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ABSTRACT This paper discusses the adaptive control allocation based fault tolerant flight control problem
for an overactuated aircraft in the presence of unknown uncertainties and actuator faults. Inspired by the
feedback of control moments, an innovative adaptive closed-loop control allocation scheme with an estimator
for the uncertainties is designed to tackle the distinct non-monotonic and the coupled nonlinearity caused
by actuator failures or faults. Furthermore, since actuator faults will cause difficulty in modeling the aircraft
dynamics precisely, an adaptive super twisting sliding mode controller is developed to track the reference
trajectory. The convergence of the adaptive closed-loop control allocation and the stability of the fault
tolerant flight control system is analyzed. Simulation results indicate the effectiveness and performance of

the developed controller.

INDEX TERMS Adaptive, closed-loop control allocation, fault tolerant flight control, super twisting sliding

mode, overactuated aircraft.

I. INTRODUCTION

Over the last three decades, the problem of fault tolerant
control (FTC) has been intensively studied with the growing
demand for safety, reliability and maintainability in modern
industrial systems [1], [2]. Various FTC methods have been
presented in a wide range of applications such as aircraft,
marine vehicles, hypersonic vehicles, and so on [3]-[5].
In particular, the specific operating environment of the flight
vehicle is adverse which increases the risk of malfunctions
in sensors, actuators, and controllers . What’s more, once
those components were broken, it is scarcely possible that
its hardware can be repaired instantly. Hence, any compo-
nent or system fault/failure cannot be fixed with replacement
parts. Not only these issues may potentially lead to property
loss, but also threats of system safety, which has motivated
significant research of FTC in aircraft control systems to
accommodate or manage failures [6].

Survey papers by [7] and [8] provided excellent overviews
of FTC. Generally speaking, FTC techniques can be classi-
fied into two types, namely passive and active approaches.
In the passive approach, the controller is designed to maintain
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stability and tolerate only a limited number of previously-
known faults. In this case, it can be implemented easily as
a fixed controller but has very limited fault tolerance. Active
FTC, on the other hand, could be designed for the cases using
the available data from both physical and analytic system
redundancy to accommodate unanticipated faults. To recon-
figure the control law online, the most up-to-date information
on the system faults must be provided to refresh the active
FTC algorithm. The fault information can be obtained from
dedicated fault detection and identification (FDI) system (see,
for instance [9], [10]). Therefore, there is no doubt that,
to achieve a successful control system reconfiguration in
active FTC approaches, a real-time FDI scheme is a signif-
icant part [11]-[13]. For the sake of real-time and compu-
tational cost, these issues pose challenges to the application
of active FTC. One of the effective schemes for handling
the actuator fault is disturbance observer-based FTC. In [14],
parametric uncertainties, external disturbances, and actuator
constraints have been considered for the flexible air-breathing
hypersonic vehicle by using a disturbance observer-based
fault-tolerant output tracking control. Besides, the nonlin-
earities of control surface have been got the researcher’s
attention, in [15] the backlash hysteresis in control surface
and the partial loss of effectiveness of actuators and were
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taken into account. Tracking control with the quantization
mechanism was studied in [16] by using an interval type-
2 fuzzy neural network.

In over-actuated systems, one existing technique to
increase fault tolerance is using a control allocator (CA) that
distributes controller command among the redundant healthy
actuators [17]. The benefit of CA is that the controller can
handle actuator failures in fault situations without reconfig-
uring the basic control law. There are several methods for
solving the allocation problem, e.g. the direct control alloca-
tion method, the interior point method, the active set method,
the adaptive estimation method etc., which can be found
in [18]-[21]. In [22]-[24], a sequential quadratic program-
ming technique is used to cope with the control allocation
problem. Reference [25] proposes an adaptive sliding-mode-
based control allocation scheme to accommodate actuator
faults, which is used to redistribute virtual control signals
among the available actuators under faulty conditions. The
article [26], a fault-tolerant control scheme with a fixed con-
trol allocation strategy is proposed for linear time varying sys-
tems, by which the effects of actuator faults in the critical con-
trol channels can be compensated and the remaining effects
can be minimized. In [27] a real-time control allocation algo-
rithm is devised to deliver control command to position and
attitude actuators in proportion to the effectiveness degree
of each actuator. In general, most of the CA schemes are
designed based on the assumption that the control moments
mapping functions of actuators are linear. However, the linear
assumption can be hard to satisfy in practice, especially in
the case of actuator failures or faults. For the aircraft with
multiple control surfaces, the newly imported control surfaces
would increase the reliability of the system, meanwhile would
generate nonlinearity and coupling in the actuator system sig-
nificantly. Another general situation is that the faults resulted
from control surfaces will drive the actuator system into the
nonlinear operation area. The assumption of a linear relation-
ship between the surfaces and control moments can not be
held under those conditions. Since the retrieval fails for the
desired virtual moments required by the upper basic control
law, neglecting the nonlinearities of mapping function would
cause degradation or instability of the flight control sys-
tem.Some researches on this problem have been carried out
via adopting nonlinear optimal programming technique [28]
and intelligence evolution algorithm [29], [30], nevertheless,
adaptive fault tolerant control allocation with considering of
non-monotonic nonlinearity of control surfaces remains as a
challenge for flight control system design of the overactuated
aircraft [31], [32].

