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Abstract: This paper investigates a switching control strategy for a fixed-wing flight vehicle
subject to a dramatic change in dynamics. When a system-altering fault occurs, the vehicle
switches from a fixed-gain, model-based controller to an adaptive control strategy that uses
recorded data to identify the current system online. The adaptive controller employs a data-
driven integral concurrent learning scheme to estimate the mass properties, as well as lift and
drag coefficients online in an effort to match the faulted system as closely as possible with
cataloged flight conditions. Stability is proven to be preserved even through failed attempts to
switch from the adaptive controller back to a model-based controller, as long as the developed
dwell-time and finite excitation conditions for the adaptive subsystem are satisfied.

Keywords: Adaptive control, concurrent learning, fixed-wing aircraft, neural networks,

switched systems.

1. INTRODUCTION

Autonomous control of fixed-wing aircraft systems have
been relevant to various applications for many years,
including those in commercial and military settings. Now,
with modern computing power on the rise, research in
this area is more prevalent than ever. Among the many
methods used in the stabilization of aircraft systems,
various direct and indirect adaptive control methods have
been thoroughly investigated and successfully flown on
flight vehicles as seen in An et al. (2017); Fiorentini et al.
(2009a,b); Gregory et al. (2009); Wise et al. (2008); Xu
et al. (2014). Furthermore, with the recent resurgence of
neural network (NN) estimation techniques, a number of
results that leverage them have emerged as well (Lee and
Kim (2001); Li et al. (2019); Nivison and Khargonekar
(2017, 2018); Xu et al. (2011, 2013, 2016, 2018)).

A number of results employ an estimation strategy to
determine the aerodynamic coefficients needed by the
controller. The authors in Wise et al. (2008) employ an £
adaptive control-based strategy to demonstrate stability
for two common flight control applications. The result in
Gregory et al. (2009) uses £; adaptive control as well in a
NASA flight test study. In Fiorentini et al. (2009a,b); Xu
et al. (2014), the authors prove stability using traditional
adaptive control to estimate the uncertainties in linearly
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parameterized form. The result in An et al. (2017) employs
a similar strategy using a barrier Lyapunov function-based
approach and assuming a small angle approximation on
flight path angle.

The authors in Lee and Kim (2001) use a back-stepping
strategy with NN estimators to stabilize a 6-DoF (degree
of freedom) aircraft model under the assumption that it
is held at a constant velocity. In Xu et al. (2011, 2013),
the authors utilize NN estimates of the aerodynamics
functions in a discrete-time controller to stabilize 3-DoF
aircraft systems. Similar to this paper, the results in Xu
et al. (2016, 2018) use NNs to estimate faulted system
dynamics and prove stability via the small-gain theorem
(Xu et al. (2016)) and using a barrier Lyapunov function-
based strategy (Xu et al. (2018)). A fuzzy-approximation-
based approach is used in Li et al. (2019) to guarantee
stability and robustness of an air-breathing aircraft system
with input constraints.

Additionally, the authors in Nivison and Khargonekar
(2017, 2018) developed a sparse neural network (SNN)
framework in adaptive control which focuses on encour-
aging local learning and reducing computational complex-
ity through intelligent switching and segmentation of the
state-space. The sparsification techniques enable local ap-
proximations across the segments which efficiently char-
acterize regions of the state-space with significant varying
dynamics and creates a global result.

Some results rely on high-gain or high-frequency robust
control strategies to deal with the uncertainties in a
nonlinear aircraft system, in lieu of estimation methods.
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In Wilcox et al. (2010), the authors utilize high-frequency
control to compensate for bounded disturbances, yielding
exponential stability of an aircraft system considering
aerothermoelastic effects. The authors in MacKunis et al.
(2008) employ a a controller that leverages a robust
integral of the signum of the error (RISE) term along with
adaptive dynamic inversion techniques to show asymptotic
stability for the aircraft system.

