Jun. 2016

Transactions of Nanjing University of Aeronautics and Astronautics

Vol. 33 No. 3

Robust Fault-Tolerant Control for Longitudinal Dynamics of

Aircraft with Input Saturation

Yang Qingyun, Chen Mou "

College of Automation Engineering, Nanjing University of Aeronautics and Astronautics, Nanjing 211106, P. R. China

(Received 22 September 2015; revised 12 December 2015; accepted 19 December 2015)

Abstract: A robust fault-tolerant control scheme is proposed for the longitudinal dynamics of an aircraft with input

saturation, using the anti-windup method and the fault detection observer technology. To estimate the system

fault, a detection observer is designed for the longitudinal dynamics, and a fault-tolerant control law is developed to

compensate for the fault effects of the longitudinal dynamics. Then, an anti-windup compensator is augmented into

the fault-tolerant control law to eliminate the effect of input saturation. Using linear matrix inequality (LMD tech-

nology. the detection observer based fault-tolerant controller is designed to ensure the stability of the closed-loop

system and the convergence of the detection observer. Finally, the developed robust fault-tolerant control scheme

is applied to the longitudinal model of an aircraft and simulation results are presented to illustrate the effectiveness

of the proposed control scheme.
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0 Introduction

With the development of aircraft technology
in recent years, the performance requirements for
complexly advanced aircraft, such as the military
fighter and the civil aircraft have increased, and
their associated control system have become more
complicated. Thus, the design of flight control
system for the aircraft is a critical and challenging
work™. Unexpected faults such as the failure,
loss of effectiveness or the aging inevitably occur
in actuators and sensors of the practical system
because of the various work environment?,
which may change system behavior, and if fault-
tolerance capability is not considered in the
process of control design, actuator or sensor
faults will cause control performance degradation,
system instability and even aircraft loss of con-
trol”®!. Therefore, fault-tolerant capability drawn

by the need of aircraft safety and reliability is one

of the most important problems that should be
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explicitly considered in the control design. In ad-
dition, the nonlinear system usually possess un-
modelled dynamics, modeling error, system pa-
uncertain-

rameter perturbations, and other

[4-8]

ties**'. Generally speaking, the control perform-

ance is severely affected by uncertaintiest'",
Therefore, it is meaningful and necessary to de-
velop efficient fault-tolerant control (FTC) meth-
ods against faults and uncertainties for practical
applications.

The past two decades have seen a rapid
growing interest in FTC and the development of
several designed methods on the FTC prob-
lem", There are generally two main methods,
i. e. , passive FTC and active FTC. In the passive
FTC method, the robust control scheme is de-
signed to eliminate the effects of system faults re-
garded as external disturbances or a special kind
of uncertainties. While the fault detection and di-
agnose (FDD) mechanism is adopted in the active

FTC method to detect and identify the system
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faultst'>.

od, the active FTC can achieve better tolerant

Compared with the passive FTC meth-

control performance. Therefore, the active FTC
method and its applications play an important role
in FTC research. So far, many kinds of schemes
for active FTC have been found in the literatures,
for example, adaptive design™, sliding mode ob-
server design'®!, neural network-based design™*
and so on. However, the active FTC methods ap-
plied to the aircraft should be further considered.

In recent years, the application on the air-
craft has been published in many literatures. In
Ref. [1], an adaptive fault-tolerant flight control-
ler was developed for the F-16 aircraft model by
estimating an eventual fault. In Ref.[15], a slid-
ing-mode fault-tolerant control was presented for
a civil aircraft with sensor fault. In Ref. [16], a
multi-objective fault-tolerant output tracking con-
trol was investigated for the longitudinal model of
a flexible
(FAHV). In Ref.[17], a novel fault-tolerant at-

titude control based on sliding mode control was

air-breathing  hypersonic  vehicle

studied for a flexible spacecraft subject to actuator
faults and uncertain inertia parameters. A hybrid
fault-tolerant control system combining the pas-
sive and active FTC technologies was designed for
an aircraft subject to different degree of loss of
control effectiveness in Ref. [18]. In Ref.[19], a
fault tolerant attitude tracking controller based on
backstepping technology was developed for flexi-
ble spacecraft subject to actuator effectiveness
fault. In Ref. [20], a trajectory tracking fault
tolerant control (FTC) scheme was proposed for
a vertical takeoff and landing ( VTOL) aircraft
with external disturbances and actuator faults.
Although most of the existing research results
consider the system faults and uncertainties, ac-
tuator saturation has not been seriously consid-
ered. Therefore, the control input saturation
problem needs to be explicitly considered for the
aircraft.