This paper investigates the problem of adaptive FTC with
consideration of the nonlinear moments mapping function
of actuators which focuses mainly on the non-monotonic
nonlinearity and the coupled nonlinearity. Considering the
adverse effects of FDI model on the rapidity and accuracy
of fault-tolerance controller, a novel closed-loop control allo-
cation based nonlinear sliding model adaptive fault-tolerant
control scheme is proposed for a class of aircraft system
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with multiple actuators. The main contributions of this paper

include:

(1) In order to compensate the non-monotonic and the cou-
pled nonlinearity of control surfaces, a novel closed-
loop adaptive control allocation method based on the
moments feedback is developed to calculate the desired
actuators’ demands with considerable computational
cost.

(i) An adaptive estimator is proposed to estimate the uncer-
tainties of actuators’ dynamics caused by faults in the
control allocation process, which make the control allo-
cation algorithm more practical by reducing dependence
on FDI modules.

(iii) Super-twisting sliding mode control combined with the
proposed adaptive closed-loop control allocation can
improve the fault tolerant performance of the flight
control system of over-actuated aircraft subject to the
serious faults of multiple actuators.

The rest of the paper is organized as follows. Section 2
describes the nonlinear FTC problem formulation and the
modeling of an overactuated aircraft. Proposed algorithms
are given in Section 3. In Section 4, the application of the
proposed FTC scheme is illustrated by the case of an overac-
tuated aircraft subject to actuator faults. This is followed by
conclusions in Section 5.

Il. PROBLEM FORMULATION AND PRELIMINARIES

A. DYNAMICS OF AN OVERACTUATED AIRCRAFT

The nonlinear dynamic model of F-18 aircraft [33] is shown
in equation (1). Here Vel is velocity, gg is gravitational con-
stant. o, 8, ¢ and 6 represent the angle of attack, sideslip, roll
and pitch respectively. p, ¢ and r are the angular rate of roll,
pitch and yaw. «y is the trim angle of attack. Also, /, m, n, i,
y and z are relevant aerodynamic moment coefficients.
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In order to adopt the control allocation technique, a new
value v(u) is imported to represent the virtual control signal,
then we have

X1 = fi(x1, x3) + g1(x1, X3)x2
X2 = fa(x1, x2, x3) + g2v(u)
X3 = f3(x1, X2, X3)

y =X

@

where x; = [a B ¢]T, X = [p q r]T, x3 = 0.
v(u) = [L M N ]T represents the control moments in three
body axis. u = [8ie Sre Sia Sra O Sief Sier ]T includes
seven control effectors consisting of left and right horizontal
stabilizers (8., 8y0), left and right ailerons (6,4, 8;4), leading
and trailing edge flaps (8.1, drer), and rudder §;. f1, g1, f2 and
g2 in (2) are defined as

_za (¢ —op) + % (cos 8 cos ¢ — cos 6p)
e
fi= yﬁ+%cosesin¢ 3
[ lpB +14q9 + lir + lp — i1gr
f=| myg+ipr— md% (cos 8 cos ¢ — cosbp)
e
ngB +nyr + npp — ispq + nyq
(lﬁa,B + lrar) (@ —ap)
- my (@ — @) )
NpaP (a —ap)
i -8B 1 0
g1 = | sinap + o — 0 — COos @ ®)]
L 1 tanfsing tanf cos ¢
1 0 0
£=|0 10 (6)
|0 0 1

In addition, the actuator faults are modeled as:
u. = Ku+ Xu @)

where u is the input command, « is the stuck position if the
actuator is locked, and

K = diag ki, ko, -+ ki, -+ kp} 8)

. e £
E:dlag{k1+£’k2+s’.”’kp—i—e} ©)
where k; € [0, 1] represents the efficiency coefficient

of actuator u;, € is a small positive number and satisfies
O<exl.

