoothly converging path from off-track flight

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

The 6-DOF maneuver autopilot, which is the focus of this paper,
is an optimal trimming function that determines stepwise vehicle
attitude and controlinputs to track a commanded accelerationin the
presence of constraints on the states and controls. It, thus, provides
the interface between the desired trajectory in an Earth-fixed frame
and the maneuver required by the aircraft to track the flight path.
Feedforward control commands are generated, such that the vehicle
would perfectly track a feasible path in the absence of modeling
errors and disturbances.

An extended Kalman filter 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 flight 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 identified 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 translational and rotational dynamics (see Ref. 17).

L Time X
clock GUIDANCE At i
OPTIMISED Ut
FLIGHT PATH | Desired COMPUTER v ¢ ®
Xd(t),Vd(t),Ad(t) and
Actual 6-DOF
Position MANEUVER
LVLH and AUTOPILOT Memor
—p  POSITIONX(t) P Velocity 4
VELOCITY V(1) Commanded A
[U.V,W,Phi] Feed-Forward
Control
[U,V,W,Phi]
+ u(t)
| p TRACKED | ) > ROBUST
OUTPUTS TRACKING —P+
Tracking ' CONTROLLER *
Errrors
RPV
VEHICLE
DYNAMICS
EXTENDED ¢
KALMAN
Estimated FILTER L
Full-State
State Estimator
Flight Path Controller
INITIALISE Optimisation Design

Fig.1 Complete autonomous flight control system.
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The translational (force) dynamics in a wind-axis coordinate sys-
tem are given by

XW—mgsin0W=mV, Yw +mgcosOy singy = mVry

)]

Zy + mg cosBy cospy = —mVaqy

where Xy, Yy, and Zy, are the wind-axis components of the aero-
dynamic and propulsive forces acting on the aircraft; V is the total
velocity; ¢w, 0w, and ¥y are the wind-axis attitude angles; gy
and ry 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= xxﬁ - I«\Z(r + pQ) - (Iy)' - Izz)qr
M = I}')'q - Ixz(r2 - pz) - (Izz - Ixx)rp ()
N = Izz’: - IAz(p —qr) — (L — Iy)')pq

where L, M, and N and p, ¢, and r are moment and angular velocity
components, respectively, about the x, y, and z body axes and I;;
are the mass moments of inertia. Note aircraft symmetry about the
x-z planeis assumed.

The forces Xy, Yy, and Zy, and moments L, M, and N inEgs. (1)
and (2), and thus the aircraft’s acceleration, are functions of the
body-axis defined aircraft statesx = [u, w,q,0, h, v, p,r, ¢, ¥]7,
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 = [8,,8,84, 81", i.e., elevator deflection, throttle setting (per-
centage power), aileron deflection, and rudder deflection, respec-
tively. The relationshipitselfis 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 (@, = [dvys Gy, G2y lyin)s
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 the achievableaccelerationdy, , ,, = [dy,, Gy, , @z, Iy and
the desired accelerationayg, , . That is,

min ||adLVLH = @y (X, 1) ” P
xeXuel)

subject to the constraint that
(X,U) = {(x,u) : x and u are feasible} 3)

That is, the objective is to find the best possible orientation for
the aircraftsuch that it will achieve (or will be as close as possible to
achieving) some desired overall acceleration. The controlinputs re-
quired for this orientationmust also be provided. This must be done
in arealistic, feasible manner, subjectto constraintson the allowable
values for x and u. Restrictions on x include angle-of-attack limits,
attituderestrictions,and performancerestrictions,such as maximum
turn rate. Maximum allowable control surface deflections 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
control problemallows introductionof additional constraints, which
reduce the DOFs to a feasible subset of the state and control space
that contains the optimal solution. The minimization problem (3) is,
thus, reduced to a simple procedure with a unique solution. Many
possibilities exist for the choice of such additional constraints. The
technique presented imposes the requirements of an (instantaneous)
quasi-steady-state solution and a coordinated turn condition. This

solution conceptis outlined, and the detailed algorithm description
follows in Sec. II1.D.

The minimizationof Eq. (3) occurs when the aircraft’s main lifting
surface orientationis optimal with respect to achieving the desired
acceleration. More specifically, the x-z wind-axis plane must be
rotated so that the desired acceleration vector ag,, lies in that plane.
The desired accelerationay,, includes gravitational effect

a;, =Cyy - (adLVLH _gLVLH) 4)
where

Cwy = Ci(pw) - Cy (QWO) -G (Wwo)

where C, C,, and C; are standard rotation matrices for roll, pitch,
and yaw respectively'’; ¢y, Oy, and ¥y are wind axis roll, pitch,
and yaw attitude angles; and gyiy = [0 O g]{VLH, with g the
acceleration due gravity.