In this paper, the longitudinal dynamics of a fixed-wing
aircraft are assumed to be stabilized initially via a model-
based (nominal) controller that relies on look-up tables
to find the fixed-gains of an optimal controller for specific
flight conditions (see Lavretsky and Wise (2013)). Optimal
control is often preferred for flight applications, as many
trajectory-following guidance approaches rely on energy
efficient and preserving solutions, traits that adaptive
methods usually can’t offer. It is further assumed that
a fault occurs at some point in time, causing the sys-
tem to become unstable, and prompting the switch to an
adaptive controller, which is developed in this paper using
neural network estimators to approximate the unknown
coeflicients online in situations where lookup tables may
become unreliable or inaccurate. The weights of the NNs
are updated in real time using an integral-based concurrent
learning (ICL) (see Parikh et al. (2019)) scheme that is
designed to improve parameter estimation and facilitate
the switched systems analysis. The ICL strategy only
requires a finite excitation (FE) condition to be met to en-
sure weight parameter convergence, which can be verified
online, in contrast with the persistence of excitation (PE)
condition often associated with adaptive control, which
can be difficult to satisfy and cannot generally be verified.

The main contribution of this paper is in the use of a
switching system to help facilitate the stabilization of a
faulted aircraft system, as well as in the implementation
of the ICL scheme which is shown to improve the per-
formance of the NN estimators. The stability analysis in
Section 5 establishes an exponentially decaying bound on
the Lyapunov function (a function of squared system error
signals) facilitated by the ICL-based weight update laws.
This bound is used along with similar bounds that are
assumed for the nominally controlled (stable) system and
a faulted (unstable) system to determine an overall stable
error bound on the switching system.

2. PROBLEM FORMULATION

Consider a fixed-wing aircraft that may experience a
physical fault while tracking a prescribed trajectory. This
fault could be caused by partial mechanical failures as well
as physical changes to the air frame. The now faulted
aircraft system, initially stabilized by a given nominal
controller (which will not be detailed in this paper), may
begin to go unstable.

Once this fault occurs and the system states begin to go
unstable, the nominal controller is rendered ineffective !
and an alternative policy is necessary to re-stabilize the
aircraft. The main objective of this paper is to design a

1 If an aircraft controller is designed to utilize look-up tables
for aerodynamic data, it will likely fail when the data no longer
accurately represents the physical system.

simultaneous learning and control strategy that approxi-
mates the aerodynamic coefficients online and re-stabilizes
the system. Once the system is re-stabilized and the un-
certain coefficients are sufficiently learned, the adaptive
model may be fed back into the nominal controller to again
yield improved performance. This idea motivates the use
of a switched systems analysis to ensure overall system sta-
bility through physical changes (faults) and policy changes
(adaptation to the faults).

2.1 Aircraft Control Model

The longitudinal 3-DoF equations of motion for a fixed-
wing flight vehicle are given by Stevens and Lewis (2003);
Bolender and Doman (2007); Dickinson et al. (2015) as

Vp = %(TCOS (o) — D) — gsin (6 — «) (1)
d:miVT(—Tsin(a)—L)+q+ViTcos(9—a) (2)
0=q (3)

M
~ Iy (4)
h=Vpsin (0 —a), (5)

where m is the mass of the vehicle, Iyy is the moment
of inertia, T is the thrust, and D, L, and M are the drag
force, lift force, and moment that act upon the aircraft.
The measurable state vector, z € R®, is defined as

= [Vr afqh],

where Vp € RT is the true airspeed, a € R is the angle of
attack (AOA), 6 € R is the pitch angle, ¢ € R is the pitch
rate, and h € R is the altitude. The aerodynamic forces
and moment in (1)-(5) are approximated in terms of their
aerodynamic coefficients as (see Stevens and Lewis (2003);
Dickinson et al. (2015))

T ~ gSpCr

D =~ gSCp

L~ gSCy,

M ~ qSC'refCMv

where § € R*t is dynamic pressure, defined as § =
% pVZ, p € RT is the measurable air density, cq.; €
R* is the mean aerodynamic chord, and S € R and
Sp € R are known geometric properties of the aircraft.
The coefficients themselves are written in terms of the
individual contributions from each force or moment from
each state, and are defined as
Cr = OTO (Oz, Ma) + CTVT (Oé, M(l) + CT5T (a, MCL) o
Cp =Cp, (o, Ma) + Cp_ (o, Ma)
+ Cpy,, (o, Ma) + Cp;, (o, Ma)
Cr = CLO (a,Ma) + C’L(y (a,Ma)
+ CLy, (a,Ma) + Cr,_ (o, Ma)
Cun = Cy, (o, Ma) + Cay, (a0, Ma)
+ CMVT (a, Ma) + Ch;, (a, Ma) b, (6)
where Ma € R7T is the Mach number, and the control

inputs 7 € R and 0. € R are assumed to have the linear
relationship shown with their respective coefficients. Let
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J—'.C = {TO, TVTvTJT,D07DOHDVT7D5€7

LO)LOHLVT7L5e7MO)Ma’MVT7M6e} (7)

define a set containing all of the coefficient subscripts in
(6).