B. PRELIMINARIES
In order to design fault-tolerant control laws, we introduce
the following lemma.

Lemma 1: Considering the following system:

i=u (10)

There exists a range of arbitrary positive constants A and
T such that the sliding variable x(¢) and its derivative x(¢)
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converge to the zero in finite time if the super twisting sliding
mode control law is designed as (11).

{uz —Alx|Z sgn(x) + p (1)

p = —sgn(x)

Proof: First of all, we set

1)\1
A=|: ) 2:|
-7 0

with & > O and t > 0, then the characteristic polynomial of A
is described as p(s) = %+ %As—i— %r, and A is Hurwitz matrix.
For an arbitrary positive definite symmetric matrix Q, there
must be a positive definite symmetric matrix P satisfying the
Lyapunov equation AP + PA = —Q.

Consider the quadratic function as the Lyapunov equation:
Vix) = nTPn with nT = [sgn(x)|x|% 0 ] The V(x) is
positive definite and differentiable.

d|x
Considering the equation % = X sgn(x), the derivative
of n can be calculated:

. 1 1
n = : (—?»IXIZSgn(X)JrP)

2|x|2 (12)
2 = —Tsgn(x)
Then, the consequence can be obtained:
) 1
n=—FAn (13)
|x|2
The derivative of the Lyapunov function candidate is:
. 1
V) = — (ATP + PA) n
|x|2
1
=——n"0n
|x|2
=-W (14)

where W is a positive constant. The V(x) is negative definite
which means that the system (10) is asymptotic stable under
the designed controller. Since V (x) is quadratic positive def-
inite, we have:

Jmin(P) 113 < VX, 3) < max(P) I3 (15)
where Anin(P) and A< (P) are the minimum and maximum
eigenvalue of P, || - || represents the Euclidean norm, then

||77||§ = n% + n% = |x| 4+ p2. Furthermore, we can obtain:

1

1 V2
Il =1x2 < linll, < — (16)
Anin(P)
and
) 1 5
V < ——Amin(Q) Inll3
|x|2
Inll
= =il
(711
< —Amin( D7l (17)
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FIGURE 1. The structure diagram of proposed nonlinear FTC control scheme.

Consider
1
V2
T < Inll, (18)
)‘riin(P)
Then, we have
. 1
V< =y(@QVix) (19)

_1
where ¥(Q) = Amin(Q)Amix(P). Based on the well-known

Lyapunov stability theorem for finite-time convergence [34],
[35], we conclude that the sliding variable and its derivative
can be derived to zero in finite time.

It means that the sliding variable and its derivative can be
derived to zero in finite time. The convergence time can be
computed from:

2 1
t<T=——V2(xg) (20)
y(Q)
where Q = I, P is calculated through:
2 1

T+ 1
P= . A 42r+1 @D

20T

IIl. FAULT TOLERANT FLIGHT CONTROL DESIGN

The control objective is to design an adaptive nonlinear
fault tolerant control strategy such that system output could
asymptotically track the desired trajectory in the presence
of actuator faults. To facilitate control laws design, we put
forward the following assumptions and preliminaries.

Assumption 1: The aircraft system is in cruising flying,
with known steady velocity.

Assumption 2: The desired trajectory y;(¢) is a known
bounded function of time, with known bounded derivatives.

Assumption 3: The state x(¢) of the system is available for
measurement.

