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Robust Integrated Flight Control Design Under Failures,
Damage, and State-Dependent Disturbances

Jovan D. Bogkovi¢,* Sarah E. Bergstrom,” and Raman K. Mehra*
Scientific Systems Company, Inc., Woburn, Massachusetts 01801

A robust integrated fault-tolerant flight control system is presented that accommodates different types of ac-
tuator failures and control effector damage, even while rejecting state-dependent disturbances. It is shown that
a decentralized failure detection, identification, and reconfiguration system, combined judiciously with adaptive
laws for damage estimates and variable structure adjustment laws for disturbance estimates, yields a stable system
despite simultaneous presence of failures, damage and disturbances. The proposed system is well suited for the case
of first-order actuator dynamics. The properties of the proposed algorithms are illustrated on a medium-fidelity
nonlinear simulation of Boeing’s Tailless Advanced Fighter Aircraft.

1. Introduction

O increase the autonomy of unmanned aerial vehicles (UAV)

and the duration of their autonomously performed missions,
the flight control systems (FCS) for UAVs need to be capable of
accommodating a large class of subsystem and component failures
and structural damage without substantially affecting the perfor-
mance of the overall system. In this context, important components
of the FCS are on-line failure detection, identification, and recon-
figuration (FDIR) algorithms the role of which is to rapidly and
accurately detect and identify different failures and faults and ap-
propriately reconfigure the control laws to maintain the stability of
the system.

To be able to accommodate different faults and failures, the FDIR
system commonly needs to effectively integrate several FDIR algo-
rithms. For instance, sensor failure algorithms need to be integrated
with actuator failure accommodation subsystem, and the resulting
system needs to be integrated with the algorithms capable of accom-
modating structural damage and resulting disturbances. One of the
major issues in the FDIR design is the complexity of the resulting
algorithms and their interactions that, if not taken into account, can
lead to substantial performance deterioration and even instability in
the system. The main challenge in this context is to arrive at a FDIR
system that is capable of accommodating such faults and failures
even while minimizing the interactions between the FDIR subsys-
tems. In this paper a design of an integrated algorithm that achieves
the FDIR objective and maintains the desired performance of the
system is described.

The focus of the study presented here is on flight-critical failures
and faults. In particular, the analysis and design are concentrated on
actuator failures and control effector damage that generates large
state-dependent disturbances. Both types of faults, if not rapidly
accommodated, can lead to substantial performance degradation and
instability of the closed-loop system. The design challenge in this
context is an integration of the actuator failure and control effector
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damage FDIR subsystems with disturbance rejection algorithms,
which results in a stable overall system.

Most of the available FDIR techniques for flight-critical faults and
failures address either actuator failures or control effector damage.
An integration of the resulting FDIR subsystems and minimiza-
tion of their interactions has not been studied. In addition, some
of the available FDIR algorithms are well suited for linear models,
whereas those suitable for nonlinear aircraft dynamics are based
on-neural networks where a large number of parameters needs to be
adjusted. In addition, these algorithms are based on direct adaptive
control and, hence, do not provide FDIR information that is use-
ful for condition-based maintenance. An overview of the existing
results is given next.

Several results involving FDIR based on linearized models of
aircraft dynamics have been reported.!~!% An application of multi-
variable adaptive control techniques to flight control reconfiguration
was considered.! The objective was to redesign automatically flight
control laws to compensate for actuator failures or surface damage.
A reconfigurable control scheme based on on-line parameter esti-
mation and linear quadratic control algorithms was evaluated on
a nonlinear simulation of the F-16 aircraft.> A scheme combining
constrained least-squares identification of uncertain stability and
control derivatives and a receding horizon optimal control law was
developed and flight tested on a VISTA/F-16 aircraft.> A similar
approach based on static constrained identification and prior infor-
mation was used* to estimate time-varying parameters arising as a
result of failures and was evaluated on a F-16 aircraft simulation. A
common feature of these schemes is that they were developed for
linearized models of aircraft dynamics and are well suited for single
actuator failures. The techniques are based on on-line estimation
of a large number of uncertain parameters associated with failures,
which can result in slow response and large transients.

A neural-network-based adaptive control approach® was devel-
oped and evaluated on a simulation of F/A-18 aircraft. A similar
approach was applied to the Boeing’s Tailless Advanced Fighter Air-
craft (TAFA).® The neural network was used to compensate for the
plant inversion error as a result of modeling uncertainties, failures,
and damage. This algorithm was combined with on-line control allo-
cation based on identification of control derivatives. The properties
of the overall control system were evaluated on a high-fidelity TAFA
simulation.® These algorithms were successfully evaluated through
hardware-in-the-loop simulations and flight testing on a X-36 tail-
less fighter aircraft.” Although these algorithms have the potential to
deal simultaneously with actuator failures and nonlinearities arising
as aresult of control effector damage, their utility in that context has
yet to be demonstrated. In addition, neural networks require on-line
adjustment of a large number of parameters (weights), which can
require very complex tuning in different flight regimes.

It is of interest to extend the existing results in the area of FDIR
to the case of simultaneous actuator failures and control effector
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damage accommodation, arrive at a design that adjusts a moderate
number of adaptive parameters, minimizes the interactions between
the resulting FDIR subsystems, and effectively compensates for the
nonlinearities arising as a result of the damage. Some of the results
that address some of the aspects of this problem are described next.

The approach from Ref. 8 addresses the problem of a large number
of adjustable parameters encountered in the existing FDIR designs
by parameterizing a large class of actuator failures using only two
parameters, and, based on on-line estimation of these parameters
and their use in the reconfigurable control law, ensures fast failure
FDI and robust control reconfiguration. In another paper,” control
effector damage problem was addressed using both gradient adap-
tation and a variable structure algorithm. In both cases the stability
of the overall system is ensured despite damage of multiple control
effectors. However, it was also assumed that there are no damage-
generated nonlinearities.

