JOURNAL OF GUIDANCE, CONTROL, AND DYNAMICS
Vol. 32, No. 1, January—February 2009

Nonlinear Adaptive Trajectory Control Applied
to an F-16 Model

L. Sonneveldt,® E. R. van Oort,: Q. P. Chu,% and J. A. Mulder®
Delft University of Technology, 2600 GB Delft, The Netherlands

DOI: 10.2514/1.38785

A nonlinear adaptive autopilot is designed for the inertial trajectory control of a six-degree-of-freedom, high-
fidelity F-16 aircraft model. The control system is decomposed in four feedback loops constructed using a single
control Lyapunov function. The aerodynamic force and moment functions of the aircraft model are assumed to be
unknown during the control design phase and will be approximated online. B-spline neural networks are used to
partition the flight envelope into multiple connecting regions. In each partition a locally valid linear-in-the-
parameters nonlinear aircraft model is defined, the unknown parameters of which are adapted online by Lyapunov-
based update laws. These update laws take aircraft state and input constraints into account so that they do not
corrupt the parameter-estimation process. The performance of the proposed control system has been assessed in
numerical simulations of several types of trajectories at different flight conditions. Simulations with a locked control
surface and uncertainties in the aerodynamic forces and moments are also included. The results demonstrate that the
proposed control laws achieve closed-loop stability even in the presence of these uncertain parameters and actuator

failures.

Nomenclature
= wing span, m
= mean aerodynamic chord, m
gravity, m/s?
= engine angular momentum about the x-body axis,
kg - m?/s
roll, pitch, and yaw moments of inertia, kg - m?
product moment of inertia, kg - m?
lift, side, and drag force components, N
rolling, pitching, and yawing moments, N - m
mass, kg
body-axis roll, pitch, and yaw rates, rad/s
dynamic pressure, Pa
reference wing surface area, m
thrust force, N
total velocity, m/s
inertial position coordinates, m
angle of attack, rad
angle of sideslip, rad
flight-path, heading, and velocity roll angles, rad
elevator, aileron, and rudder deflections, rad
leading-edge flap deflection, rad
throttle setting, 01
Euler angles, rad
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I. Introduction

N RECENT years the advancements in microelectronics and

precise navigation systems have led to an enormous rise of
interest [1] in (partially) automated unmanned air vehicle (UAV)
designs for a large variety of missions in both civil [2,3] and military
aviation [4]. Inertial trajectory control is essential for these UAVs,
because they are usually required to follow predetermined paths
through certain target points in the three-dimensional air space [5—
11]. Other situations in which trajectory control is desired include
formation control, aerial refueling, and autonomous landing
maneuvers [12—17]. This has lead to a lot of literature dedicated to
formation and flight-path control for UAVs, but also for other types
of manned and unmanned vehicles [18,19]. Two different
approaches can be distinguished in the design of these trajectory
control systems. The most popular approach is to separate the
guidance and control laws: a given reference trajectory is converted
by the guidance laws to velocity and attitude commands for the actual
flight controller, which in turn generates the actuator signals
[8,12,16]. For example, in [8] it is assumed that a flight-path-angle
control autopilot exists, and a guidance law is constructed that takes
heading rate and velocity constraints of the vehicle into account. The
same holds for the formation control schemes of [12,16]. Usually, the
assumption is made that the autopilot response to heading and
airspeed commands is first order in nature to simplify the design.

The other design approach is to integrate the guidance and control
laws into one system to achieve better stability guarantees and
improve performance. Kaminer et al. [5] use an integrated guidance
and control approach to trajectory tracking in which the trimmed
flight conditions along the reference trajectory are the command
input to the tracking controllers. In [7] a combination of sliding-mode
control and adaptive control is used for flight-path control of an F/A-
18 model.

In this paper a Lyapunov-based adaptive backstepping [20,21]
approach is used to design a flight-path controller for a nonlinear
high-fidelity F-16 model in three-dimensional air space. It is assumed
that the aerodynamic force and moment functions of the model are
not known exactly and that they can change during flight due to
structural damage or control-surface failures. There is plenty of
literature available on adaptive backstepping designs for the control
of aircraft and missiles (see, for example, [22-29]). However, most
of these designs consider control of the aerodynamic angles i, o, and
B. The design of a trajectory controller is much more complicated,
because the system to be controlled is of a higher relative degree. This
presents difficulties for a standard adaptive backstepping design,
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because the derivatives of the intermediate control variables have to
be calculated analytically in each design step. Calculating the
derivatives of the intermediate control variables in each design step
leads to a rapid explosion of terms. This phenomenon is the main
motivation for the authors of [7] to select a sliding-mode design for
the outer feedback loops: it simplifies the design considerably.
Another disadvantage of standard backstepping designs (and,
indeed, most feedback linearizing designs) is that the contribution of
the control-surface deflections to the aerodynamic forces cannot be
taken into account. For these reasons, the constrained adaptive
backstepping approach of [27,29,30] is used in this paper. This
method makes use of command filters to calculate the derivatives of
the intermediate controls, which greatly simplifies the design.
Additionally, these filters can be used to enforce magnitude and rate
limits on the state and input variables so that they do not corrupt the
online model-identification process.