In this section, a nonlinear fault tolerant flight control
based on adaptive closed-loop control allocation and super
twisting sliding mode control is designed. The system’s sta-
bility is analyzed. The structure diagram of proposed control
scheme is show in figure 1.
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A. SUPER-TWISTING SLIDING MODE CONTROL DESIGN
Sliding mode control (SMC) is widely used in control system
design owing to its good performance, such as robustness,
fast response, good transient performance and so on [36].
In this section, super-twisting sliding mode control (STSMC)
is designed to acquire the nominal virtual control signal v(u).
The control target is to drive the sliding variable and its
derivative to zero in finite time. The system is divided into the
outer-loop subsystem and the inner-loop subsystem. Define
the desired signals y; = [aq B4 ¢a | and the tracking error
Ye =Y —Y4 = X1 —Y4. The dynamic of tracking error system
can be described as:

Ye = —Va +fi(x1, x2) + g1(x1, X3)x2 (22)
where x; is the control signal in the out-loop of the aircraft
system.

We design the outer-loop STSMC control laws as:

1. 1
Xod = &, YGa = fi = M1yel 2 sgnve) + p1) 23)
o1 = —Tsgn(ye)

where A1 € Ri” and 7] € RiXI are the designed positive
constant gains vectors. sgn(y,) is the sign function of y, .

Substituting the control law (23) to (22), the system’s state
equation is transformed to

) 1
:xle = —A1lx1e|? sgn(xie) + o1 24)

p1 = —T1 sgn(xie)
where X1, = ye = X1 — yq4-

According to Lemma 1, the error of the outer-loop sub-
system will converge to zero in finite time. Furthermore, let
Xoe = X) — Xpg = [ Pe qe Te ]T, the error dynamic of inner-
loop subsystem is transformed to:

Xpe = —Xog + o (x1, X2, X3) + g2v(u) (25)

where x4 can be achieved through a first-order filter by
introducing a new variable x». [37], [38].

x2¢(0) = x24(0) (26)

where ¢, is the time constant. Because v is used as the control
signal of the inner loop, the inner-loop SMC control laws v,

toXoe + X2¢ = X2d,
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is designed as:

i/ 1
{ Vd =&, ' (xzc — 2 — Az2lx2¢12 sgn(xze) + pz) o7

P2 = —T25gn(x2)

where Ay = [)\21 A A3 ]T and 1) = [‘L’z] 0 1723 ]T are
designed parameters.

Consider the Lyapunov function of the inner-loop system
as:

Vo = n3,Munae (28)
) T |
with nge = [KIT Kg] = |:Sgn(xZe)|xZe|§ pz]
Define
(211 + 1 . T
_ -al by i _ Aol
Pl = _Cl dl__ » )%1_’_21.21_’_1 (29)
L 2M21 721 i
[ 2700 + 1 | T
_[a b]_ A2
Py = | 2 da ] - 1 )\%2 + 210+ 1 (30)
L 2002722
[ 2123 + 1 | T
_ -a3 b3 i . A3
B=le &7 O Mh+om+d S
L 2X23723

Then, M can be obtained as:
aq b 1 0 0 0 0

0 0 a by 0 O
0O 0 0 0 a b3

M=l a4 0o 0o o0 o0 (32)
0 0 ¢y dy 0 0
0 0 0 0 Cc3 d3
Based on the above discussion, we have:
Vo = n3,Mn,
T
=[x «ka] Pk 2]
T
k12 Kkn] Pa[ki2 k2]
T
+ k13 k23] P3[Kkiz k23]
= a1k} + crrriiar + bkl + dika,
+axd, + 112k + bakiakn + dak,
+azicdy + c3k13K23 + bykizkas + dzkd; (33)
Define
_ lx 1A
Ap=| 2™ 3 (34)
L —T2 0 |
- 1)» 17
Ay=| 2™ 2 (35)
L -2 0|
- I)L 17
Ay=| 2™ 2 (36)
L —T23 0 J
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Then, we can have

g AP +P1A1) [«11 x21 ]

AT P, + PzAz) [ K12 k22 ]

(
’ (A3TP3 +P3A3) [x13 K23 ]
[
[
[

Vo = [ k11 21 ]
+ [ k12 k22

K13 K23

~

K11 K21 |

~

K12 K22 |

~

I’
+[ ]
—[#11 #21]
—[Kx12 k22 ]
-[ ]

K13 k23 | [ K13 K23 ]
< -Wo (37

where Wy is a positive constant. According to Lemma 1,
the error of the inner-loop subsystem will converge to zero
in finite time.