The x-z wind-axis plane orientation is fixed by the bank an-
gle ¢y 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) flight conditionin this desired
orientation, with the correspondingstates and controls such that 1)
the achievedaccelerationmatchesthe desired acceleration[Eqgs. (1)]
and 2) moments about the center of gravity are zero [Egs. (2)].

Given the aircraft’s current flight condition (at time t;), the qua-
sitrimmed flight condition just described will be commanded at the
next time step (time t; ; ;). The assumption of a quasitrimmed flight
conditionimplies that the body-axis angular accelerations are zero.
This effectively adds the constraint

The final 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, ¢, andr and effectivelyrequires
that the side force Y is zero [see Eq. (6) in Sec. IIL.D].

This method amounts to viewing the tracking of a trajectory as
achievinga setof discrete, quasitrimmed flight conditionsover time.
Obviously this only refers to the feedforward component of the
tracking control system; itis the function of the inner loop to control
the continuouslychangingrates that will necessarily result from the
dynamic tracking of a trajectory. For this reason, only the quasi-
steady-states¢, u, v, and w are passed as tracking commands to the
inner-loop controller (see Fig. 1).

D. Algorithm Description

The firstoperationin the trim solutionloopis to selecta bank angle
¢ to achieve the desired orientation of the aircraft. With reference
to Eq. (4), a binary search procedure over the range —90 < ¢y <
90 deg is used to iterate on ¢y until

ag, =ln 0 &I ®)

where 7 and £ are arbitrary real numbers and the y,, axis compo-
nent is zero, indicating that the x-z wind-axis plane has been opti-
mally orientated with respect to the desired acceleration. The body-
axis Euler angles ¢, 0, and i are extracted using the solution for
¢w, from the coordinate transformation matrix relationshipCpy =
Cpw + Cwy.

Next, the body-axisrates p, ¢, and r are calculated. The require-
ment for steady, coordinated turns reduces the body-axis side-force
component to zero, giving'’

mgsing cosf = m(ru — pw)

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

. gsing sinf
= min | —————, P
p ucos¢ + wtan6 Pma
. [ gsingcos¢pcosb
r =min | ————————— iy (6)
ucos¢ + wtanf

g = min[(r tan @), Gmax ]
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If the requiredrates exceed allowable maximum values (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 [Egs. (1) and (2)] for
the states « and § and the controls u forms the next stage of the trim
function algorithm and is termed the states and controls iteration
procedure. The six forces and moments Xy, Yy, Zy, L, M, and N
may be written (in nondimensional form) as the sum of components
due to each of the states and controls

Ca=Cu+Cya+ CA;;/S + CA,,ﬁ + CAqé + CA,f

+ CA(;‘,S(’ + CA5,51 + CA5“5a + CA5,5r (7)

where A = X, Y, Z, L, M, or N; C,,, are aerodynamic/control
coefficients [0C, /3(x/8)]; C,, are coefficient values when states
and controls are zero; and p = pb/2V, § = q¢c/2V,and 7 =
rb/2V, where ¢ and b are wing chord and span lengths respectively.

The method used to obtain the aerodynamic and control coef-
ficients Cy, » in Egs. (7) includes the full nonlinear mathematical
model to accurately describe the aircraft dynamics over the entire
flight envelope. The coefficients were calculated as detailed func-
tions of the states and controls

Cay = fe(V.a. B u) ®)

where the function f¢ was based on extensive fifth-order curve fits
of experimental wind-tunnel data and numerical flow analysis (also
see Sec. IV.A).

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

1
w(_(lx) - Izz)qr)

! C, C, C,ﬁ C'a,
E(—Aﬁ)) — | Cuy | = | Cuy Cu, Cu,
] Cy, Cy, Cn, Cu,
— (=1 .(—

G55 ("l (4

which may be solved for [, B, §;]7 and [4,, 8,, 8,17, respectively,
using simple matrix inversiontechniques. Equations (8-10) are then
evaluated in an iterative manner until the solution for «, 8, 3., 8.,
8., and §, converges. The iteration comprises the following steps
(cyclically): 1) evaluation of the coefficients [Eq. (8)], 2) solution
of the force equations [Eq. (9)] for «, 8, and §;, 3) re-evaluation of
the coefficients [Eq. (8)], and 4) solution of the moment equations
[Eq. (10)] for §,, 8., and §,.