To simplify the approximation of the unknown aerodynamic force
and moment functions, the flight envelope is partitioned into multiple
connecting operating regions called hyperboxes. In each hyperbox a
locally valid linear-in-the-parameters nonlinear model is defined.
The coefficients of these models can be estimated using the update
laws of the adaptive backstepping control laws. The aerodynamic
model can be partitioned using different state variables. In this study
we use B-spline neural networks [31,32] to interpolate between the
local nonlinear models to ensure smooth model transitions.
Numerical simulations of various maneuvers with aerodynamic
uncertainties in the model and actuator failures are presented. The
maneuvers are performed at several flight conditions to demonstrate
that the control laws are valid for the entire flight envelope. It is
shown that inertia trajectory control is established for the closed-loop
system even in the presence of uncertainties or failures in the aircraft
model.

The paper is outlined as follows. First, the nonlinear dynamics of
the aircraft model are introduced in Sec. II. In Sec. III the adaptive
control design is presented decomposed in four feedback-loop

control laws using numerical simulations performed in MATLAB/
Simulink. Finally, a summary of the results and the conclusions are
given in Sec. VL.

II. Aircraft Model Description

The aircraft model used in this study is that of an F-16 fighter
aircraft with geometry and aerodynamic data as reported in [33]. The
aerodynamic data in tabular form have been obtained from wind-
tunnel tests and are valid up to Mach 0.6 for the wide range of
—20 deg < @ <90 deg and —30 deg < 8 < 30 deg. The control
inputs of the model are the elevator, ailerons, rudder, and leading-
edge flaps, as well as the throttle setting. The leading-edge flaps are
controlled separately and will not be used for the control design. The
control-surface actuators are modeled as first-order low-pass filters
with rate and magnitude limits as given in [29]. Before giving the
equations of motion for the F-16 model, some frame of reference in
which to describe the motion is needed. The reference frames used in
this paper are the Earth-fixed reference frame F, used as the inertial
frame; the vehicle-carried local Earth reference frame F,, with its
origin fixed in the center of gravity of the aircraft, which is assumed
to have the same orientation as F; the wind-axes reference frame
Fy,, obtained from F, by three successive rotations of x, y, and u;
the stability-axes reference frame F'g, obtained from Fy, by a rotation
of —B; and the body-fixed reference frame F', obtained from Fy by a
rotation of ¢, as is also indicated in Fig. 1. The body-fixed reference
frame F'z can also be obtained directly from F, by three successive
rotations of yaw angle v, pitch angle 6, and roll angle ¢. More details
and transformation matrices are given in, for example, [34,35].
Assuming that the aircraft has a rigid body, which is symmetric
around the X—Z body-fixed plane, the relevant nonlinear coupled
equations of motion can described by [34]

V cos x cos y

designs. The identification process with the B-spline neural networks Xo=| Vsinycosy )]
is discussed in Sec. IV. Section V validates the performance of the —Vsiny
L(—D + Tcosacosf) — gsiny
X, = —L__(Lsinp + Ycosu + T(sino sin i — cos o sin B cos (1)) ?2)

mV cosy

ﬁ(Lcosu— Ysinp + T(cosasin Bsin u + sinecos 1)) — £cos y

Fig. 1 Aircraft reference frames.
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r cosa sing
cos 8 0 cos B

X,=| —cosatanf 1 —sinatanf |X;
sin & 0 —cos«

0 siny 4 cosysinutanfB cos utanf

rlo e o O
LO COs Y cos L —sinp

. (Clr + CzP)q + C3l_4 + C4(]S] + heq)
X3=| cspr—ce(p® —1%) + c7(M — h,r) @
(csp — ear)g + 4L + co(N + h.q)

where XO (X Y, Z)T (Va X V)T’ X, = (/L’O[’ ﬁ)TV X3=
(p,q.r)7, and the deﬁmtlon of the inertiaterms ¢; i = 1,...,9) is
given in, for example, [29]. The engine angular momentum #, is
assumed to be constant. These 12 differential equations are sufficient
to describe the complete motion of the aircraft; other states such as
the attitude angles ¢, 6, and v are functions of X = (X7, X7,
X¥, XI)T, and their dynamics can be expressed as

d):p—i—(qsinqﬁ—i—rcosq’))tan@, 6 =qgcos¢ — rsing

. gsing + rcos¢
V= cos 6 ®)

The thrust model of [33] is implemented, which calculates the thrust
as a function of altitude, Mach number, and throttle setting §,. This
model is given in tabular form. The total aerodynamic forces L, Y,
and D (expressed in Fy,) and moments L, M, and N (expressed in Fj)
are summations of the various aerodynamic contributions stored in
lookup tables. As an example, the total pitch moment M is given by

M =qsa(cm(a, B.8.) + Cz[xeg, — Xl + 5CmLEF( - 5;%)

qc SLEF
il 1 — ZLEE
+ 2Vy [Cm‘l (@) + (SC’”tILEF (O[)]( 25 )

+6C,,(a) +8C,,, (e, 55)) (6)

Other aerodynamic forces and moments are given in similar form; for
a detailed discussion, see [33].

III. Adaptive Control Design

In this section we aim to develop an adaptive guidance and control
system that asymptotically tracks a smooth prescribed inertial
trajectory Y™ = (x*f, yf, z7*NT with position states X, = (x,y,z)".
Furthermore, the sideslip angle B has to be kept at zero to enable
coordinated turning. It is assumed that the reference trajectory Y™ =
(xref7 yref’ Zref)T satisfies

xref Vref cos Xref (7)

)')ref — Vref sin Xref (8)
with Vref| yof zref "and their derivatives continuous and bounded. It
also assumed that the components of the total aerodynamic forces L,
Y, and D and moments L, M, and N are uncertain, and so these will
have to be estimated. The available controls are the control-surface
deflections (8,, 8,, 8,)T and the engine thrust 7. The Lyapunov-based
control design based on [27,29] is done in four feedback loops,
starting at the outer loop.