B. DESIGN OF ADAPTIVE CLOSED-LOOP CONTROL
ALLOCATION

The categories of nonlinearities encountered in actuator
mainly include monotonic nonlinearity, non-monotonic non-
linearity and coupled nonlinearity. Most of the solutions are
obtained by using quadratic programming, nonlinear pro-
gramming and intelligence method, and so on. Against the
deficiencies such as large computational cost and poor real-
time performance, a new control allocation scheme based on
control surface nonlinear feedback is adopted. Firstly, build
the mapping function between control surface u and control
moment v(u).

v(u) = (B + ®(u) u (38)

wherev(u) = [L M N ]T. L, M and N denote the roll, pitch
and yaw control moment respectively. B € R3*7 represents
the linear part of mapping function, ® () implies the nonlin-
ear part which is defined as follows [39].

1 uTCI
c1>(u)=E ul Gy, (39
uTC,,
with
r 282L 9L 32L 7]
dur  duidup du1 Oy
92L 282L 92L
C = | du2du du3 duzdup | (40)
92L 92L 0°L
| dupduy dupdur 3”% |
B 282M ZM M ]
du? uq0uy Ouy0uy
ZM 282M ZM
C, = | 0uwdu du3 dupdup | (41)
9*M M 232M
| Qupdur  dupduy Bu[%
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r 2321\1 92N 9ZN ]
dul  Ouyduy duy duy
9ZN 2321\/ 92N
C, = | dmdu au% durduy (42)
92N 92N 92L
| Qupdur  dupdun 814% |

The diagonal elements represent non-monotonic nonlinearity
and the others are coupled nonlinearity in C;, C;, and C,,. The
moment mapping function can be described at k sample time
as:

v(k) = (B + @(k)) uk) (43)
Then
u(k) = B* (vg — ®(k)u(k)) (44)

where vy is the desired control moment. Since the part of non-
linearity ®(k)u(k) is unknown, design the output of control
allocation as follow:

u(k) = Bt (vg — ®(k — Du(k — 1)) (45)

Lemma 2: For the nonlinear control allocation system
(42), there exist a solution u(k) calculated by (44) such that
the error of the control allocation module would converge to
a bounded region around zero.

In order to explain the Lemma 2, we define the discrete
dynamic system as:

x(k 4+ 1) =f (k, x(k)) (46)

where x € R*, f € C[NT x R",m], N7 is the nonnegative
integer set. Set f (k,0) =0, Vk € N * and assume that the
origin is the only equilibrium point. x(k, ko, xo) is the solution
of the system passing initial point (kg, x9). Define V(k, x) €
C[NT xR", RT]. The differential of V (k, x) along the system
is defined as:

AV (b, x(k)) 2 V (k + 1, x(k + 1)) — V (k, x(k))
=V (k+1,fk x(k) =V & x(k) &7

Define K function I'(.) R-9p — R>p as a strictly
monotonically increasing continuous function and I'(0) = 0.
According to [40], if there exist K function I'(.) and the
constant 0 > 0 independent of ko such that the following
inequality (48) hold, then the system’s equilibrium point x =
0 is uniform stable.

lx(®) =T (llx(ko)) »

Based on the above discussion, the convergence of the pro-
posed nonlinear control allocation scheme can be provided.

Vk>=ko = 0, Vlx(ko)ll <o (48)

When the desired control moment v4 = O, the following
equation is obtained.
u(k) = B~ (=®(k — Du(k — 1)) (49)

It will be seen that the equilibrium point of the system is
u(k) = 0. Constructing K function as I ([u(k)||) = |lu(k)]|.

179510

Because u(k) is bounded, there is constants ¢ > 0 indepen-
dent of ko makes the following condition valid.

lutON =T (lutko)ll) ,

Thus the proposed nonlinear control allocation scheme
based on moment feedback is uniform stable at the system’s
equilibrium point u(k) = 0.

Substitute (45) to (43), the real control moment is com-
puted as:

Vk = ko =0, Vuko)ll <o (50)

v(k) = BBT (vqg — ®(k — Du(k — 1)) + ®(k)u(k)
= vy — Ok — Duk — 1) + ®(k)u(k) (51)

Then, the error v.(k) can be obtained:
ve(k) = v(k) —vg = ®(k)utk) — ®k — Dutk — 1)  (52)

Since the inner loop subsystem is finite time stable accord-
ing to (37), we know that the difference between u(k) and
u(k—1) will converge to a small bounded region, then we have
klim |u(k) — u(k — 1)| < e with € a small positive constant.