To address the issues arising in the context of integrated FDIR,
in this paper a robust integrated fault-tolerant flight control design
that effectively compensates for actuator failures, control effector
damage, and large damage-generated state-dependent disturbances
is proposed. Advantages of the proposed technique are as follows:

1) It solves the FDIR problem for simultaneous actuator failure
and control effector damage even while rejecting resulting large
state-dependent disturbances and minimizing interactions between
the FDIR subsystems.

2) It uses a moderate number of adjustable parameters (3m + 6,
where m is the number of control effectors). This number can be
further decreased if the FDI for actuator and control effectors that
are less used in a particular flight regime is turned off.

3) It is well suited for nonlinear aircraft dynamics. As shown
in the paper, the proposed approach is well suited for nonlinear
models that are affine in the control input and are characterized by
sufficiently smooth nonlinearities.

4) It extends previous results by the authors,® developed for lin-
earized models of aircraft dynamics and actuator FDIR only, to
nonlinear aircraft dynamics and simultaneous actuator failure and
control effector damage accommodation.

The proposed approach is based on the decentralized FDIR
scheme for actuator failure accommodation® and is extended here to
include control effector damage and nonlinear aircraft dynamics and
state-dependent disturbances. The main idea behind the proposed
approach is described next. The overall FDIR system includes de-
centralized FDI systems for each of the actuators and a damage
and disturbance estimation module that estimates the extent of the
control effector damage and resulting state-dependent disturbances.
The system also includes a robust reconfigurable controller that uses
the estimates of failure- and damage-related parameters and distur-
bances to ensure robust tracking and is shown in Fig. 1. In the case
of failure or damage, the FDIR system will accurately detect the
failed actuator or control effector if there is enough persistent exci-
tation in the system. However,even in the case of poor excitation of
the signals, the overall system will be stabilized despite the simul-
taneous effect of failures, damage, and disturbances. In such a case
additional tests can be run to accurately identify the failure. The
design of the system from Fig. 1 is described in detail in this paper.

ROBUST INTEGRATED FDIR SYSTEM

Supervisory
Module

On-Line Adaptive D iralized Disturbance
Reconfigurable ece;[;iu JEE - & Damage
Controller Estimati

vy

Fig. 1 Proposed robust supervisory FDIR system (©1999-2004 Scien-
tific Systems Company, Inc.).

II. Problem Statement

In this paper the focus is on the class of models of aircraft dy-
namics of the form

41 =f@ (1
2 = fo(2) + Go(@u + &(2) 2)
= —Au— u.) 3)

where z:IRT — IR" denotes the state vector; z; : IRt — R" =7,
22:RY—>1RP, z=[z] 117, fR">R"" ", f:R"—>R?,
Go:R" - IR?*™ y.:IRT — IR", and u:IRT — IR” denote re-
spectively the controller output vector and the plant input vector;
&) :IR" — IR? denotes an uncertain disturbance vector; and A >> 1
denotes the actuator gain. It is assumed that the preceding model
describes the dominant dynamics of the aircraft. In such a case, the
state variables include total velocity V; angle of attack «; sideslip
angle B; angular velocities p, g, and r; and attitude angles ¢, 6,
and ¢. In addition, it is assumed that the nonlinearities f,(z) and
Gy(z) are associated with nominal aircraft dynamics [i.e., the dy-
namics in flight regimes in which there are no failures or damage and
where &,(z) =0], and &y(z) is an unknown nonlinearity generated
by failures or damage.

The preceding model is subject to the following assumption.

Assumption 1:

a) State of the system is measurable.

b) For a closed bounded set of states S,, Go(z) Gg (z) is invertible
forall z € S,.

¢) fo(z), Go(z), and &,(z) are sufficiently smooth functions (func-
tionals) of their argument.

d)ym > p.

e) At least p actuators are highly reliable and can be assumed to
be fault tolerant over an interval of interest.

D) 1%l < coi +doiwoi(z), where  @o(z) =[g0i1(z) @02(2) ...
(pop(z)]T is a known vector function of the state, ¢y(0) =0, and
coi > 0 and dy; > 0 are known.

Because the nonlinear model (1) and (2) describes the dynamics of
the dominant state variables, these are commonly measurable in the
case of advanced fighter aircraft. Hence, assumption 1a is justified
in most practical situations. In the case of gain-scheduled models
of aircraft dynamics, the aerodynamics effects are modeled as A(z)
and B(z), where the matrices A and B depend on several variables
including the Mach number, altitude, angle of attack, and sideslip
angle. Each element of A and B can then be obtained from the
look-up tables and represented as a multidimensional polynomial
of these state variables. In most of the flight regimes, the resulting
matrix B(z) is such that B(z)B” (z) is invertible over a domain.
Assumption 1b is justified in such cases. Although assumption 1c is
commonly justified in the case of nominal nonlinear aircraft dynam-
ics (i.e., the case when &, =0), it might not be satisfied in the case
of the nonlinearity &(z) generated by failures or damage. How-
ever, as a first approximation, smoothness of &y(z) is assumed to
keep the problem analytically tractable. Assumption 1d is justified
in the case of advanced fighter aircraft characterized by a high level
of control effector redundancy. Because of assumption le, up to
m — p multiple simultaneous failures are allowed to occur. This is
not a restrictive assumption for modern combat aircraft because, for
instance, in the case of Boeing’s TAFA, m — p = 6. It is also noted
that some previous information regarding the nonlinearity &y(z) is
assumed. This is justified in the case when the effect of failures
and damage on the aerodynamics is explicitly modeled based on
wind-tunnel data, similarly as in the case of wing damage.'!