Assumption 1. The aircraft system in 1-5 experiences and
automatically detects? a system change (i.e., a fault) that
causes the look-up tables used by the nominal controller
to become unreliable.

2.2 Switched Systems Notation

Let tg € R* represent the first time that a fault occurs.
Because the proposed control strategy involves the given
system switching between stable and unstable subsystems,
a switched systems analysis will be carried out to ensure
that the subsequent control strategy can be shown to
successfully stabilize the system in (1)-(5), even if the
system switches multiple times. The key to ensuring overall
system stability is to ensure that the switches occur
such that the subsequently developed sufficient dwell-time
conditions are satisfied. To facilitate this, let t¢ € RT,

t5 € R*, and t{ € RT denote the k" instance in time that
the system is switched to the adaptive (controller designed
in this paper), nominal (assumed stable controller), and
faulted (unstable) mode, respectively, where k € N. The
contiguous dwell-times in the k" activation of the system
operating in the adaptive, nominal, and faulted mode are
denoted by At¢ € R, At; € RT, and At/ € R, and
defined as At¢ 2 t5 —t¢ Ats 2 ] —t3 and At] £ t¢ —t],
respectively.

3. CONTROL OBJECTIVE AND FUNCTION
APPROXIMATION

The focus of the following development is to design a con-
troller for the system in (1)-(5) to track predetermined®
velocity and AOA trajectories. The velocity error, ey € R,
is introduced as

ev 2Vr —V,, (8)
where V,. € R is the reference velocity*. Similarly, the
AOA error signal e, € R is defined as

AN
€a = O — Qy, (9)
where a,. € R is the reference AOA signal.

Because the moment term (M) used to control the pitch
of the aircraft only appears in the pitch rate dynamics in
(4), a back-stepping strategy is necessary to track a desired
AOA reference trajectory. To this end, a pitch error signal,
eq € R, is introduced as

A
eq = q—qa, (10)
where ¢4 € R is a desired pitch signal that will be
subsequently designed as a virtual control input to the
AOA error system in (9).

2 See Xu et al. (2018); Alwi and Edwards (2008); Hwang et al. (2009)
for fault detection methods and analysis.

3 In practice, these desired trajectories could be generated online.
4 The reference signals V;- and ., and their first derivatives V, and
A, are assumed to be known and bounded.

Furthermore, the various uncertain terms that appear in
the nonlinear system in (1)-(5) will be approximated using
NNs. In the interest of space, the exact definition of each
unknown function will not be listed, however, the majority
of these functions follow the form

(11)

for all j € F¢, where the numerator is a
(lift/drag/moment) coefficient with a subscript from
(7) (CLy, Cr,,» ete.) and the denominator is the relevant
mass property (mass, m, for the lift and drag coefficients,
and moment of inertia, Iyy, for the moment coefficients).
Each of these functions will be estimated by a NN (see
Lewis (1999)) as®

fi(@) =Wjoj(2) +¢ (), (12)

where, for all j € F¢, f; : R® — R are the functions con-
taining the unknown aerodynamic coefficients and mass
properties, o; : R> — R% are known, bounded, locally
Lipschitz, vectors of basis functions, W; € R are vectors
of the unknown ideal weights, L; € N is the number of
neurons ® used in the NN in (12), and €; : R — R are the
function approximation residual errors.

Remark 1. The function approximation residual errors
can be upper bounded by positive constants that
can be made arbitrarily small based on the Stone-
Weierstrass theorem (see Cotter (1990)), ie., & =
SUPg ey, t€[0,00) lle; (x ()|, Vi € Fe. The Stone-
Weierstrass theorem requires that the states remain in a
compact set (i.e., z (t) € x). The stability and switching
analyses in Sections 5 and 6 show that if z (0) is bounded,
then x (¢) € x, where x is a compact simply connected set
such that y C R®.

Let” W, (t) 2 W; — W; (t) denote the parameter estima-
tion error for the weights associated with the j* element

in the function set F¢, where Wj € R% is the estimate of
the ideal function approximation weight vector associated
with the j** function.