— 00
Meanwhile, consider

" ul (k)Cy
ul (K)C,, and
| uT (k)C,
M ul (k — 1)C
MT(k - DCy |,
| ul (k- 1)C,

Sk = +
0 =5

d)(k—l):%

we conclude that the errors of control allocation v,.(k) will
converge to a bounded region around zero.

Furthermore, in order to handle the uncertainties caused
by the nonlinear feedback, an adaptive method is intro-
duced to compensation, which makes the control alloca-
tion more practical. Consider the linear part of control
moment as:

Viin = Vd — Vnon (53)

where v,o, 2 ®(k — Du(k — 1). The real mapping function
of linear control moment is described as:

Viin = BAu (54)

here A € R™ is an unknown diagonal matrix,
Aji = 0, representing the impacts of nonlinear feed-
back and actuator faults. Under this situation, u is acquired
as

u=(BA) v, (55)

The stabilizing control allocation matrix is computed
directly instead of the estimation of A, we have

U=ty + g = B iy + Aviiy (56)

where A € R™3 is the estimation of the desire matrix A
which meets the condition:

BA(BT+A)=1 (57)
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Remark 1: A compensates the influences of nonlinear
feedback and actuator malfunctions. Without an external
FDI module, the information of actuator faults is acquired by
the adaptive estimation of A.

Define A = A — A, consider the condition (53) and (54),
the error of control allocation is calculated as:

vV = vjis — BAu

= viin — BA (B* + &) v
— Viin — BA <B+ YA+ A) Viin
= —BAAvjy, (58)

Then, the time derivative of Vp(x) can be obtained:

. aVp oV
Vo = ot + ™ (fZ(t x) + 82(Vnon + Viin — V)

N

—Wo — —2go¥
0 a82

IV .
= W+ B_)CO g2BA A, (59)

We design the adaptive law:

£ R N Vo r
A =yProjp | A, — Vlingng (60)

where y is a gain constant, Projp(-) is a row projection
operator defined as:

i | [
Projp(C, Y) = Projg S P
el Lom

Proj(cy, y1)!

: (61)
Proj(cm, ym)"
where Proj(-) is the projection operator and cl-T, yiT are the ith

rows of C and Y, respectively. Recall that for any vector y; it
holds.

AT (Proj(Ar, y) — vi) <0 (62)
A,- and Ai are the i-th rows of A and A. Refer to tr(CTy) =

m
> C,Tyi, we can obtain:
i=1

tr (A(Proj(&, Y)— )
Z Al

(PIOJ(A,,y,) — yl> <0 (63)
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In addition, on the basis of (33), the partial derivative of Vj

to x can be calculated as:
[ aik1l
1

1
Pel 2 2|pe| 2
arki2
Vo [+ (cak22 + baknd) I

0x = =
|qe|2 2|CI€|2

azkis
+ (c3k23 + b3k23)

+ (c1k21 + biko1)

(64)

1 1
L |72 2lre|2
C. MAIN RESULT
The above design procedure can be summarized in the fol-
lowing theorem.

Theorem 1: Consider the adaptive closed-loop control
allocation based on (45) and (60), which integrated with
the super-twisting sliding mode controller (23) and (27),
the proposed nonlinear FTC scheme guarantees the sys-
tem (1) asymptotic stability in the presence of actuator mal-
functions.

Proof: Consider the Lyapunov function:

1 -
Vai = Vo) + 517 (AATA) (65)
14
Based on the above discussion, we can obtain:

. 1 2 T
Vo(x)+—tr(AA A)

Vad =
A% 3V0
= w + — (2(t, x) + g2(Vnon + Viin — V)
+1tr (y‘lAA A) (66)

Substituting into, we have:
. 8‘/0 ~ 1% ~ T
Vag < —Wo + a—ngAAvlm +mr|ly TAA A} (67)
x
Furthermore, we will obtain:

. ~ aVO 1 T
Vaa < —Wo+1r|A Vlin§g23 +y A A
< —Wo (68)

Therefore, the stability of the closed-loop system with the
proposed control is proven.