A. Inertial Position Control

We start the outer-loop feedback control design by transforming
the tracking control problem into a regulation problem:

Zo1 cosy siny O
Zo=1|zp | =] —siny cosy 0 |(X,—Y") )
203 0 0 1

where we introduce a new rotating reference frame for control that is
fixed to the aircraft and aligned with the horizontal component of the
velocity vector [8,13]. Differentiating Eq. (9) now gives
) \% + 202)‘( _ Vre[ COS(X _ Xref
Zo=| —zoix + Vsin(x — ") 10)
' — Vsiny

We want to control the position errors Z, through the flight-path
angles x and y and the total airspeed V. However, from Eq. (10) it is
clear that it is not yet possible to do something about z, in this design
step. We select the virtual controls

Vdes 0 __ Vref COS(X Xref) — Co1201 (1 1)
__ gref
Jeso amsm(coﬂmv & ) —x2<y<m/2  (12)

where c¢3; and c¢p3 >0 are the control gains. The actual
implementable virtual control signals V9 and y¢, as well as their
derivatives V% and y4s, are obtained by filtering the virtual signals
with a second-order low-pass filter. In this way, tedious calculation
of the virtual control derivatives is avoided [36]. An additional
advantage is that the filters can be used to enforce magnitude or rate
limits on the states [24,27]. As an example, the state-space
representation of such a filter for V40 is given by

[q"(’)] = PR (13)
g2(1) vawv(sk(m [Su(Ve0) —q1]) — ¢2)

Vdes q
“des | = 14
|: Vdes ] |: 4> ( )
where S,,(.) and Sg(.) represent the magnitude and rate limit
functions as given in [27]. These functions enforce the state V to stay
within the defined limits. Note that if the signal V% is bounded,
then V4 and V* are also bounded and continuous signals. When

the magnitude and rate limits are not in effect, the transfer function
from V40 to V9 js given by

vies(s) w?
VisO(s) s+ 28,0, + 0]

5)

and the error V90 — V4 can be made arbitrarily small by selecting
the bandwidth of the filter to be sufficiently large [36].

B. Flight-Path Angle and Airspeed Control

In this loop the objective is to steer V and y to their desired values,
as determined in the previous section. Furthermore, the heading
angle y has to track the reference signal x™f, and we also have to
make sure that z, is regulated to zero. The available (virtual) controls
in this step are the aerodynamic angles p and ¢, as well as the thrust
T. The lift, drag, and side forces are assumed to be unknown and will
be estimated. Note that the aerodynamic forces also depend on the
control-surface deflections U = (§,, 8,,8,)". These forces are quite
small, because the surfaces are primarily moment generators.
However, because the current control-surface deflections are
available from the command filters used in the inner loop, we can
take them into account in the control design. The relevant equations
of motion are given by
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X, =AF(X,U)+ B,G(X.U.X,) + H,(X) (16)

where

1 0 0 -V

Al —- cos L

cosy

mv 0 —sinpg O
—gsiny

T .

H, = —chosycosasmﬂcosu

T : ; 8
—ycosasin fsinpu — £cosy

1 Vcosacosp 0 O
=— 0 L0
mV cos y

0 0 1

B,

are known (matrix) functions, and

L(X,U) T
F,=|YX,0) |, G, =| (L(X,U) + Tsino)sin
D(X,U) (L(X,U) + Tsina) cos i

are functions containing the uncertain aerodynamic forces. Note that
the intermediate control variables « and ;« do not appear affine in the
X, subsystem, which complicates the design somewhat. Because the
control objective in this step is to track the smooth reference signal
Xdes = (des el des\T with X, = (V, x,¥)7, the tracking errors
are defined as

211
Zi=| 212 :Xl_Xﬁies (17
213

To regulate Z, and z, to zero, the following equation needs to be
satisfied [37]:

—Cnin
BIGI(X» U, Xz) = _Vref(C()zZ()z + Cip sin Z|2)
—C13213
[ sdes
—AF, —H + X, (18)

where F | 1s the estimate of F'; and where

T
G, (X, U X,) = (Lo(X, U) + Lo(X, Uy + T sine) sin jt
(Loy(X,U) 4+ Ly(X, U)ax + T sina) cos ju

19
with the estimate of the lift force decomposed as
L(X.U)=Ly(X.U) 4+ L, (X, U)a
The estimate of the aerodynamic forces F | is defined as
Fi= 0% (X, U)0, 20)

where @7, is the known regressor function and ®, is a vector with
unknown constant parameters. It is assumed that there exists a vector
Op, such that

F)=®f (X, U)0, 2D

This means the estimation error can be defined as ©p, = O, — e) -
We now need to determine the desired values o and ;4. The right-
hand side of Eq. (18) is entirely known, and so the left-hand side can
be determined and the desired values can be extracted. This is done
by introducing the coordinate transformation

x = (f,o(X, U) + ia(X, U)a + T'sino) cos (22)

y= (iO(X, U) + ia(X, U)a + Tsinw) sin (23)

which can be seen as a transformation from the two-dimensional
polar coordinates

(Lo(X, U) + L, (X, U)a + Tsina)

and p to Cartesian coordinates x and y. The desired signals
(7950, y,, x0)7 are given by