4. CONTROLLER DEVELOPMENT

The following development introduces an adaptive con-
troller that stabilizes the uncertain nonlinear system in

(1)-(5)
4.1 Velocity Controller

Taking the time derivative of (8) and using (1) and the
notation in (11), the open-loop aircraft velocity error
dynamics can be written as

5 For notational brevity, functional dependence on states and time
will be henceforth suppressed, except for when introducing new terms
and where necessary for clarity.

6 With reasonable knowledge of the operating domain, most modern,
consumer-grade computers (including the ones commonly mounted
to a quadcopters) are capable of meeting the computational require-
ments for these estimators to function.

7 For the purposes of notational clarity in later sections, any defined
NN weight error Wj has an associated ideal weight W; and weight
estimate W]-, for all j € F¢.
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éy = @Sp cos () (fTO + fry, + f1s, 5T>

—qs (fDo + fp. + fpy, + ngﬂ) + Fy,

where the lowercase f(.) functions are defined by the

(13)

form in (11), and Fy = —gsin (6 — a) — V,. contains the
measurable quantities in the velocity dynamics in (1).
Using the NN approximation form in (12), (13) can be
rewritten as

éy = @Sp cos (@) <W%:)0TO + e,
T T
+ WTVT 9Ty, + €Tv,. + (WTJT OTs + ET5T) 6T)
—qs <W500D0 +ep, + Wh_ oD, +€p,

+WEVTUDVT +€DVT +Wg¢seaDée +€Dée> + Fy.

(14)

by adding and subtracting the term
8

Furthermore,

gSp cos (@) WﬂT or,, 0T and rearranging, (14) becomes
v = Wi, Yr, + Wi Yr, + WhHYp

+ Wi, Yesr + B, + Ep + Ees, + Fy

+ gSp cos () W%;T or;,. 0T (15)

This enables the design of the thrust controller §r as

1 1
<—Kv6v — FV

Sy & — ~
GSp cos (@) W%;T oy,

~WEYr, —WhYp — W ;;TYE(;T) (16)

where Ky (V1) 2 kyy + kyo (QSD)z + kys (QS)Q, and
kvi,kyva,kys € RT are positive constant control gains.
Substituting (16) into (15) yields the closed-loop velocity
error system

év = —Kvey + W'Y + Br, + Ep + Ees,.,
where

(17)

- ~ ~ ~ ~ ~ ~ ~ ~ T
W e (W Wi, WEWh WE Wh, W, W]

EtsT

— (W Wi Wz "

€5T
and
T
v, & {YT{; Yh YE YR YR YE VB YgT}
=7 yEvE ]

4.2 AOA Controller

The open-loop AOA error dynamics are obtained by taking
the time derivative of (2) to yield

. S
éa =+ fo = 1= (Fro+ Fra + fuu, +J1,. ) + Fa.
' (13)

where f, = —T%‘l}:)

functions are defined by the form in (11), and F, =

, the remaining lowercase f(,

8 The term €15, o7 is estimated by a NN as fe5,. = €15, or =
W£T055T + €esp-

1% cos (0 — ) — &, contains the measurable terms in (2).

The expression in (18) can be rewritten using the NN-
based approximation form in (12) to yield

s

éa:q+W§Uo¢+5a—
Vr

T T
(WLOULU +€r, + WLaaLa

+er, + WEVT 0Ly, t €Ly, + WESE OLs, + €L66> + Fo.

(19)
After adding and subtracting the desired pitch ¢4, the
expression in (19) can be rearranged and rewritten as
o =qa+eq+ Wy Yo+ Eq+EL+F,,  (20)
where
- - - - - T L
Wo & (Wi, Wi W, Wi, Wil =Wl wI”
and

(e

T
vo & Vi, YE v, YE YT = f vt
In order to regulate the back-stepping error, the virtual
control input qg is designed as
dd = _Kaea - WQTYZ - FOM (21)

where Ko (V1) 2 kot + ka2 + kas (3pSVr)?, and ka1, kaz,
ka3 € R are positive constant control gains. Using (21),
(20) is rewritten as

ba = —Kneo+eq+WiYs+ E,+ Fy. (22)