Actuator saturation is another critical prob-
lem that needs to be considered in the control sys-
tem design for the logitudinal dynamics of an air-

craft, especially in FTC system design. The rea-

son is that the actuator outputs of the aircraft are
inevitably subject to amplitudes or rates satura-
tion constraints due to the physical characteristics
of the actuators™™?Y. If the controller is designed
without considering this kind of nonlinearity, ac-
tuator will quickly reach saturation due to the
needed massive control effort to maintain control
performance when actuator fault occurs. In this
case, the unchanged control output will destroy
the stability of the logitudinal dynamics, or even

2231 Therefore, the in-

make the aircraft crashed™
put saturation problem has attracted a great deal
of attention and various methods have been devel-

oped, such as positively invariant set method™",

1[257 26 s

sliding mode contro , small-gain method"
and so on. One of the most efficient methods for
solving input saturation problem is the anti-wind-

2731 The basic idea of anti-windup

up technology
scheme is that introducing the anti-windup com-
pensator will generate the signal based on the
difference between the nominal control input and
the actual control input. Then, the designed con-
troller augmented with a compensator can elimi-
nate the adverse effect of input saturation. In
Ref. [ 28], an anti-windup scheme was proposed
for a class of linear systems with input satura-
tion. The LMI method for designing dynamic/
static anti-windup compensators was presented to
improve regional performance and stability of lin-
ear control systems with saturating actuators in
Ref.[29]. In Ref. [30], a modified anti-windup
control method was developed to solve the input
saturation problem and applied to the forth order
lateral dynamics of F16 aircraft. In Ref.[317], an
anticipatory anti-windup scheme which can im-
prove the closed-loop performance was devel-
oped, where the compensator is activated before
the input saturation occurs because the level of
the artificial saturation function is lower. Howev-
er, the actuator or sensor fault problem has been
rarely considered in almost existing research
works on input saturation control. Thus, a con-
trol scheme will be developed for the system with

unknown faults and input saturation in this

paper.
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Motivated by the above analysis, a robust
fault-tolerant control scheme will be proposed for
the longitudinal dynamics of an aircraft with input
saturation, system uncertainties and actuator/
sensor faults in this paper. To estimate the sys-
tem fault, a detection observer is designed for the
longitudinal dynamics. Based on the detection ob-
server, a fault-tolerant control law is developed to
compensate for the fault effects of the longitudi-
nal dynamics. Meanwhile, to tackle the input sat-
uration, a dynamic anti-windup compensator is
designed and augmented into the fault-tolerant
controller to ensure the stability of the closed-
loop system and convergence of the detection ob-

Server.

1 Problem Formulation

According to Ref. [ 32], the longitudinal
model of an aircraft can be linearized as the fol-
lowing uncertain multi-input and multi-output
(MIMO) systems
J)'cp =(A, +AVDx, +glt.x,) +

B,sat(u) + B, f (1)
13’/1 =Cx, +Df
where x, € R is the state, u € R” is the con-
trol input, and y, € R’ is the output. In the dy-
namics model of the aircraft, n, =4,m =2. g(z,
x,) is a continuous nonlinear vector function. sat
( » ) represents the input saturation which is de-

scribed as

}
i=1,,m 2
Faults are described by the vector f € R,

sat(u,) = sign(u;) min{ . » | u;

assumed to be zero prior to the failure time, non-
zero and differentiable after the fault occurrence.
A,.B,.B,,C,D are the appropriate dimensional
constant matrices. AA represents the parametric
uncertainties of system (1), which is assumed to
satisfy the following form
AN =D F(E, (3)
where D, and E, are appropriate dimensional con-
stant matrices. F(¢) is an unknown, real and
possibly time-varying matrix with Lebesgue
measurable elements satisfying
F'(OF() <I, V¢t €Y

To proceed the fault-tolerant control design,
the following assumptions and lemma for the giv-
en system (1) are required &%

Assumption 1 (A, .B)) is stabilizable, (A,,
O) is observable.