The model (1) and (2) is not in a convenient form because model-
reference control design results in a nonlinear reference model that
also depends on the state of the system.'?> On the other hand, it turns
out that the models of aircraft dynamics have some convenient prop-
erties that can be used to transform them to a controllable canonical
form. For this reason the following assumption is considered:

_Assumption 2: Vector f(z) can be expressed in the form
f(2) = F(z1)z2, where F(z;) is smooth and invertible on a closed
bounded domain S,.
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This assumption is justified in the case when z; =[¢ 6 ¥]7, and
a subvector z; of vector z, is the vector of angular velocities in the
body frame Z, =[p ¢ r]”.In such a case one has

é 1 singtanf cos¢tan6 p
6 |=10 cos ¢ —sin¢ q 4)
v 0 singsecd cos¢sectd r

= R(¢,0)w (%)

where w =[p ¢ r]”. It can be readily shown that R(¢, ) is invert-
ible for all 6 € (- /2, 7 /2).

Coordinate transformation: Under assumption 2, F(z;) is now
chosen as the transformation matrix for the z; subsystem, and a time
derivative of Eq. (1) is taken to obtain

i o= F(z)n+ F)i

oF
I:a—ZlF(Zl)Zz:|Zz + Fz)[fo(2) + Go(2)u + &(2)]

= f1(z1, 22) + G1(z1, 22)u + &1(21, 22) (6)

where f(z1, 22) =[0F/0z1) F (z1)z2lz2 + F(z1) f0(2), G121, 22) =
F(21)Go(2), and & (21, 22) = F (21)&0(z). The matrix G (z) G1(2)"
is invertible on the domain S, because, under assumptions 1b and
2, both Go(z)G[ (z) and F(z;) are invertible on the same domain.
The following change of variables in now introduced: x; =z,
and x, = z;. The relationship between z, and x, is obtained from
the inverse transformation: z; = F~'(z;)z; = F~'(x;)x,. Hence,

X =X (7

% = fixn, F7' e)xa) 4+ G (31, 7 (x)xa)u

+&1(x1, F7' (x)x2) (8)
The resulting model of the aircraft dynamics is of the form

X1 =x ®

X2 = f(x) + G@u +&(x) (10)

w=—x(u—u.) (11)

where f(x) = fi(xi, F~'(x))x2), G(x) =G (x1, F~'(x1)x;), and
&(x) =& [x1, F~'(x1)x,]. The preceding model is now in a conve-
nient form, and the design of a reference model is straightforward,
as shown next. Because the state of the original system (z;, z,) is
measurable, the state of the transformed system is also measurable
because x; = z; and x, = F(z1)z>.

The desired dynamics of the aircraft in the transformed state space
is now chosen in the form

Kl = X2 (12)
Xy = ApXm + Bur (13)

where x,, = [x,Zl xm2]T denotes the state of the reference model;
X :IRT — R™, matrix Ag=[[0 117 AT]" is asymptotically sta-
ble; and r : IRT — IR” denotes a vector of bounded piecewise con-
tinuous reference inputs.

Control objective 1: In the case with no failures, design a control
inputu.(t) suchthat ||x () — x,,(¢)|| < € forall time despite the effect
of the disturbance &(x(1)).

III. Disturbance Rejection Controller

A baseline controller is first designed for the case when actuator
dynamics can be neglected (i.e., u =u.) and with no disturbances
(.e.,E=0):

ue = WGTIGH)WGT )] = f(x) + Apx + Byr]  (14)

where W = WT > 0 denotes a control allocation matrix. Upon sub-
stituting expression (14) into Eq. (2), one obtains
)i‘l = X7, )&2 = Amx -+ er
The reference model equations (12) and (13) are subtracted from
the preceding system next to obtain
é 1 = €y, éz = Ame

Because the matrix Ag=[[0 I]7 AT]" is asymptotically stable,
it follows that lim,_, o, e() =0; hence, the control objective is
achieved in the case with no disturbances and actuator dynamics.

In the case with disturbances, an observer is first designed in the
form

=5 (15)
X2 = A& —x)+ f(x) + Gx)u+E (16)

where é denotes an estimate of &.

Because £ is state dependent, standard adaptive control tech-
niques cannot be used to estimate it. Hence, the focus is on the
variable-structure-control approach.'?

Variable Structure Observer: Let e=x —x and &, =X; — x;,
i =1, 2 denote the estimation errors. Upon subtracting the plant
equation from expressions (15) and (16), one obtains

é1=26, (17)
b=Ane+E—¢ (18)

The preceding expression can be rewritten in a compact form as
é= A+ Col6 — &) (19)

where Ay is defined earlier, and

0:
Ipsxp

Let a tentative Lyapunov function be of the form
V() =1e"pe

where P = PT >0 is a solution to the Lyapunov matrix equation
AP+ PAy=—0Q, where 0= Q07 > 0.
The first derivative of V along the motions of Eq. (19) yields

V@)= —16"0e+é"PE —¢)

where P = PCy. Let P=] pijl. The preceding expression can be
rewritten as

. ] )4 R n ]
V@) = -3¢ e+ dE -6 piés < —5é7 Qe

i=1 j=1

+ Xp:[C[ +dipi (x)] i: piié; + ié, i Piié;

i=1 j=1 i=1  j=1

The elements of the vector é are now chosen as

E = —[ci+dip;(0)] Sigﬂ(ZPjiéj)y i=1,2,...

j=1

,p (20)

The derivative of V is now

o 1o . < .
V@ < =380+ Y e +dipi)] Y pié

im1 j=1

2": Pii¢;

j=1

P
1
= Z[Ci +digi (x)] < —EéTQé <0

i=1

hence ¢ is bounded and lim, _, , () =0.
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The controller (14) is next modified as
ue=WG " MIGEWG ()] [~ f(x) + Apx + B,r —€] (21
Upon substituting the control input (21) into Eq. (16), one obtains

);el 29227 x2:Am£+er
The reference model (12) and (13) is next subtracted from the pre-
ceding expressions to obtain

€ml = €m2, em2 = Apen

where e, =X —x,, and eni =X; — xmi, i =1,2. Hence lim,_, «
e, (t)=0. It is noted that e,, = + e, where e =x — x,,, denotes
the tracking error, which implies that e =¢,, — é. Because ¢() has
already been shown to tend to zero asymptotically, it follows that
lim, _, o, e(¢) =0, which ensures that the control objective is met.