4.8 Pitch Controller

In order for the overall control system to be stable,
the back-stepping error introduced in Section 3 must be
regulated as well. Taking the time derivative of (10), the
open-loop pitch (back-stepping) dynamics are written as

€q = qScrey (fM0 + v+ f, + fI\/I(;e(Se) —fq— Fy,

(23)
where Fj; and f; contain the known and unknown terms
that arise from taking the time derivative of (21), re-
spectively, and the remaining lowercase f(.) functions are
defined by the form in (11). After substituting the NN
approximations of the form in (12), (23) can be rewritten
as

éq = qSCre‘f (W]j\;joo-Mo + €M, + WAT;[aO-Ma + €M,

=+ W]\:,/}VT O My, + €My, =+ (WJ\Q/}(SE OMs, + 6M5e) (Se>

—(Wjoy+e) = Fy. (24)
Using a strategy similar to that in Section 4.1, adding and
subtracting the term szcmeJ\Es oM, 0e enables (24) to
be rearranged as®

. 1T T T T
ég= Wi Yags, + Wh Y, + WIY, + WE Yo,
+ By, + Eq + Eeée - Fq + CISCrefWAT/[%UM&e de,
(25)
where YM&@ £ qSCrerMée 667 YM* =

T T T T A A
qSCTef |:O—M0 M, UIMVT] , Y:1 = —0gq, Yveée = qSCrefO'ezSe>

9 The term €1v15656 is estimated by a NN as f.5, = €M;, 0e =
Wj(; Oese + €ede -
. .

€

14962



Preprints of the 21st IFAC World Congress (Virtual)
Berlin, Germany, July 12-17, 2020

EM* 2 chTef (€M0+6Ma+€MVT)7 Eq 2 —€q, and

Ees, £ GScrepees.. The elevator controller d. is then
designed as

L1 1

e — = =
T
qSCref WM(SE O Ms;,

(quq — €y

B W Yo WY, WA Y ). (20

where K, (V) £ kg1 + kgz + kg3 (GScrer)?, and kg, koo,
kys € RT are positive constant control gains. Using (26),
the expression in (25) can be rewritten in closed-loop form
as

bg=—Kyeq— o+ WEYs + Ey + E, + Eds.,
where

(27)

~ ~ ~ ~ ~ ~ ~ T
Wy 2 [W}C,O W, Wi, Wk, Wl WEEJ
= Wi wy Wi
and
T
vy 2 Vi, Vi, Vi, Vi, ¥ YE ]

= [y Y[ Y5,

RN

4.4 ICL and Adaptive Update Laws

This section details the ICL function approximation
scheme necessary for the implementation of the controllers
designed above in Sections 4.1, 4.2, and 4.3. The follow-
ing steps facilitate the development of the FE condition
associated with the ICL strategy that is used below.

Rearranging (15) and integrating both sides yields

t t
/ év (<) dg:/ YT (¢) dsW,
t—At t—At
t
+ / Ey (s)ds
t—At

t
t—At

where F- = ET* + EeéT + Ep, Fi £ Fy, and At € Rt
is a positive constant denoting the size of the window of
integration. Using the Fundamental Theorem of Calculus,
(28) is rewritten as

ey (t) — ey (t — At) =M (t) Wi+ & (t) + F1 (t) R (29)
Vt € [At,00), where Vi (1) = [/, VT ($)ds, & (1) =
ftt_m Ei(s)ds, and Fy (t) = ftt_m Fi (s)ds. In similar
fashion, (19) is rearranged and integrated to give

t t
/ €a (g) ds = /
t—At t—At
t
+ / Es (s)ds
t—At

t
+ / F () dg,
t—At

where Fy 2 E, + Ef, and Fy £ q + F,. The Fundamental
Theorem of Calculus enables (30) to be rewritten as

(5% (t) — €q (t — At) =Yy (t) Wo + &9 (t) + Fo (t) ,

(28)

Y (<) dsWs

(30)

(31)

where, Vt € [At,0), Va2 (t) = ftt_At Y (6)ds, & (t) =
fttht Es () ds, and Fy(t) = f:ﬁm F5 () ds. Lastly, the
expression in (25) is rearranged and integrated to yield

t t
/ éq(s)ds = /
t—At t—At

t
+/ Es5 () ds
t—At

t
+ / F5 (s) ds,
t—At

where F3 & Ey, + Es, + E; and F3 & —F,. Finally,
applying the Fundamental Theorem of Calculus to (32)
yields

eq(t) —eq (t — At) = Vs (t) W3 + E3 (t) + F3 (1), (33)
where, ¥t € [At,00), V5 (t) = [/, Yd (5)ds, & (t) =
[ n Ea(c)ds, and Fy (t) = [ ,, F3(s)ds.