Assumption 2 The matrix (B,B}) ' is al-
ways existing.

Assumption 3% Assume g(z,0) = 0, and
g(t,x,) is assumed to be Lipschitz, i. e., there
exits a  positive  constant [, satisfying
gz ) —gUsx )< loxpy — X -

Lemma 17 Assume that U and V are vec-
tors or matrices with appropriate dimensions,
then for any positive constanta , the following in-
equality holds

U'V+VU<U'U+a 'V'V (5

In this paper, the control objective is that the
fault-tolerance control law and anti-windup com-
pensator using detection observer will be designed
for uncertain systems (1) with input saturation
and faults such that the closed-loop system is
asymptotical stable. To diagnose the faults, a de-
tection observer is proposed to estimate the fault.
Then, considering the anti-windup compensator,
a fault-tolerant control law based on the detection
observer is designed to ensure the stability of the
closed-loop system and the convergence of the de-

tection observer.

2  Detection Observer Design

In this section, a detection observer is devel-
oped to estimate the fault of the system (1). To
detect the fault, the following observer is con-

structed™,

X, =A%, +BsatGw) + B, T+

g(tix,) —L(y, —y,)
. ) ) (6)
S=Mf +Ny,—y,)

3’/} :dp + Df
where JAC/, € R™ and}” € RY are the state and fault
estimation, respectively. L € R"»**, M € R*? and
N € R%? are the gain matrices which are the de-
signed parameters of the detection observer and

will be given by solving linear matrix inequalities

(LMIs).
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The estimate errors are defined as
ip:xp*;(',,a f:f*jl9 §p:.)’p73’p (D
Considering Egs. (1,6), the estimate error

and output error equations can be written as

x, = (A, + LO)x, + (B, + LD)f +
G(t,x,) + AAx,

. (8)
Ff—Mf — NCx,— (ND —M)f

y, =Cx, + Df
where G(t,x,) =g(t,x,) — g(t.x,).

Under the Assumption 1, we can know
that (A,,C) is detectable.
trix L can be chosen such that A, + LC is a sta-

Thus, the gain ma-
ble matrix. Furthermore, the design of the
gain matrices L, M, N and the convergence of
the detection observer will be discussed in the

next section.

3 Fault-Tolerant Control and Anti-
windup Compensator Design Based

on Detection Observer

In this section, we will proceed the design of
fault-tolerant control law and anti-windup com-
pensator based on the detection observer. For the
convenience of the control design, the fault-toler-
ant control law design will be integrated with
anti-windup compensator design.

To achieve the closed-loop performance spec-
ifications in the absence of the input saturation,
the fault-tolerant controller is designed as '

u=Kx, +K,f (9
where K is the state feedback design gain matrix,
K, is the fault-tolerant term to decrease the effect
of the fault. To eliminate or decrease the effect
on the closed-loop system in the event of input
saturation, an anti-windup compensator is de-
signed as

x, =A.x,+B.g

v=Cx,+D.q

where x, € R’ is the anti-windup state, ¢ =

10

sat(u) — u is the input of the anti-windup com-
pensator, and v is the output of the anti-windup
compensator. The matrices A, ,B,,C,,D, are of

suitable dimensions.