740 —Cnin
Bi| yo |=]|—-V*(corzor + crpsinzyy)
Xo —C€13213
—AF, —H +X{® (24)

Thus, the virtual control signals are equal to

Lo (X, U)ads0 = \[x2 4+ y2 — Ly(X, U) — Tsina (25)

and
arctan(%g) if x>0
arctan(ﬁ—g) +m ifxyg<0 and y, >0
pdes0 = arctan(}?) — 7 if x) <0 and y, <O (26)
7 if x=0 and y,>0
-z if =0 and y,<O0

Filtering the virtual signals to account for magnitude, rate, and
bandwidth limits will give the implementable virtual controls a4
and pY% and their derivatives. The sideslip-angle command was
already defined as B = 0, and thus X§* = (1%, @9, 0)7 and its
derivative are completely defined. However, care must be taken
because the desired virtual control 19 is undefined when both x,
and y, are equal to zero, making the system momentarily

uncontrollable. This sign change of
(Lo(X, U) + L, (X, U)a + Tsina)

can only occur at very low or negative angles of attack. This situation
was not encountered during the maneuvers simulated in this study.
To solve the problem altogether, the designer could measure the rate
of change for x;, and y, and devise a rule base set to change sign when
these terms approach zero. Furthermore, problems will also occur at
high angles of attack when the control effectiveness term L:, will
become smaller and eventually change sign. Possible solutions
include limiting the angle-of-attack commands using the command
filters or proper trajectory planning to avoid high-angle-of-attack
maneuvers. Also note that so far in the control design process, we
have not taken care of the update laws for the uncertain aerodynamic
forces; they will be dealt with when the static control design is
finalized.

C. Aerodynamic Angle Control

Now that the reference signal X§e = (s, s, 87 and its
derivative have been found, we can move on to the next feedback
loop. The available virtual controls in this step are the angular rates
X;. The relevant equations of motion for this part of the design are
given by

X, =AF (X, U) + By(X)X; + Hy(X) 27)

where
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1 (tanB +tanysinp) tanycosp 0O :g—;z 0 ‘ %
A, = = cgsl/s 0 0 By,=| —cosatanf 1 —sinatanf
0 1 0 sina 0 cos o
T(sina tan ysin j + sino tan § — cos a sin B tan y cos 1) — £tan f cos y cos
szm_\/ T o5 +ycosycos i

are known (matrix) functions. The tracking errors are defined as

22 = X2 - chs (28)
To stabilize the Z, subsystem, a virtual feedback control Xg‘“»o is
defined as

B XY = —CyZ, — AF\ —Hy + XS, C,=Cl>0 (29)
The implementable virtual control (i.e., the reference signal for the
inner loop) X$¢ and its derivative are again obtained by filtering the

virtual control signal X5 with a second-order command-limiting
filter.

D. Angular Rate Control

In the fourth step, an inner-loop feedback loop for the control of
the body-axis angular rates X; = (p,q,r)" is constructed. The
control inputs for the inner loop are the control-surface deflections
U= ($,,8,,8,)". The dynamics of the angular rates can be written as

X3 = A3(F5(X, U) + B3(X)U) + H;(X) (30)
where
3 0 ¢ (cir + c2p)q
Ay=10 ¢; 0|, Hy = | cspr—cg(p?> —1?)
s 0 ¢ (csp —car)q
are known (matrix) functions, and
L, Ly, Ly Ly,
Fy=| M, |, By=| Ms, M; M,
Ny Ns, N5 Nj

a

are unknown (matrix) functions that have to be approximated. Note
that for a more convenient presentation, the acrodynamic moments
have been decomposed: for example,

M(X,U) =MyX.U) + M; 8, + Ms 8, +Ms3, (31)
where the higher-order control-surface dependencies are still
contained in M (X, U). The control objective in this feedback loop is
to track the reference signal X$ = (p™f, g™, ") with the angular
rates X3. Defining the tracking errors

Z5 = X5 — X§e (32)
and taking the derivatives results in
Z5 = A(F3(X.U) + By (X)U) + Hy(X) = X3®  (33)

To stabilize the system of Eq. (33), we define the desired control U°
as

AByUY = —C3Zy — AsEy —Hy + X5, C,=CT>0 (34)
where F 3 and I§3 are the estimates of the unknown nonlinear

aerodynamic moment functions F3 and Bj, respectively. The F-16
model is not overactuated (i.e., the B; matrix is square). If this is not

—T cosacos B+ £cos ysin i

the case, some form of control allocation would be required [38,39].
The estimates are defined as

Fy=®L(X.U)0, By =} (X)O, fori=1....3

(35)

where <I:',TFx and CDEBI_ are the known regressor functions, ®, and O,
are vectors with unknown constant parameters, and B5; represents the
ith column of B;. It is assumed that there exist vectors ®, and Op,
such that

(36)

F3 = ®};3 (X’ U)G)F;’ B3i = q)ngg[(X)®B;,-

This means the estimation errors can be defined as ©, = O, — O,

and © B, = Op, — @33,-- The actual control U is found by applying a
filter similar to Eq. (13) to U°.