Remark: The variable structure adaptive algorithm is robust to
arbitrary time variations in the vector £. Its main disadvantage is
that, because it contains a sign function, because of imperfections
of the switching devices, it results in chattering of the signals in the
system. Hence such algorithms are commonly approximated either
by a saturation function or in the following way:

sign (n) = n/(Inl + 8)

where 0 < § < 1. If the sign function in the algorithm (20) is approx-
imated in such a way, the resulting tracking error will be ultimately
uniformly bounded (UUB) rather than tend to zero asymptotically,
and the size of the UUB set will depend on §.

IV. Actuator Failures and Control Effector Damage

One of the important steps in the design of a FDIR system is failure
and damage modeling and parameterization. In this section differ-
ent failure and damage cases are described, and the corresponding
mathematical models are given. The control objective under failures
and damage is also stated.

A. Actuator Failures

Typical actuator failures include 1) lock in place (LIP); 2) hard-
over failure (HOF); 3) float; and 4) loss of effectiveness (LOE). In
the case of LIP failures, the actuator “freezes” at a certain condition
and does not respond to subsequent commands. HOF is character-
ized by the actuator moving to and remaining at the upper or lower
position limit regardless of the command. The speed of response
is limited by the actuator rate limit. Float failure occurs when the
actuator contributes zero moment to the control authority. Loss of
effectiveness is characterized by lowering the actuator gain with re-
spect to its nominal value. Different types of actuator failures are
shown in Fig. 2.

Different types of actuator failures can be parameterized as
follows:

u(t) ut)
/ 0\ . \/\ arctan(iy,,,)

te Time te Time

a) Lock-in-place ¢) Hard-over

new trim

(t)
. u )\ Uy ( point

\/ ue(t T u(h

d) Loss of effectiveness

te Time

b) Float
Fig. 2 Types of control effector failures.

one has that u;(t) =0 for ¢t > tg;, and u(t) = u(ty) for all 1 > tg. In
the case of LIP, u(#r;) has the value of u(ty;), whereas in the case of
HOF it moves to the upper or lower position limit.

B. Uncertainty

Uncertainty associated with each of the actuator models is caused
by 1) unknown time of failure 75, 2) unknown LOE coefficient k;,
and 3) unknown value at which the actuator locks.

C. Control Effector Damage

Control effector damage can be modeled using the diagonal con-
trol effector damage matrix D whose elements d; are equal to one in
the no-failure case (i.e., Dy = I), while in the case of control effec-
tor damage assume values over an interval [e4;, 1], where €4 < 1,
and each value of d is proportional to the percentage of the loss of
surface. The resulting model is of the form

).Cl = X7 (23)
X = f(x) + Gx)Du + £(x) 24)

where D =diag[d, d,...d,], and £(x) is a nonlinearity arising as
a result of the asymmetry of the damaged aircraft such that, in the
no-damage case, £(x) =0.

The objective of this paper is to design a controller that will
accommodate actuator failures and control effector damage even
while compensating for the effect of the disturbance. Hence the
following control objective will be considered:

u(t), ki(t)=1, for all t>0, no-failure case
ki (Hug(1), O<e€ <k;(t)<1, forall t>tg;, loss of effectiveness
u;(t) = 0, ki(t)=1, for all t >ty, float type of failure
Ui (tgp), ki(t)=1, for all t >tp, lock-in-place failure
(U)min O (U;)max» ki(t)=1, for all t >ty hard-over failure

where tr; denotes the time instant of failure of the ith actuator, k;
denotes its effectiveness coefficient such that k; € [¢;, 1], and €; > 0
denotes its minimum effectiveness.

In the case of first-order actuator dynamics, the class of failures
just described can be modeled as follows:

uj = —oihi(u; — kiug) (22)

where A; >0; o;(t) =1 in the case of no failure, and o;(¢) =0,
u(tg;) = it; when the failure occurs at t = fr;, where tg; denotes the
time of failure of the ith actuator. Hence in the case of failure at #g;,

Control objective 2: Design a control input u.(f) such that
[|x () — x,, (2)] < e for all time despite the effect of the disturbance
&(x (1)), actuator failures, and control effector damage.

V. Simultaneous Failure and Damage Accommodation
and Disturbance Rejection

To design areconfigurable controller that effectively compensates
for the effect of LIP, LOE, HOF, or float failures, the expression (22)
is first rewritten as

u; = —Ai(u; — oikiug) + A (1 —op)u; (25)
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The preceding expression is next divided by A;, and singular pertur-
bation arguments are used to obtain

u; = oikiug + (1 — o),

where i1; = u; (t5;), that is, i; is the value at which the actuator has
locked at the time of failure. The preceding equation is next substi-
tuted into Eq. (2) to obtain

)&1 = X3 (26)

=)+ Y gidilokis + (1 — 0] + E(x) (27)

i=1

It is seen that the presence of u; in the preceding expression in-
troduces additional uncertainty into the model. For this reason the
following assertion is considered.

Assertion 1: If o € {0, 1}, then (1 —0;)(u; — u;) =0.

Proof: The proof follows trivially because the assertion is true
for o; =1, whereas for o; =0, which happens at g, one has that
u; () = U;. L]

Based on the result of the preceding assertion, the model (27) is
now rewritten as

X=X (28)

= @)+ Y gi@dilokie + (1 — ouil +E(x) (29)

i=1

Expression (29) describes the plant under a class of potential failures
and damage described in the preceding section and will be used in
the FDIR design as described next.