The parameter estimates for each of the unknown weight
vectors Wy, Ws, and W3 are generated from an ICL-based
adaptive update law (see Parikh et al. (2019); Bell et al.
(2016); Licitra et al. (2019)). The update laws associated
with the velocity error, AOA error, and pitch error are
given by

Yy (s) dsWs

(32)

Wl ESS proj{FlYlev + kCLJFlX

Ny
Z J)fi (Aew —Fii— yl,iWI) }a (34)

i=1

Wy 2 proj{l"ngea + kcop 22 %

N2
Z ygi (Aea,i - -7'—2,1‘ - y2,iW2> }; (35)
i=1

and

Wy 2 proj{rgY},Eq + ker3T3x

N3
Z y??ji (Aeq,i — F3i— y37iW3) }, (36)
i=1

respectively, where proj{-} is a smooth projection oper-
ator 10, I} € RIvxIn Ty ¢ Rbexl2 Iy ¢ REsxEs and
kcraskocr2,kers € RT are constant, positive definite
control gains, N1, No, N3 € Z are constants that represents
the number of saved data points for the associated data
stack, Aey; £ ey (t;) — ev (t; — At) , Aeqi = eq (t:) —
a (ti — At) , Aegi = e, (t;) —eq (t; — At), and t; € [At, 1]
represents times when data measurements are available.

The philosophy for using a concurrent learning (see
Chowdhary and Johnson (2011b); Parikh et al. (2019))
scheme is based on the idea of utilizing online recorded
input and output data to better identify the ideal weights
in order to improve function approximation. Data points
are selected in real time to be saved in a way that

10 The limits used in the projection algorithm are based on the known
bounds on the unknown functions in (1)-(5). See Section 4.4 in Dixon
et al. (2003) for details of the projection operator.
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L (),

maximizes the minimum eigenvalues of Zf\i
Zﬁ\fl (yg,iyli% and Zi\fl (ygzydl) .

For use in the stability analysis that follows in Section
5, the update laws in (34), (35), and (36) can each
be rewritten in an equivalent, but non-implementable !2
form as

Ny
W = proj {FlYlev +keraTh Y VY, (y1 W+ & } :

=1

(
No
W2 = proj {Fzyzea + kcr2l'2 Z Vi, (372 Wo + & 1) } ,
(

=1
38)
and

i=1

N3
W3 = proj {FsYgeq +kcr,al's Z yg i (y3 Ws + Es z) }
(

Hl>v

respectively, for all ¢ > At, where & ; 2 & (), €
52 (tl), and 5371' é 53 (tl)

5. CONTROLLER STABILITY ANALYSIS

This section details the analysis of the overall stability
of the system in (1)-(5) when the controllers and update
laws designed in Section 4 are implemented. The following
analysis is carried out under the assumption that the
following FE!'3 conditions are satisfied at some point
(see Parikh et al. (2019); Bell et al. (2016); Licitra et al.
(2019)). The FE conditions associated with the velocity,
AOA, and pitch errors are given by

Ny
I\, > 0,71 > At:VE> Ty, Amin {nyiyu} > Ay,
=1

(40)

N2
I, > 0,790 > At 1Vt > 7o, Amin {Z ygjjin,i} > Ao,
i=1
(41)
and

N3
EA?, > 077-3 > At : vt Z 73, )\min {Z yg:iy?),i} 2 A37
i=1
(42)
respectively, where Apin {- } refers to the minimum eigen-
value of {- }. Because overall system stability is desired, the
time at which all three of the above FE conditions have
been satisfied will be denoted by 7 £ max {71, 72, 73}

To facilitate the following Lyapunov-based stability anal-
ysis, let V : R3tlatletls 4 R be a positive definite,

11 See Chowdhary and Johnson (2011a) for details on methods of
selecting data.

12The update laws in (37)-(39) contain W(.) terms, which are
unmeasurable.