Remark 2: From Theorem 1 we know that, although there
is no external FDI module, the system with actuator faults
can remain stable by using the proposed nonlinear adaptive
FTC scheme with appropriate selection of the design param-
eters. Adaptive gain y is the key parameter to determine the
performance of nonlinear FTC system. With the increase of
y, the response of fault-tolerant control system will be faster,
but the frequency and control quantity of control signal will
also increase, which will lead to an increase of overshoot in
the system transition process.

From equations (56), (60) and (64), it can be seen that the
compensation signal of adaptive fault-tolerant control u, is
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TABLE 1. Position limits of the control surfaces.

Surface Upper limit(deg) Lower limit(deg)
Horizontaltails 10.5 -24
Ailerons 45 -25
Leadingedge flap 33 -3
Trailingedge flap 45 -8
Rudder 30 -30
0.2
015} R
)
B 0af s
& Al
005+ 47 B
0 L L L L L L L L L
0 2 4 6 8 0 12 14 16 18 20
t(s)
| | | | | | |
6 8 0 12 14 16 18 20
t(s)
08 +++ desired signals
06k - = =BFSMC
~ —— ANFTC
T
£ 04f
<
02 o |
4
0 (d L L L L L L L L L
0 2 4 6 8 0 12 14 16 18 2

FIGURE 2. Output responses from the BFSMC method (dashed lines) and
ANFTC method (solid lines) in normal case.

related to xp, and sgn(x».), which is similar to the structure
of switching control term of traditional sliding mode con-
trol [41]. One of the disadvantages of this adaptive structure
is that it is easy to fall into overestimation the parameters,
which may lead to the chattering of control signals. In order
to eliminate the overestimation, the transient performances
and fault tolerance abilities of the system are compromised
in the process of setting control parameters, and the adaptive
parameter y is designed in the form of a saturation function.

Y0, Iyelloo = 1
lvelloo (69)
Yo -

y =sat(i, ye) =
o yelloe <

where yp is a positive constant, u is the boundary layer.
This adaptive scheme can gradually cease the behavior of
adaptation as the system reaches the desired trajectory.

IV. NUMERICAL SIMULATION

In this section, the nonlinear dynamic model of F-18 aircraft
is used to verify the effectiveness of the proposed nonlinear
adaptive FTC approach. The model of v(u) is nonlinearly
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FIGURE 3. Control surfaces deflection signals adopting ANFTC in normal
case.
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FIGURE 4. Output responses from the BFSMC method (dashed lines) and
ANFTC method (solid lines): §re and §;, are floating at 10s.

fitted by aerodynamic data [42]. The position limits of the
control surfaces are given in table 1.

The task given to the proposed adaptive FTC system is to
track angle-of-attack and roll angle reference signals while
the side-slip angle is regulated to zero.

For comparison purposes, two types of nonlinear con-
troller designs are carried out. The first design is the basic
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TABLE 2. The parameters used in simulations.

Parameters Values
Control Initial errors ae = —0.1rad, B, = Orad, ¢p. = —0.4rad
condition  Initial states Qin; = Orad, Bin; = Orad, ¢in; = —0.4rad
Reference signal ay4 = 0.1rad, B4 = Orad, ¢4 = 0.4rad
Control SMC A= [0.06 0.05 0.17]T, = [0.003 0.001 0.005]T
parameters Ao =[06 05 03]",7=1[0.00 001 0.005"
t, = 0.05
Adaptive gain p=0.02

vzsat(afeaﬂ):{ 0.1 x Iyl
1 el

0.1, [¥elloo = p
v elloe < 1t

5| o Sre(deg)

18 20
—
T b

T
[
w0
©

0 |

| | | | | | | | |
0 2 4 6 8 0 12 14 16 18 20

8¢ O ,(deQ)

1
0 2 4 6 8 0 12 14 186 18 20
t(s)

FIGURE 5. Control surfaces deflection signals adopting ANFTC : §,e and
8q are floating at 10s.

nonlinear feedback sliding mode control scheme without
adaptive closed-loop control allocation (BFSMC). The sec-
ond is the adaptive nonlinear FTC with closed-loop control
allocation (ANFTC) design proposed in this paper.The above
two controllers have the same control parameters of 11, 71,
A2, T2 and t,, . The parameters used in simulations are listed
in table 2.

The analysis of simulation is consisting of two cases: nor-
mal and faulted. The parameters of actuator faults are given
in table 3.