A. Decentralized Adaptive FDI Observer
The decentralized FDI observer for estimating actuator failure-
related parameters is first built in the form

it = —6:0(u; — ki) — ho(ih; — u;) (30)
where Xy > 0.
Let e,; = ut; — u;. Upon subtracting Eq. (22) from Eq. (30), one
obtains
bu = —hobu — Apoitti + M(Gikitter — 0ik;u)
= — oy + A0y Prittei — Ay — kittei) o
= —Xolui + ¢] w; 31
where ¢,; =6; —0;, ¢y =]€i —ki, ¢i=Ids ¢ki]Ta and ;=

M= —kiug) oug)”.

B. Global Robust FDI Observer

The next step is to design an observer, based on expressions (28)
and (29), for estimation of the effect of damage and state-dependent
disturbances:

X (32)

.

1

Ap(E —x)+ f(x)

%2
+ { Y & dilsikiug + (1 —&i)ui]} +§ (33)
i=1

where the estimates 6; and IQ[ are generated by the decentralized FDI
subsystem.

Let ¢y =d; —d;, é =% — x, and
D = diagld, d;...d,] (34)

K = diaglk; ky...im,] (35)

Go(x) = [g1(x)61  £(x)62 ... gu(x)6,] (37

and let U =diag[u] and d= diag[ﬁ]. To ensure the invertibility of
Gy, at least p of the estimates o; are kept at value one for all time
(compare assumption le).

Now the following theorem is considered.

Theorem 1: The following control law for the system (28) and
(29):

u. = DRGT(GoD*R2GT) " (= F () + Apx + Bur

~ G — L) — ]
where the estimates are adjusted by using

&i = oi = Projg 1 {Voi (i — Izi”ci)éi}v i=1,2,...m (38)

ki = i = Proji {—Wauaéi},  i=1,2,...m 39)

d; = Proj,, {1 — sign[u;&” Pg; (x)1} (40)

£ = _|:Ci +digi(x) + Z |gi(x)wi|:| sign(z Pjiéj)

i1 j=1

i=1,2,...,p A1)

where y,; >0, y; > 0, and g > 0, ensures the boundedness of all
signals in the system and, in addition, lim, _, o [x(?) — x,,(#)] =0,
and lim; _, o, €,i;(1) =0,i =1, 2, ..., m. (In the preceding equations
Proj{ - }denotes the projection opgrator” the role of which is to
project the estimates 6;, k;, and d; to the intervals [0, 1], [eg, 1],
and [e4;, 1], respectively.)

Before proceeding to the proof of the theorem, the following
assertion is considered.

Assertion 2: Let d € [¢4, 1] and

d= Proji., ;{1 — sign(w)} 42)

Then w(d —d) <0, for all d € [e,, 1], all d € [, 1], and all @.

Proof: The proof is based on considering two cases. The first
case is when 1 —sign(w) < 1, which implies that d =1 — sign(w).
In such a case one has that

do=0w—lol, od—wd=o(l-d) -l <0

In the second case one has that 1 — sign(w) > 1, which also implies
that d = 1. From this inequality it also follows that sign(w) <0 and
w < 0; hence,

—lo| + |w|ld <0

because d < 1, which completes the proof. u

Proof of Theorem 1: The proof is divided into two parts. In the
first part the objective is to demonstrate that the decentralized es-
timation of actuator failure-related parameters yields bounded esti-
mation errors, whereas in the second part it will be shown that the
preceding algorithms ensure effective compensation for the effect
of state-dependent disturbances, control effector damage, and the
coupling between the decentralized estimation subsystem and the
damage and disturbance estimation subsystem.

The following tentative Lyapunov function is chosen first:

V (@uis boir i) = 3{0% + Moi /Voi + 01 (i /7ia)1}

Hence, V is positive semidefinite if o; =0. Its first derivative along
the motions of the system yields

V (Cuis ois Pi) < —hoe% <0

The latter inequality holds regardless of the value of o;. Because
adaptive algorithms with projection are used, k; will always be
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bounded, along with &;. From the derivative of V, one can con-
clude that é,; is bounded. It can also be readily demonstrated that
é,i € L*. However, it cannot yet be concluded that this error tends
to zero asymptotically.

The global FDI observer (32) and (33) is now written as

X =4 (43)
X2 = Ap( —x) + f(X) + G@)DIEKu. + (I — E)ul + &
(44)

Because D:, Iez and AﬁIAare diagonal, one has that G (x)lA)XAII% =
Gx)XDK =Gy(x)DK.

Substituting the control law (38) into the preceding observer equa-
tion results in the following closed-loop observer system:

X1 = Xz, Xy =AuX + B,r

Upon subtracting the reference model equations, it can be readily
shown that the error between the observer and the reference model
will tend to zero. Because the state of the reference model x,, is
bounded, it follows that x is bounded as well. However, it remains
to be shown that x is also bounded.

Recalling thaté =x — x and ¢; = X; — x;, i = 1, 2, subtracting the
expressions (28) and (29) from Eqgs. (32) and (33) yields

é =6 45)

br=Ane+ GV —d)+E -5+ gi0dig] o (46)

i=1

where d = diag[ D] and d and U were defined earlier.
The expressions (45) and (46) can be rewritten in a compact form
as

é= Ao+ co[GU(c? —d)+E-§+ Zg,(x)qxw,} @7)
i=1

where A, and C( were defined earlier.
Let a tentative Lyapunov function be of the form

V(e) = 3é" Pe
where P = PT >0 is a solution to the Lyapunov matrix equation

ALP+PAy=—0Q, where 0= Q7 >0.
The first derivative of V along the motions of Eq. (47) yields

V) = —EeTQe +e"PG(x)U —d)