Dividing the six force and moment equationsinto two sets of three
equations for solution ensured that the force requirements were met
by «, B, and §,, and the residual moment requirements were met by
8> 84, and §,.

Solution values for «, 8, 8;, 8., 8., and 8, are then checked for fea-
sibility according to the criteria discussed in the problem statement
[Eq. (3)]. If the solution is inadmissable, the desired LVLH-axis ac-
celerationay,,, , 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 limitationloop and completes the structure
of the algorithm.

This solution technique represents a constrained optimization in
which specific 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-loop con-
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 flight simulation and controller design are also dis-
cussed, and the sources of errorin these models are highlighted. The
effect of uncertainty in the UAV aerodynamic and control deriva-
tives on the stability and performance of the flight control system is
examined. Finally, arobustcontrollerdesignis developedto demon-
strate that robust stabilizationis achievable for “worst-case” model
uncertainties.

A. Vehicle Models

Flight simulation of the UAV and control system analyses are per-
formed using a high-fidelity nonlinear UAV model.!® This model
includes extensive wind-tunnel data and numerical flow analysis
results, as well as detailed models of the vehicle mass properties,
power plant, and operating environment. A multidimensional curve
fit is used to provide a continuous model of the aerodynamic and
control derivatives for a wide range of operating conditions. To
facilitate linear tracking controllerdesign and direct examination of
the effect of parametric uncertainty, an accurate linear model has

3.
da
Cn, Co, ) ~Cp, —Cp, —Cp, o
—Cy, —Cy, |- 1; =| Cy, Cy, Cy, |-|B 9
€., Ci, ; ~-C,, —C,, —Cy, 5
f
o
B
¢, G, G, 5 G, G, G e
Cu, Cu, Cu, p =|Cu, Cum, Cu, .| (10
CNn CNq Cy, § CN5< CNaa CNay r
f

been developed from first principles.!* This model incorporates de-
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 flight control
system is highly dependent on the uncertainty in the model used for
its design. Parametric uncertainty for the UAV is characterized and
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.3 Worst-case pole variations, nominal LQ design (longitudinal).

outcome of the linearized system matrices. Unmodeled dynamics
are not specifically 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 specific 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 x(t) = [A + AAlx(t) + [B + ABJu(t), where
AA and AB represent all possible matrix perturbations consistent
with the uncertainty in the original derivatives. Determining the
maximum sizes of AA and A B requires an optimization over all
possible parameter variations. This is simplified, however, by the
algebraic nature of the influence of each coefficient 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 AA and A B val-
ues (correspondingto a given set of parameter uncertainties), 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
disturbanceshave been included. The von Kdrman gust model spec-
ified 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 configuration was used. The control law is
of the form u = —Kx, where K is defined by R"'B” P and P is
the solution to the algebraic Riccati equation

ATP+PA—-2PBR'BTP+0=0 (11)

The system matrix A is an augmented matrix including additional
statesz = y. — y, where y.. is the commanded outputandy = 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 K, , K, and K_, thatis, the feedback gains on regulatedstates,
tracking errors, and the integral of errors, respectively.

For simplicity,lateraland longitudinalcontrollerswere developed
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

This LQ tracker design was taken as a nominal baseline controller
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 specific parameter uncertainties on the stability and per-
formance of the closed-loop system.

D. Analysis of Parametric Uncertainty

To characterizethe relative importance of uncertaintyin the aero-
dynamic and control derivatives, each of these parameters was var-
ied over a specified range, and the resulting maximum linear model
matrix perturbations AA and AB 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 significance of individual parameter
errors because the LQ design methodology is well known for hav-
ing inherentrobustness properties (60-deg phase margin and infinite
gain margin).

The variationof open- and closed-looppoles was examined for 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 identifiable 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
constructa worst-case uncertainty configuration 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 parameter variationsin 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

Table1 System pole locations

characterized by a short-response time, with little overshoot, and a Open loop Closed loop
fa§t—settlingtime (1.5 s for roll angle apd 1.0 s for x-body velocity) Longitudinal Lateral Longitudinal Lateral
with zero steady-state error. For sensible step commands, control - - - -
actuator rates were also within specifications. The design point for —5.08+603  -1.09+£5.74f -24.1+231i  -17.1+185i
. . . . .. —0.057 £ 0.353i —11.04 —2.04 £0.323i —9.49 £ 3.32i
this baseline LQT controller was a cruise flight condition, at 70-kn —0.069 141 ~1.40
true airspeed and 1000-ft altitude, with the open- and closed-loop ' 0017 —0.820
pole locations given in Table 1.
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Worst-case pole variations, robust Lyapunov design (longitudinal).
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Table 2 Worst-case derivative uncertainties