E. Update Laws and Stability Properties

We have now finished the static part of our control design. In this
section the stability properties of the control law are discussed and
dynamic update laws for the unknown parameters are derived.
Define the control Lyapunov function

vl
T2

2 —2c08 2z

(Zgzo + 21 + + 2+ 212, + Z3TZ3)

Co2

+ % (trace(@);1 I‘;ll(:)F]) + tralce(C:);3 Iz épg)

+ 3 wee(6, 1560,
i=1

@37

with the update gains matrices I'r, = T, >0, T, =T, >0, and
Ty, = I‘gy > 0. Taking the derivative of V along the trajectories of
the closed-loop system gives

V=—coz3 + znzo X + (V= V=0)z,

+ 2o (—zo1 X + V*'sinzy,) — cg325; — V(siny — sin y49) 7,

. Cip .
—cnz = Ve (SanIZZOZ + 751H2212) — 1323
02

+ ZI(4,®%, O, + B, (G1(X,) — G(X,)))
+ Z{Bl (él (XZ) _ él (Xges.())) — Z;C2ZZ —+ ZgAzq)}.:l é]?l

+ 77 BZ(X3 - Xg‘“-o) —71CsZ,

3
+ Z7A, (cp;} Op, + Y}, Op, U,.) + ZTA;B5(U — U°)
i=1

i

- trace(é;] Iz éFl) - trace(é;3 7! éF3)

_ 1231: trace ((i);i Iyl @)33,_) (38)
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/[

ABU, = Uy

t _szz_AzF;_Hz*'sz

Command U
Limiting Filter

X,=A(F+BU)+H |—

Ey=- :Ea"'Asés(U_Uu)

Op; =P A;Z_ 3

Oy = rnid;nt“gzzvi

1

Fig. 2 Inner-loop control system.

To cancel the terms in Eq. (38), depending on the estimation errors,
we select the update laws

®F1 = FF} (I)F] (A{aZl +Agzz)9 ®F3 = FF3<I)F3A:7‘;Z3

éag, = projg, (I‘Bgl q>Bg,A§-ZS Ui) 39)
with
A OF (:‘)F1 =A D éF] + B(G,(X,) — él(Xz))

The update laws for l§3 include a projection operator [40] to ensure
that certain elements of the matrix do not change sign and full rank is
maintained always. For most elements, the sign is known based on
physical principles. Substituting the update laws in Eq. (38) leads to

. c

_ 2 2 2 ref $12 - 2 2

V=—coizp — coazos — ¢z — V c SIN"Z1p — €13273
02

—ZYCyZy — ZEC3Zy + (V — Vs Oz,
— V(siny —sin y**%)zo3 + Z{ B, (é, (X,) — G, (Xges‘o))

+ 3B (X; = XI°) + ZTAsBy(U — U°) (40)

where the first line is already negative semidefinite, which we need to
prove stability in the sense of Lyapunov. Because our Lyapunov
function V equation (37) is not radially unbounded, we can only
guarantee local asymptotic stability [37]. This is sufficient for our
operating area if we properly initialize the control law to ensure
712 < +m/2. However, we also have indefinite error terms due to the
tracking errors and due to the command filters used in the design. As
mentioned before, when no rate or magnitude limits are in effect, the
difference between the input and output of the filters can be made
small by selecting the bandwidth of the filters to be sufficiently larger
than the bandwidth of the input signal. Also, when no limits are in
effect and the small bounded difference between the input and output
of the command filters is neglected, the feedback controller designed
in the previous sections will converge the tracking errors to zero (for
proof, see [27,29,30]).

Naturally, when control or state limits are in effect, the system will
in general not track the reference signal asymptotically. A problem
with adaptive control is that this can lead to corruption of the
parameter-estimation process, because the tracking errors that are
driving this process are no longer caused by the function
approximation errors alone [24]. To solve this problem we will use a
modified definition of the tracking errors in the update laws in which
the effect of the magnitude and rate limits has been removed, as

suggested in [27,28]. Define the modified tracking errors

Z_IZZI—EI, Z_ZZZZ_EZ’ 23:Z3_E3 (41)

with the linear filters

B 1 =—-C, &, +Bl(él(X, U, X,) —GAI(X, U,Xges'o))

-

L =—C,E, + B, (Xg - X;‘e&") 42)

—C38; + A3B4(U — U°)

[]-

3

The modified errors will still converge to zero when the constraints
are in effect, which means the robustified update laws look like

@Fl = FF[ q)Fl (AITaZI +A522)’ C:)FS :FF3¢F3A§Z3

O3, = Prois, (T, ©5,412:0;) 43)

To better illustrate the structure of the control system, a scheme of the
adaptive inner-loop controller is shown in Fig. 2.

IV. Model Identification

To simplify the approximation of the unknown aerodynamic force
and moment functions, thereby reducing computational load, the
flight envelope is partitioned into multiple connecting operating
regions called hyperboxes or clusters. This can be done manually
using a priori knowledge of the nonlinearity of the system,
automatically using nonlinear optimization algorithms that cluster
the data into hyperplanar or hyperellipsoidal clusters [41] or a
combination of both. In each hyperbox a locally valid linear-in-the-
parameters nonlinear model is defined, which can be estimated using

Table 1 Command-filter parameters

Command variable w,,rad/s Magnitude limit Rate limit
Vdes 5 -

des 3 +80 deg —_—
judes 8 480 deg —_—
adcs 8 .
pdcs 20 _ _
qdes 20 _ _
rdes 10 _ _
3, 40.4 +25 deg +60 deg /s
3, 40.4 +21.5 deg +80 deg /s
3, 40.4 +30 deg +120 deg/s
T 10 [1000-100,000] N +40,000 N/s




SONNEVELDT ET AL. 31

the update laws of the Lyapunov-based control laws. The
aerodynamic model can be partitioned using different state variables,
the choice of which depends on the expected nonlinearities of the
system. In this study we use B-spline neural networks [31,32] (i.e.,
radial basis function neural networks with B-spline basis functions)
to interpolate between the local nonlinear models, ensuring smooth
transitions. In the previous section we defined parameter update laws
equation (43) for the unknown aerodynamic functions, which were
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written as
Fi=0L(X.U)0;, F;=0L (X.U)0,

. . ‘ (44

By = ‘ng (X)®B3,.