+éTﬁ[§ —E+ Zgi(x)¢iwii|

i=1

where P = PC,. Using the assertion 2 and the adjustment law for

d given by Eq. (40), the derivative of V becomes

705 Vs s sr5|2 -

V@) < -3¢ 0é+2 P[é —E+ ;gxx)qsiwi}
The preceding expression can be rewritten as

Ve = —%érQé + Xp: [& —&+ Zm:giumw,-] Z pié;

i=1 i=1 ji=1

1,\ A P m n A
< —EeT Qe + Z|:Ci +dig;(x) + Z Igi(x)wi|i| Z pji€;

i=1 i=1 j=1

+ i 3 2": Piié;

i=1  j=1

Using expression (41), the derivative of V is now

) 1 P m n
Ve < _EéT Qé+ ;[Ci +digi(x) +Z |gi(x)wi|i| ijiéj

i=1 j=1

n
E pjie;

j=1

- Xp: |:Ci +dig;(x) + Xm: |gi(x)wi|i|

i=1 i=1

< —=¢"TQe <0

N =

hence, ¢ is bounded, and lim, _, o, ¢(¢) =0.

Because it has been already shown thatlim, _, ,[X(¢) — x,, ()] =0
and because ¢,, = ¢ + ¢, where e = x — x,, denotes the tracking error,
it follows that x is bounded and that lim, _, », e(¢) =0. It can now
be readily verified that é,; is bounded, which, using the fact that
éyi € LN L2, implies that lim, _, o, 8,i(t) =0,i=1,2,...,m. =

One can again use the approximation

sign(n) = n/(Inl + 8)

where 0 < § <« 1, to prevent chattering and ensure the UUB of the
signals in the system.

VI. Simulations

In this section the results of performance evaluation of the robust
integrated FDIR scheme on a simulation of the Boeing’s TAFA are
presented. The results presented are for the case of lateral doublet.
Recent performance evaluations of a simplified version of the pro-
posed integrated FDIR system through F/A-18 piloted simulations
are also briefly described.

A. TAFA Simulations

The TAFA is a conceptual design of an advanced fighter configu-
ration that blends an extensive suite of conventional and innovative
control effectors to achieve high agility in a low observable design.
The TAFA is a single-engine, single-seat fighter designed for air-to-
air and/or air-to-ground missions. In this paper the focus is on the
flight condition with altitude at the sea level, Mach number 0.9, and
an angle of attack of 1.65 deg.

A linearized model of TAFA dynamics is of the form

Ax = AAx + BAu (48)

The states of the linearized TAFA dynamics are Ax=
[AV Ag A6 Aa Ah AB Ap Ar A¢ AY]", where AV de-
notes perturbed forward velocity, Ag denotes the perturbed pitch
rate, A6 denotes the perturbed pitch angle, A« denotes the perturbed
angle of attack, Ah denotes the perturbed altitude, AB denote the
perturbed sideslip angle, Ap and Ar denote respectively the per-
turbed roll and yaw rates, and A¢ and Ay denote respectively the
perturbed bank and yaw angles, where all perturbations are with
respect to a trim. The control inputs of TAFA are given as follows:
Au,, perturbed left trailing-edge flap deflection (TEFL), rad; Aus,
perturbed left canard deflection (CNDL), rad; Aus, perturbed pitch
thrust vectoring nozzle deflection (NOZp), rad; Auy, perturbed left
aft-body flap deflection (ABFL), rad; Aus, perturbed left aileron de-
flection (AILL), rad; Aug, perturbed right aileron deflection (AILR),
rad; Aus, perturbed right aft-body flap deflection (ABFR), rad; Aus,
perturbed right trailing-edge flap deflection (TEFR), rad; Aug, per-
turbed right canard deflection (CNDR), rad; Auyg, perturbed yaw
thrust-vectoring nozzle deflection (NOZy), rad; Au,, perturbed dif-
ferential leading-edge flap deflection (DfLEF), rad; and Au,, per-
turbed continuous moldline deflection (DCMUP), rad.

The linearized stability and control derivative matrices for TAFA
dynamics around this flight condition are of the form
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[—-0.06 —-27.25 -32.21 75.93
0 —4.28 0 8.74
0 1 0 0
0 1 0 —1.86
4 0 0 1004.8 —1004.8
N 0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
L O 0 0 0
- —0.31 20.38 0 —5.18 0.12 0.12
—14.07 1493 -394 0 —6.23 —6.23
0 0 0 0 0 0
—-0.15 -0.03 -0.02 0 —0.06 —0.06
B 0 0 0 0 0 0
| —-0.02 0.1 0 0.02 0 0
49.9 3.88 0 0.15 3472 —-34.72
2.45 3.6 0 —4.24  0.46 —0.46
0 0 0 0 0 0
. 0 0 0 0 0 0
Table 1 Position and rate limits on the control effectors
Position limit, Rate limit,
Effector deg deg/s
Left trailing-edge flap [—30, 45] [—90, 90]
Left canard [—80, 10] [—70, 70]
NOZp - pitch thrust-vectoring nozzle [—30, 30] [—70,70]
Left aftbody flap [0, 90] [—120, 120]
Left aileron [—30, 30] [—120, 120]
Right aileron [—30, 30] [—120, 120]
Right aftbody flap [0, 90] [—120, 120]
Right trailing-edge flap [—30, 45] [—90,90]
Right canard [—80, 10] [—=70, 70]
NOZy-yaw thrust-vectoring nozzle [—30, 30] [—60, 60]
Differential leading-edge flaps [—30, 30] [—70, 70]

1. Actuator Dynamics, Position, and Rate Limits
All actuators are characterized by first-order dynamics of the form

u = [40/(s + 40)]Ju,

where u is the actual position of the effector and u, is the position
command for that effector generated by the controller.

The input vector u =[u; ...u;] defined earlier is expressed in
terms deflections of the left and right flaps. Their position and rate
limits are listed in Table 1.