13The FE conditions in (40)-(42) require that the system be suf-
ficiently excited, which is a milder (can be satisfied in finite time)
condition than the typical PE condition. For more information about
the FE condition and how likely a given system is to satisfy it, see
Chowdhary and Johnson (2011b); Chowdhary et al. (2013).

continuously differentiable candidate Lyapunov function,
defined as

V()2 ; +5e a+%eq+ tr(WlTl“llWl)
+ §tr (Wiry 1) + 5t]r (Wirs i),

(43)
which can be upper and lower bounded as

2 2
Bilc@I” <V (€() < B2lIC@)l (44)
where ( (t) € R3tLitleFls g the stacked state vector,
defined as
Co) 2 7wl Wi Wil
2(t) & [ev ea eq]T, tr (-) denotes the matrix trace op-
erator, and 81,82 € RT are known positive bounding
constants.

The following Theorem proves the stability of the overall
aircraft system in (1)-(5) under influence of the control
strategy detailed in Section 4, once enough data has been
collected to satisfy each of the FE conditions in (40)-(42)
(i.e., for all t > 7) 4.

Theorem 1. The controllers given in (16), (21), and (26),
implemented in conjunction with the adaptive update laws
n (34), (35), and (36), ensure that all system signals are
bounded under closed—loop operation and that, Vt > 7,

¢ @)I1* < IIC(to)II exp (=Aa (t = t0)) + Ka,

where )\a,/@a € RT are subsequently defined positive
constants that act as a measure of stability.

(45)

Proof. Using (17), (22), and (27), as well as (37)-(39), the
time derivative of (43) can be upper bounded as

. - 2

V < —hv1ed - karel = kel — horad, [
- 2 - 2

— ko2 HW2H —kcr,3)s HWSH +cor

+ | (€7, + €s.) (@SD lev]) — kv (fISDev)Z]

+ [ep @Slevl) = hvs (aSev)?] + [éa leal = hazel]

1 2
3 <2pSVT€(x> ]
kqgeg]

+ | (€, +€cs.) (QSCTEf |€q|) -

1
+ EL <2pSVT |6a|> —k

+ [_gq leq| —

kg3 (QSCTEfeq)2} )
(46)

where A, < Awin { 21 VEVii ), Vi € {1,238}, cor €
R is a positive constant that upper bounds the integrated
reconstruction error terms in (37)-(39), and the &.) € RT
terms are known positive upper bounds of the correspond-
ing reconstruction error €(.y. Then, using the completing-
the-square technique, (46) can be rewritten as

14 The system can be shown to be stable in a similar fashion for all
t < T as well, but because the aerodynamic function estimates can
be shown to be greatly improved following all FE conditions being
satisfied, the presented strategy only considers the possibility of the
switch from the adaptive to nominal subsystem after this time. For
this reason, the stability analysis for the time period t <7 is omitted.
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. - 2
V < —hv1ed — karel = kel — horad, ||

L2 o2
—kcr,22s HW2H —kcr,3)s3 HW?)H

rten) & B8
4kyo 4kyvs  4dkas  4kas
& (ea, +es,)
q M, €de
. 47
+4kq2+ Ty + coL (47)

In (47), the gains kya, kvs, ka2, ka3, kg2, and kgs can
be made arbitrarily large (based on actuator limits) in
order to make each of the extra additive terms as small as
possible. The expression in (47) is upper bounded by

V < =X\V + ca, (48)
Ao = é min{kv1, ka1, kg1, kcriAy, kor,2Xs,
ko L;,Ag} is the minimum error decay rate for the closed-

(e, +éeop)
4kva

where

_2
6{1/
tms T

_2
€D
kvs

2
+4

loop adaptive system, and ¢, =
—2 z = = 2
42; 4;‘22 + % + ccr. Applying the Comparison

Lemma (see Khalil (2002, Lemma 3.4)) to (48) yields
V <V (to) exp (—Aq (t —£0)) + Kas (49)
where k, = S=. Then, (49) along with (44) yields (45).

6. SWITCHED SYSTEMS ANALYSIS

In this section, a brief switched systems analysis is detailed
to show that the system states remain bounded, even
through multiple subsystem changes. The NN-based adap-
tive controller detailed in this paper is to be used in the
event of a system fault that causes the nominal controller
to destabilize the system. In other words, the adaptive
controller will be activated when a fault is detected. The
aircraft control system will switch between subsystems in
the order: nominal-faulted-adaptive-..., where the switches
are triggered by the following: The system switches from
nominal-to-faulted at the time the fault physically oc-
curs; the switch from faulted-to-adaptive happens once
the fault is detected; and the adaptive-to-nominal switch
is attempted (see Assumption 2) once enough data has
been collected to satisfy the FE condition (i.e., t > 7).
To facilitate the switched systems analysis, the following
assumptions about the subsystems are made.