Now we will further define these unknown vectors and known
regressor vectors. The total force approximations are defined as
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L=gs (c (@.B)+ 0, (B5)0 -y @D+ 6, e ﬂ)sf)
7= éS(@yo (@ B.8)+Cy @A LE+C, (@ )2
’ 2V 2V
Gy, @B, + Cr, (@15 )
D =gS(Cp, (. B.8.) + Cp, (. )3.) (45)
and the moment approximations are defined as
E=a5( oo B0+ Co @ p g+ e p gy
+Ci, (@ B8 + Cp, (o, )8, + Cp, (@, ﬁ)ar)
=5 Ca0np) + Cu @By + Ca @ P ) )
A= és(éﬁo (@, B.5,) + Cx, (@, B) P2+ Cy (0, )22
4 2V 2V
+ Gy, (@ B)S, + C, (@ )8, + C, (@ ﬁ)a,)

Note that these approximations do not account for asymmetric
failures that will introduce coupling of the longitudinal and lateral
motions of the aircraft. If a failure occurs that introduces a parameter
dependency that is notincluded in the approximation, stability can no
longer be guaranteed. It is possible to include extra cross-coupling
terms, but this is beyond the scope of this paper. The total nonlinear
function approximations are divided into simpler linear-in-the-
parameter nonlinear coefficient approximations: for example,

C @ B) =¢F, (@B, 47)

where the unknown parameter vector GCLO contains the network
weights (i.e., the unknown parameters), and Pc,, is aregressor vector
containing the B-spline basis functions [29]. All other coefficient
estimates are defined in similar fashion. In this case a two-
dimensional network is used with input nodes for « and S. Different
scheduling parameters can be selected for each unknown coefficient.
In this study we use third-order B-splines spaced 2.5 deg and up to
three scheduling variables, depending on the coefficient: «, B and §,.
With these approximators, a sufficient model accuracy was obtained.
Following the notation of Eq. (47), we can write the estimates of the
aerodynamic forces and moments as

[ =060, L=0(ap6)0;

P o= 0B850,  M=dT(0p6)0, 48)

D=9}(@f.6)0p.  N=f(@p.5)0y

which is a notation equivalent to the one used in Eq. (44). Therefore,
the update laws equation (43) can be used adapt the B-spline network
weights. However, the update laws have not yet been robustified
against nonparametric uncertainties such as 1) low-frequency
unmodeled dynamics (e.g., structural vibrations) 2) measurement
noise, 3) computational round-off errors and sampling delays, and
4) time variations of the unknown parameters, which can result in
parameter drift. There are two categories of approaches for
preventing parameter drift: those that prevent the parameter
estimates from drifting to infinity directly (e.g., parameter projection
or leakage terms) and those that stop the adaptation process when the
training error is very small (e.g., dead zones [40,42]). In this paper
dead zones and e modification are used to protect the estimated
parameters from drifting.

V. Simulation Results

This section presents the simulation results from the application of
the flight-path controller developed in the previous sections to the

Table 2 Maneuver 1 at flight condition 1: mean absolute values of the tracking errors and
control inputs

Case (201> 2025 203)™*Y, m (8., 84,8, )M, deg ™, N

Nominal (0.33,0.24,0.24) (4.63,0.12,0.10) 5.59¢ + 04
+30% uncertainty (4.56,3.75,1.07) (4.59,0.13,0.11) 5.57¢ + 04
—30% uncertainty (5.15,3.88,1.10) (4.68,0.16,0.11) 5.62¢ + 04
+10% deg, locked left aileron (0.39,0.32,0.78) (4.63, 0.56, 0.74) 5.59¢ + 04
—10% deg, locked left aileron (0.31,0.25,1.12) (4.63, 0.46, 1.16) 5.59¢ 4+ 04

Table 3 Maneuver 1 at flight condition 2: mean absolute values of the tracking errors and
control inputs

Case (201> 202> 203)MAY, m (8¢, 84, 8,)MAY, deg ™", N

Nominal (0.30,0.23,0.21) (3.97,0.14,0.21) 3.14e + 04
+30% uncertainty (1.55,1.33,0.41) (3.96, 0.15, 0.23) 3.14e + 04
—30% uncertainty (2.01,1.53,0.52) (3.98, 0.15, 0.20) 3.14e + 04
+10% deg, locked left aileron (0.36,0.33,0.72) (3.97, 0.25, 1.20) 3.14e + 04
—10% deg, locked left aileron (0.30,0.28,1.01) (3.96, 0.40, 1.52) 3.14e + 04

Table 4 Maneuver 1 at flight condition 3: mean absolute values of the tracking errors and
control inputs

Case (Zo1» 202 203)MAY, m (8., 8,.68,)MAY, deg ™AV N

Nominal (0.33,0.22,0.27) (3.37, 0.08, 0.08) 4.41e + 04
+30% uncertainty (2.01,1.43,0.61) (3.40, 0.10, 0.08) 4.44e + 04
—30% uncertainty (2.16,1.49,0.77) (3.38, 0.09, 0.08) 4.41e + 04
+10% deg, locked left aileron (0.32,0.33,0.29) (3.38, 0.08, 0.09) 4.41e + 04
—10% deg, locked left aileron (0.34,0.24,0.30) (3.38, 0.08, 0.09) 4.41e + 04
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high-fidelity, six-degree-of-freedom F-16 model of Sec. II. Both the
control law and the aircraft model are written as C S-functions in
MATLAB/Simulink. The simulations are performed at three
different starting flight conditions with the trim conditions:
1) h=5000m, V=200m/s, and o=0=2.774 deg;
2) h=0m, V=250m/s, and o =6=2.406 deg; and
3) h=2500 m, V =150 m/s, and @ = 6 = 0.447 deg; where h is
the altitude of the aircraft, and all other trim states are equal to zero.