2. Medium-Fidelity Nonlinear Simulation of TAFA Dynamics

The simulation takes into account the rotation from the attitude
angles to the body angular rates, Coriolis acceleration, and the ef-
fects of gravity, whereas aerodynamic forces and moments are ap-
proximated by the terms from the stability and control derivative
matrices. All position and rate limits and actuator dynamics are in-
cluded in the simulation, along with actuator failures (LIP, LOE)
and control effector damage.

3. FDIR System Design and Implementation

The nonlinear model used for simulation of TAFA dynamics was
transformed along the lines described in Sec. II, and, when the ac-
tuator failures and control effector damage are included, has the
form (23) and (24). The transformed system states are 6, ¢, ¥, ¢, p,
r, V, a, and B. The controller is given by Eq. (38), and parameter
adjustment laws are given by Eqs. (38—-41).

0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 —012 003 —1 003 0
0 —3085 —581 003 0 0
0 —11.67 004 —055 0 0
0 0 1 003 0 0
0 0 0 1 0 0]
~5.18 —031 2038 0 0 0
0 —1407 1493 0 0 0
0 0 0 0 0 0
0 -015 —003 0 0 0
0 0 0 0 0 0
—0.02 002 —001 002 —0.01 0
—0.15 —49.9 —3.88 0.12 10473 —1034.6
424  —245 36 -—344 474 29.10°
0 0 0 0 0 0
0 0 0 0 0 0 |

4. Simulation Scenario

The simulation scenario consists of a lateral doublet (maximum
magnitude ¢ = 60 deg). No command in ¥ is specified, which makes
this a demanding maneuver for the TAFA. At time t = 3.5 s, the air-
craft undergoes multiple simultaneous failures and damage. The
complete failure scenario consists of 1) two lock-in-place failures
of the left canard (CNDL) and left aftbody flap (ABFL); 2) sur-
face damage to the left trailing-edge flap (TEFL) and left aileron
(AILL) such that drgrr, = 0.2 and day . =0.2; and 3) a disturbance
input caused by the damage. The damage-generated disturbance is
assumed to cause nonlinear effects in the angular rates p, g, and r,
of the form

&, = —4a® — 1082 + —2p* — 4q® — 8> —2pq — 2pr — 4qr
(49

&, = —10a> — 68> — 2p* — 64> — 16r* — 4pg — 4pr — 2qr

(50)
& = —2a% — 1082 — 6p* — 10q*> — 4r> — 8pg — 8pr — 2gr

(61

It is seen that the damage is assumed to result in a large nonlinearity.
This type of disturbance was chosen because the p, ¢, r squared
and cross terms represent the type of effect that arises when damage
causes asymmetry in the vehicle kinematics. The o and B terms
were included to model aerodynamic effects caused by the damage.
In the simulations, because the main maneuver is in p, the p? term
generally dominates.

5. Controller Parameters
The bounds on the nonlinearity are assumed to be of the form
9p =g = ¢ =20(la| + 1Bl + Ipl + Ig| + IrD*>  (52)
which will always be larger in magnitude than the true disturbance,

while having a similar form. The adaptive gains were chosen as
¥si =500 and yi; = 5. The adaptive observer gain is A = 40.
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6. Reference Model

The reference model matrices are given next. It is noted that, for
the desired dynamics of V, «, and B, the elements of the A,, and
B,, matrices are chosen from the corresponding diagonal elements
of the A matrix:

A, 0O 0 0 0 0 0 0 0 07
0 -7 =25 0 0 0 0 0 0 0
0O 1 0 0 0 0 0 0 0 0
0 1 0 Ay O 0O 0O 0 0 0
|0 0 a5 a0 0 0 0 0 0
"Z10 0 0 0 0 Ag O -1 0 0
0 0 0 0 0 0 -7 0 -25 0
0o 0 0 0 0 0 0 -7 25
0o 0 0 0 0 0 1 0 0 0
Lo 0o 0o o0 0 0 0 1 0 0]
Ay 0O 0 0 0 07
0 0 25 0 0 0
0 0 0 0 0 0
0 Ay O 0 0 0
0 0 0 0 0 0
Bu=1"4 0 0 —Ag 0 O
0 0 0 0 25 0
0 0 0 0 0 25
0 0 0 0 0 0
o0 0 0 0 0 0]

7. Simulations

All simulations are run with the proposed integrated FDIR sys-
tem. The following cases are included: 1) nominal (no-failure/no-
damage) case; 2) actuator lock-in-place only (no damage/no distur-
bances); 3) control effector damage with a resulting disturbance
(no actuator failures); and 4) the full-failure scenario, in which
there are simultaneous actuator failures and control effector damage

with resulting disturbance, as just described. The baseline controller
that has no reconfiguration capability provides poor performance in
case 2, and is not capable of stabilizing the system in cases 3 and
4. The simulations with the proposed integrated FDIR system are
detailed next.

Nominal case.  First a nominal simulation is presented where
there are no failures or damage. The proposed integrated FDIR sys-
tem is running throughout the simulation and does not generate any
false alarms. (The performance is identical to that of an unrecon-
figurable baseline controller.) The resulting response is shown in
Figs. 3-5.

Actuator lock-in-place failures only.  In this case the aircraft
suffers lock-in-place failures of the left canard (CNDL) and left
aftbody flap (ABFL) at r = 3.5 s. The resulting response is shown
in Fig. 6-9. It is seen that the system is stabilized, and the resulting
response is comparable to that obtained in the no-failure case.

Control effector damage and disturbance only. In this case
the left trailing-edge flap (TEFL) and left aileron (AILL) undergo
damage at t =3.5 s, and their remaining effectiveness is 0.2, that
is, drgpr. = 0.2 and day L = 0.2. The damage-generated disturbance
is of the form (49-51). The response of the system is shown in
Figs. 10-12. It is seen that, after a transient, the system stabilizes at
trim, and that the tracking in ¢ is accurate.