Assumption 2. Once the FE conditions in (40)-(42) are
satisfied, the NN estimates of the aerodynamic coefficients
are sufficiently accurate to enable the retraining !® of the
nominal controller. If this retraining step is unsuccessful,
the switch to the nominal mode is skipped, and the
switching cycle restarts at the faulted stage.

Assumption 3. The aircraft system in (1)-(5) is initially
controlled by a nominal controller that ensures exponential
stability of the error states. When a Lyapunov-based
analysis is carried out using the candidate Lyapunov
function (43), the Comparison Lemma (see Khalil (2002,
Lemma 3.4)) can be applied to the resulting differential
inequality to yield

1% (tg) <V (£) exp (—AAL) (50)

15 This retraining step is a primary matter of future work.

for all ¢t € {ti,ti), kE € N, where A\, € Rt is a known

positive constant that represents the error decay rate when
the stable (nominal) subsystem is active.

Assumption 4. The system faults considered in this paper
will cause the states will grow unbounded in a way that can
be upper bounded by a growing exponential. Carrying out
the analysis using the same candidate Lyapunov function
(43), the Comparison Lemma (see Khalil (2002, Lemma
3.4)) can be applied to the resulting differential inequality

during the time periods ¢ € {ti 12 +1)7 k € N, yielding

V(th) <V (i) exp (Aratf)
where Ay € RT is a known positive constant that repre-
sents the error growth rate when the faulted (unstable)
subsystem is active. The amount of time that the system
spends in the faulted subsystem is upper bounded by a
positive constant as At£ < 7p, Yk € N, where 7p € Rt is
the worst-case fault detection time.

(51)

Furthermore, during time periods spent in the adaptive
subsystem (i.e., during the time periods t € [t,t;), k € N
), the above result (49) can be rewritten using the switched
systems time-keeping notation from Section 2.2 as

V() <V (t5) exp (—AaAl) + Ka- (52)
Theorem 2. The controllers in (16), (21), and (26), and the
adaptive update laws in (34)-(36) ensure that all system

signals remain bounded under closed loop operation for all
time ¢ € [0,7) and

lim sup ¢ (1)]° < 5

e
T /(=)
where v1,v5 € RY are positive constants, provided there

(53)

exist sequences {Atf}7° | {Ati}7 . and {Ati}k . such
that Vk € N, the sufficient condition B
A A
AL+ A > Tp (54)
As Af

is satisfied.

Proof. Considering a single cycle of switching to adaptive
mode, followed by nominal mode, faulted mode, and back
to adaptive mode again, (51) can be written using (50)
and (52) as

\%4 (tz+1) S V1V (tZ) + v,

where v; £ exp (f)\aAtz — AAL +)\fAt£) and vy 2
Kq €XP (—)\SAti—i—)\fAt{). Let {sk}p—, be a sequence

defined by the recurrence relation sg11 = Q (sx), with
initial condition so = V (¢ (t§)), where Q@ : R — R
is defined as Q(s) £ v1s + vo. Provided that (54) is
satisfied, 1 < 1, and therefore @ is a contraction (Rudin
(1976, Definition 9.22)), and thus all initial conditions, s,
approach the fixed point s = 122111 (Rudin (1976, Theorem
9.23)). Since the sequence {s;} upper bounds V, in the
sense that V (¢ (t})) < sk, V is ultimately bounded by
(53).

7. CONCLUSION

This paper presents a control and estimation scheme for
a fixed wing aircraft that experiences a fault which intro-
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duces severe uncertainties that begin to dominate the sys-
tem dynamics. An ICL scheme is employed to help ensure
that aerodynamic coefficients are approximated online and
yield ultimately bounded system errors. Future work will
include a more in-depth study of the stable (nominal) sub-
system and how the subsystems interact with one another,
the impacts of faults and switching control schemes on
flight performance, and the consideration of more compli-
cated dynamics (6-DoF models, input constraints, etc.).
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