Furthermore, two maneuvers are considered: 1) a climbing helical
path and 2) a reconnaissance and surveillance maneuver. The latter
maneuver involves turns in both directions and some altitude
changes. The simulations of both maneuvers last 300 s. The reference
trajectories are generated with second-order linear filters to ensure
smooth trajectories. To evaluate the effectiveness of the online model
identification, all maneuvers will also be performed with a £30%
deviation in all aerodynamic stability and control derivatives used by
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Fig. 4 Maneuver 1: climbing helical path performed at flight condition 2 with +30% uncertainty in the aerodynamic coefficients.
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the controller (i.e., it is assumed that the onboard model is very
inaccurate). Finally, the same maneuvers are also simulated with a
lockup at £10 deg of the left aileron.

A. Controller Parameter Tuning

We start with the selection of the gains of the static control law and
the bandwidths of the command filters. Lyapunov stability theory
only requires the control gains to be larger than zero, but it is natural
to select the largest gains of the inner loop. Larger gains will, of
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course, result in smaller tracking errors, but at the cost of more
control effort. It is possible to derive certain performance bounds that
can serve as guidelines for tuning (see, for example, [43,44]).
However, getting the desired closed-loop response is still an
extensive trial-and-error procedure. The control gains were selected
as ¢y = 0.1, ¢ = 1.1073, ¢g3 = 0.5, ¢;; = 0.01, ¢, = 2.5, c13=
0.5, C, = diag(1, 1, 1), and C; = diag(2,2,2).

The bandwidths of the command filters for the actual control
variables §,, §,,, and 8, are chosen to be equal to the bandwidths of the
actuators, which are given in [29]. The outer-loop filters have the
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Fig. 5 Maneuver 1: climbing helical path performed at flight condition 3 with left aileron locked at —10 deg.
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Fig. 6 Maneuver 2: reconnaissance and surveillance performed at flight condition 3 with —30% uncertainty in the aerodynamic coefficients.

Table 5 Maneuver 2 at flight condition 3: mean absolute values of the tracking errors and control inputs

Case (201 202+ 203)™Y, m (8,84, 8)MY, deg ™ N

Nominal (0.49,0.40,0.56) (239, 0.12, 0.12) 233¢ + 04
+30% uncertainty (0.97,0.78,0.54) (2.39,0.12, 0.13) 2.33e + 04
—30% uncertainty (0.97,0.56,0.85) (2.40, 0.13,0.12) 2.33e + 04
+10% deg, locked left aileron (0.48,0.40,0.58) (2.39,0.12, 0.13) 2.33e + 04

—10% deg, locked left aileron (0.49,0.40,0.56) (2.40, 0.13, 0.13) 2.33e 4+ 04
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Table 6 Maneuver 2 at flight condition 1: Mean absolute values of the tracking errors and

control inputs

Case (201 z02- 203)™MAY, m (8,84, 8, )MAY deg TMAV N
Nominal (0.42,0.39,0.46) (3.17,0.16, 0.13) 2.25¢ + 04
+30% uncertainty (2.69,2.30,1.13) (3.16,0.16,0.14)  2.25¢ + 04
—30% uncertainty (3.02,2.40,1.12) (3.19,0.18,0.14) 2.25¢ + 04
+10% deg, locked left aileron (0.43,0.40,0.45) (3.17,0.17, 0.16) 2.25¢ + 04
—10% deg, locked left aileron (0.42,0.39,0.46) (3.17,0.17, 0.15) 2.25¢ + 04
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Fig. 7 Maneuver 2: reconnaissance and surveillance path performed at flight condition 1 with left aileron locked at +10 deg.
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Table 7 Maneuver 2 at flight condition 2: mean absolute values of the tracking errors and control inputs

Case (Zo1» 202 203)MAY, m (8,,8,,8)MAY, deg TMAV N

Nominal (0.58,0.49,0.34) (2.95,0.18,0.21) 1.62¢ + 04
+30% uncertainty (1.27.1.10,0.48) (2.95.0.19, 0.22) 1.62¢ + 04
—30% uncertainty (1.73,1.24,0.55) (2.97,0.19,0.21) 1.61e + 04
+10% deg, locked left aileron (0.58,0.50,0.35) (2.95, 0.20, 0.22) 1.62¢ + 04
—10% deg, locked left aileron (0.59,0.51,0.34) (2.95,0.22,0.22) 1.62¢ + 04

smallest bandwidths. The selection of the other bandwidths is again
trial and error. A higher bandwidth in a certain feedback loop will
result in more aggressive commands to the next feedback loop. All
damping ratios are equal to 1.0. It is possible to add magnitude and
rate limits to each of the filters. In this study magnitude limits on the
aerodynamic roll angle p and the flight-path angle y are used to avoid
singularities in the control laws. Rate and magnitude limits equal to
those of the actuators are enforced on the actual control variables.
The selected command-filter parameters can be found back in
Table 1. As soon as the controller gains and command-filter
parameters have been defined, the update law gains can be selected.
Again, the theory only requires that the gains should be larger than
zero. Larger update gains means higher learning rates and thus more
rapid changes in the B-spline network weights.