Simultaneous actuator lock in place and control effector damage.
This is the most challenging scenario, in which the two preceding
failure scenarios are combined. In this case, the aircraft suffers two
lock-in-place actuator failures, two cases of control effector damage,
and a large resulting disturbance. The response of the system is
shown in Figs. 13—16. It is seen that the response is good and that
the actuator lock in place is accurately identified.

B. F/A-18 Simulations

An integral part of the proposed robust integrated FDIR sys-
tem is the decentralized FDIR algorithms, also referred to as the
FLARE (Fast on-Line Actuator Recovery Enhancement) system,
developed under a NASA Dryden Small Business Innovation Re-
search (SBIR) project! for the case of flight-critical actuator fail-
ures. The FLARE algorithms were recently evaluated at Boeing
through high-fidelity and piloted simulations of the F/A-18C/D air-
craft under lock-in-place and hard-over actuator failures.'® Because
the FLARE system was developed for a linearized model of F/A-18

— Actual
% 1010 - Trim Value
£ 1005 -— - Reference
> 1000
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— Actual
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Fig. 3 Longitudinal state response with the proposed FDIR system in the no-failure/no-damage case.
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Fig. 4 Lateral state response with the proposed FDIR system in the no-failure/no-damage case.
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Fig. 5 Control input response with the proposed FDIR system in the no-failure/no-damage case.
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Fig. 6 Longitudinal state response with the proposed FDIR system in the case of actuator lock-in-place.
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Fig. 7 Lateral state response with the proposed FDIR system in the case of actuator lock-in-place.

dynamics, the scheme also includes variable-structure compensa-
tion of unmodeled dynamics caused by linearization. The design
was initially carried out in MATLAB® by using a low-fidelity F/A-
18 simulation and was subsequently evaluated on a high-fidelity
F/A-18 simulation at Boeing. Following successful evaluations on
the high-fidelity simulator, the FLARE algorithms were imported
into the piloted flight simulator at Boeing, and their performance
was evaluated by a pilot during longitudinal and lateral doublets, a
4-g turn, a 360-deg roll, and tracking tasks using Cooper—Harper

rating scale. The results of the piloted simulations in the case of
aileron, rudder, and stabilator failures are summarized in Fig. 17.
The aileron and rudder underwent lock-in-place failures at 0 and
15 deg and hard-over failures to their position limits of £30 deg,
while the stabilator was locked at 0, 3, and 6 deg. It is seen
that the FLARE system substantially improves the flight perfor-
mance under flight-critical failures, and, in some cases, the failure
and its subsequent accommodation were barely noticeable by the
pilot.
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Fig. 9 Actuator failure parameter estimates in the case of actuator lock-in-place.
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Fig. 10 Longitudinal state response with the proposed FDIR system in the case of control effector damage.
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Fig. 11 Lateral state response with the proposed FDIR system in the case of control effector damage.
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Fig. 13 Longitudinal state response with the proposed FDIR system in the case of simultaneous actuator failures and control effector damage.




Fig. 14 Lateral state response with the proposed FDIR system in the case of simultaneous actuator failures and control effector damage.
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Fig. 16 Actuator failure parameter estimates with the proposed FDIR system in the case of simultaneous actuator failures and control effector

damage.

Flight Condition A:

Stabilator Failures Aileron Failures Rudder Failure1I
Trim 3 deg. 6 deg. 15 degrees 30 deg. |Trim| 15| 30|
Dbl Trk | Dbl Trk [ Dbl Trk | Dbl Trk 4G Roll| Dbl Trk | Dbl | Dbl | Trk
Baseline Aircraft w/o Failures 2 3 2 3 2 3 2 3 2 2 2 3 2 2 2

Baseline Aircraft with Failures 4 8 4 2.5 | 3.5 [3.54

Mach 0.7, 20,000 . Failures with FLARE 25 4 4 [35 354|/35 35 34 3 4 4 2 2 225
Flight Condition B: Basel_ine A_ircraﬂ w!o Fai_lures 3 3 4 3 4 4 3 2 |25

Mach 0.6, 30,000 ft Baseline Aircraft with Failures 4 N/A N/A N/AJl 3.5 H
T ) Failures with FLARE 3 3 4 3 4 4 4 4 2 |2.75

Dbl = Doublet Task: Pilot performs stick maneuvers beginning
with 1/4 stick, increasing to full stick.
Pilot tracks another aircraft through a

series of demanding maneuvers.

Trk = Tracking Task:

4G = 4G Turn: Pilot makes a sharp turn at or near 4G of force on
the pilot. Failure occurs during the turn.
Roll = 360 Roll: Pilot rolls the aircraft through 360 degrees, and

returns it to level flight. Failure occurs in the

middle of the roll.

[ 3]had very favorable pilot comments
had favorable pilot comments
had negative pilot comments
¥4 and higher had very negative pilot comments

Fig. 17 Results of Cooper—Harper evaluation of FLARE under aileron, rudder, and stabilator failures.

VII. Conclusions

In the paper, a robust integrated fault-tolerant flight control sys-
tem that accommodates for different types of actuator failures and
control effector damage is presented even while rejecting state-
dependent disturbances. It is shown that variable structure laws for
the adjustment of disturbance estimates yield a stable system despite
simultaneous presence of failures, damage, and disturbances. The
properties of the proposed algorithms are illustrated on a medium-
fidelity simulation of Boeing’s Tailless Advanced Fighter Aircraft.
The implementation of the FLARE system, which represents an
integral part of the proposed failure, detection, identification, and
reconfiguration system, on a piloted simulator of F/A-18 aircraft is
also described.

The results presented in the paper appear fairly promising con-
sidering that the proposed system achieves acceptable performance
despite two locked actuators, two damaged control effectors, and a
large disturbance affecting all three angular rates. Future plans in-
clude extensive testing of the proposed algorithms on a high-fidelity
simulator and their implementation to other manned and unmanned
vehicles.
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