A. NORMAL CASE

In the normal case, the actuator system is operated in normal
situation. The fault matrix A = I7*7. Figure 2 shows the
output tracking results in the normal case for both BFSMC

VOLUME 7, 2019

TABLE 3. Parameters of actuator faults.

Fault case ~ Parameters of actuator faults
Normal case K = I™*7

1, time < 10s
Ist fault Case ko = 0, time > 10s
) 1, time < 10s
370, time>10s
1, time < 10s
2st fault Case  ky = 0, time > 10s
L — 1, time < 10s
371 0, time>10s
[0, time<10s

u= —0.1rad, time > 10s

and ANFTC. The solid lines represent the simulation results
of the ANFTC, the dashed lines represent the BESMC, and
the dot lines represent the desired signals. The results show
that both methods have similar responses: the output signals
could accomplish the asymptotic tracking for the references.
It proves the validity of the upper sliding mode controller and
the nonlinear feedback CA scheme. Meanwhile, the ANFTC
has a faster rate of convergence in sideslip angle tracking
which reflects the operation of adaptive module for the uncer-
tainties. Figure 3 displays that the control surfaces deflection
signals of the ANFTC will approach constant values when the
system is in stable state, and the chattering phenomenon will
be effectively suppressed.

B. FAULT CASE
Two types of actuator faults are studied: floating and stuck.
In the first fault case, the right horizontal stabilizer and left
ailerons are assumed to have been floating at 10s. The sim-
ulation results of the output tracking adopting BFSMC and
ANFTC are shown in Figures 4 and 5. Apparently, under the
actuators floating fault, ANFTC could maintain stable track-
ing and overcome the malfunction, however, the BFSMC
scheme can not continue to operate normally. By the contrast
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FIGURE 6. Output responses from the BFSMC method (dashed lines) and
ANFTC method (solid lines): §re is floating and §;4 is stuck in —0.1 rad at
10s.
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FIGURE 7. Control surfaces deflection signals adopting ANFTC: §re is
floating and /4 is stuck in —0.1rad at 10s.

of curves, the results support the availability of the ANFTC
for tolerating the actuator floating. What’s more, the healthy
control surfaces would adjust adaptively, and gradually tend
to relatively stable states, When the system encounters actu-
ator floating faults.

In the second fault case, the right horizontal stabilizer
also maintains floating, but left ailerons is stuck in —0.1rad
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FIGURE 8. Output responses signals adopting ANFTC under the first fault
case with different y,.

_e(deg)
& ©
L % L

5 _e(deg)
&H ©
L L

3 _e(deg)
o

Loy :
I

FIGURE 9. Control surfaces deflection signals adopting ANFTC under the
first fault case with different y,.

position at 10s. Figures 6 and 7 show the output tracking
curves and control surfaces deflection signals under the sec-
ond fault case. From the analysis of curves, it explains that the
system’s stabilities using BFSMC are dissatisfied in the pres-
ence of actuator stuck, nevertheless, the controller employing
ANFTC can still endure stable states because of the adaptive
learning for the information of faults. Through the simulation
results, the validity of the proposed ANFTC scheme is fully
illustrated.
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In addition, in order to illustrate the Remark 2, We choose
three different ) parameters to compare the performance of
proposed fault-tolerant control system under the first fault
case. The control surfaces deflection signals of §,, and the
output tracking curves are provided in Figures 8 and 9. In the
Figure 8, the output respond curves display that the response
rate and overshoot of the system increase with the increase of
parameters both in normal and fault cases. From the Figure 9,
When the parameter yy is increased, the frequency of §,, is
accelerated, and the control quantities rise accordingly. These
two figures verify the correctness of Remark 2.

V. CONCLUSION

An adaptive closed-loop control allocation based nonlinear
FTC scheme has been proposed for an overactuated aircraft
with unknown actuator failures. A nonlinear feedback struc-
ture integrated with adaptive estimation has been provided
to operate control allocation process considering the non-
monotonic and the coupled nonlinearities of actuator map-
ping functions. The proposed adaptive closed-loop control
allocation combined with STSMC can tackle the actuator
faults such as floating and stuck-in without FDI. The closed-
loop stability of the system in the presence of actuator
faults has been analyzed. The effectiveness of the proposed
approach has been verified through simulation.
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