B. Maneuver 1: Upward Spiral

In this section the results of the numerical simulations of the first
test maneuver, the climbing helical path, are discussed. For each of
the three flight conditions, five cases are considered: nominal, the
aerodynamic stability and control derivatives used in the control law
perturbed with +30% and with —30% with respect to the real values
of the model, a lockup of the left aileron at +-10 deg, and a lockup at
—10 deg. No actuator sensor information is used. In Fig. 3 the results
are plotted of the simulation without uncertainty, starting at flight
condition 1. The maneuver involves a climbing spiral to the left with
an increase in airspeed. It can be seen that the control law manages to
track the reference signal very well and closed-loop tracking is
achieved. The sideslip angle does not become any larger than
£0.02 deg. The aerodynamic roll angle does reach the limit set by
the command filter, but this has no consequences for the
performance. The use of dead zones ensures that the parameter
update laws are indeed not updating during this maneuver without
any uncertainties. The responses at the two other flight conditions are
virtually the same, although less thrust is needed due to the lower
altitude of flight condition 2 and the lower airspeed of flight
condition 3. The other control surfaces are also more efficient. This is
illustrated in Tables 2—4, in which the mean absolute values (MAVs)
of the outer-loop tracking errors, control-surface deflections, and
thrust can be found. Plots of the parameter-estimation errors are not
included. However, the errors converge to constant values, but not to
zero, as is common with Lyapunov-based update laws [29,45].

The response of the closed-loop system during the same maneuver
starting at flight condition 1, but with +30% uncertainty in the
aerodynamic coefficients, is shown in Fig. 4. It can be observed that
the tracking errors of the outer loop are now much larger, but in the
end, the steady-state tracking error converges to zero. The sideslip
angle still remains within 0.02 deg. Some small oscillations are
visible in Fig. 4j, but these stay well within the rate and magnitude
limits of the actuators. In Tables 2—4 the MA Vs of the tracking errors
and control inputs are shown for all flight conditions. As was already
seen in the plots, the average tracking errors increase, but the
magnitude of the control inputs stays approximately the same. The
same simulations have been performed for a —30% perturbation in
the stability and control derivatives used by the control law, and the
results are also shown in the tables. It appears that underestimated
initial values of the unknown parameters lead to larger tracking errors
than overestimates for this maneuver.

Finally, the maneuver is performed with the left aileron locked at
+10 deg [ie., 85 = 0.5(6, & 107/180)]. Figure 5 shows the
response at flight condition 3 with the aileron locked at —10 deg.

Except for some small oscillations in the response of roll rate p, there
is no real change in performance visible; this is confirmed by the
numbers of Table 4. However, from Tables 2 and 3 we observe that
aileron and rudder deflections become larger with both locked
aileron failure cases, whereas tracking performance hardly declines.

C. Maneuver 2: Reconnaissance

The second maneuver, called reconnaissance and surveillance,
involves turns in both directions and altitude changes, but airspeed is
kept constant. Plots of the simulation at flight condition 3 with —30%
uncertainty are shown in Fig. 6. Tracking performance is again
excellent and the steady-state tracking errors converge to zero. There
are some small oscillations in the rudder deflection, but these are
within the limits of the actuator. We compare the MAVs of the
tracking errors and control inputs with those for the nominal case in
Table 5 and observe that the average tracking errors have not
increased much for this case. The degradation of performance for the
uncertainty cases is somewhat worse at the other two flight
conditions, as can be seen in Tables 6 and 7. The sideslip angle
always remains within 0.05 deg for all flight conditions and
uncertainties. Corresponding with the results of maneuver 1,
overestimation of the unknown parameters again leads to smaller
tracking errors.

Simulations of maneuver 2 with the locked aileron are also
performed. Figure 7 shows the results for flight condition 1 with a
locked aileron at 410 deg. Some very small oscillations are again
visible in the roll rate, aileron, and rudder responses, but tracking
performance is good and steady-state convergence is achieved.
Table 6 confirms that the results of the simulations with actuator
failure hardly differ from the nominal case. There is only a small
increase in the use of the lateral control surfaces. The same holds at
the other flight conditions, as can be seen in Tables 5 and 7.

VI. Conclusions

In this paper a nonlinear adaptive flight-path control system is
designed for a high-fidelity F-16 model. The controller is based on a
backstepping approach with four feedback loops that are designed
using a single control Lyapunov function to guarantee stability. The
uncertain aerodynamic forces and moments of the aircraft are
approximated online with B-spline neural networks for which the
weights are adapted by Lyapunov-based update laws. Numerical
simulations of two test maneuvers were performed at several flight
conditions to verify the performance of the control law. Actuator
failures and uncertainties in the stability and control derivatives are
introduced to evaluate the parameter-estimation process. The results
show that trajectory control can still be accomplished with these
uncertainties and failures, and good tracking performance is
maintained. Compared with other Lyapunov-based trajectory
control designs, the approach is much simpler to apply and the online
estimation process is more robust to saturation effects. Future studies
will focus on the actual trajectory generation and the extension to
formation-flying control.
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