Derivative Uncertainty, %
Longitudinal
CL 50
Cr, 50
Cry, 150
Cus, 50
Ch, 50
Lateral
Cy,, 120
G, 100
Cis, 90
Ior 175
Chny, 70

system is assumed to be of the form x(t) = [Ay + AA(F)]x(t) +
[By + AB(s)]u(t), where r and s are vectors of the uncertain pa-
rameters. The dynamics are augmented by the state equationz(t) =
Cox — y., and the control law has the form u(t) = (K, + K;)x/,
where x' = [x z]”. It is desired to have the output track the com-
manded input:

lim y(¢) =y,
t— 00

The feedback matrix K, can be any stabilizing gain matrix for the
augmented tracking system, and the LQ tracker design (Sec. IV.C)
satisfies 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
directly by the computation of the maximum real part of the closed-
loop poles for any parameter valuesin the uncertaintyset. The result,
however, can be conservative,and it may be possibleto find 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 potentially unstable 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 significant uncertainty
can be accommodated in the aerodynamic and control coefficients,
it is important to note that stability has been tested only for small
perturbations from the trim flight condition. For large magnitude

maneuvers, these results would be optimistic because the trajectory
could require deviations from the flight envelope for which this lin-
ear state-space analysis is valid. In addition, the issue of robust per-
formance has not been addressed, and the ability of this controllerto
track maneuver commands can be significantly degradedin the pres-
ence of uncertainty. These issues motivate currentresearch, whichis
aimed at developinga robust, nonlinear 6-DOF maneuver autopilot,
which eliminates the need for a linearized inner-loop controller.

It shouldalso be noted that methods such as quantitativefeedback
theory (QFT),?!"?2 whichare capableof attainingrobust performance
specifications as well as stabilization, would be applicable as inner-
loop controllers here.

F. Limitations

Whereasthe 6-DOF feed-forwardmaneuverautopilotaids greatly
in overcoming plant nonlinearities, the tracking control system as
presentedis limited due to the utilizationof only a single LQT design
as the inner-loop controller. Maneuvers are, thus, limited to those
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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 tracking examples given in this section were based
on simulation results for UAV Ariel. The maneuver defined as the
desired trajectory in the following results was representative of
maneuvers that the aircraft would be expected to handle during
autonomous flight. 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~! (~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™! (~1000 ft/min) and a

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

This combinationof separatemaneuver segments provided exam-
ples of straight and level, climbing, descending, and turning flight,
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 flight 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 position error of 3.6 m. The abrupt transitionsrequired in
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z-wise LVLH velocity (W velocity) between maneuversegmentsare
obviousin Fig. 6, and resultin damped transients with approximate
durationsof 5-6 s. These transients also appear in the x- and y-wise
velocity componentsto a lesser extent, but are insignificant in effect
on the maneuver tracking performance.

B. Case 2: Tracking System Without Feedforward Control

Case 2 consistedof the nominal tracking system used in case 1 but
with an important modification. The feedforward commands from
the 6-DOF trimming functionwere disconnected,leaving the control
commandsto beprovidedby theinner-loopcontrolleronly. Tracking
performance was noticeably degraded, as seen in Fig. 7, with the
maximum position error increasingto 25.8 m. The lag exhibited due
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-performance maneuver 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 Karmédn gust model
(Sec. IV.B.2) was used, with a realistic moderate turbulence level
of average strength 10 ms™' (~20 kn). Although tracking perfor-
mance (Fig. 9) was degradedin comparison with the nominal system
(Fig.5), itremainedsatisfactoryin the presenceof adverse wind con-
ditions. The maximum position error was 6.1 m. As is normally the
case, the most significant effect of the turbulence was on the z-wise
velocity component (Fig. 10).

VI. Conclusion

This paper has presented a 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 robustinner-loop controller could
be designed for expected levels of modeling error. The system was
demonstratedthroughthe use of a high-fidelity model of UAV Ariel.
Simulated flights along a representativetrajectoryillustrated the im-
portance of feedforward control in achieving good tracking perfor-
mance. Successful results were obtained for a realistic flight with
significant wind gust disturbances, suggesting that this approach
may be suitable for the development of a fully autonomous flight
vehicle.
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