Adding the compensator to the fault-tolerant
controller, we have
u:KlJAc,,+K2f+v (11)
Substituting the control law (11) into the
system (1) yields
x,=(A, +BK, +A)x, + g(t,x,) +
B,C.x,—B K ,x,+ (B, + B,D,)q+
(B.K, +B.) f—BK.f (12)
Invoking Eqgs. (7—9), the closed-loop sys-
tem can be described as
x,=(A, +BK, +AM)x, +g(t,x,) +
B, C.x, —B K x,+ (B, +BD,)q+
(BK, +B) f—BK.f (13)
u=Kx, +K,f+Cx,+Dyg
x,=A.x, +B.g
We choose a Lyapunov function as
V=xIPx,+ f'P,f+ xP,x, + x'P,x, (14)
where P, ,P, ,P;,P, are all definite-positive matri-
ces. Prior to the stability of the closed-loop sys-
tem, we define the variables w and z as
w=Lg.f . f1" 2=[x,.f1" (15)
The design objective of the fault-tolerant
control law and anti-windup compensator is not
only to ensure the stability of the stability and
convergence of the detection observer, but also to
minimize the L, gain 4 from w to z, where po >
-,
Considering Eq. (14) and the design objec-
tive, we obtain
Vbxix, + ' f—p(JfHfHdo <0
(16)
which implies the finite L, gain 4 form w to z :
b < pw’
Thus, based on Eq. (13), it is obtained that
Ve, /= p '+ a0 =
x]((A, +LO'P, +P, (A, + LC) + Dx, +
2x,P,G(t.x,) + 2x,P, AAx , +
2x1 (P, (B, +LD) —C"N"P,) f +2f P, f —
2f"P,Mf — 2f"(P,(ND —M) — 0.5D f +
2x'P, Ax, + x1 (P, (A, + B,K, +
(A, +B,K)"P)x,+2x,P;g(t,x,) +
2x)P,B,C.x, — 2x,P,B,K,x, +
2xIP,(B, + B,D,)q+ 2x'P,(B,K, + B,) f —
2xIP.B.K,f + xI(P,A, + AP )x, +
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2x!PBq —p(f f+ff+ad'e AD
Invoking the Lemma 1, we have
2x}P,AAx , =2x}P,DFE  x, <
aXpP,D,DIP x, +a 'x)ETE x,
2x,P;NAx, =2x,P;DFE  x, <
a, X, PsD,DIP;x, +o,'x,ETE x,
2x)PG(t.x,) < a;X}Pix, +as' lixlx,
2x,P,g(t,x,) <ayx,x, +a,' lix,Pix, (18)
where ) sa3 sas »a, are the positive constants.
Substituting Eq. (18) into Eq. (17) yields
Vb xox, ' f —p(fT T fHq" ) <
xI((A, +LC)'P, + P, (A, + LC) +
Dx, +a;x)Pix, + o' Bxjx, +
2x1 (P, (B, +LD) —C"N"P,) f +
aXP,D,DIP x, +a ' x)ETE, x, +
2fTP. f — 2f"P,Mf —
2f"(P,(ND —M) —0.5D f +
x,(P;(A, +B K)+ (A, +BK)"P)x, +
a7 x,ETE,x, + a;x,P,;D, D P;x, +
arx;x, +ai' Ex,Pix, +2x,P,B,C,x, —
2xIP,B K x, + 2x'P, (B, K, +B,) f +
2x'P,(B, +B,D,)q — 2x'P.B K, f +
xI(P,A, +AP)x, +2x!P,B.q —
IS Il A e D) 19
The above inequality (19) can be written as

Vb xix, 1 f—p(FT P+ a0 <

~ o =
Xy Xy
X, X,
=
x,| Elx, 20)
where
= = = = = = = 7
=i =i S S Sy S &=y
=T = = = = = =
i Hpp Hoy S Eps S v
=T gl = = = = =
Sy gy Hay S s e a7
=_ |mT =T =T = = = =
= (&S o Sy Egn Eys Ege Sy
=T =T =T =T = = =
s S5 S35 Eas sy &g 57
= g g gt T = =
e g Hsg g Sse  es 6T
=T =T =T =T =T =T =
=7 o7 Esr Ear Esr Her oy
= T
E,=A,+LC) P, +P (A, +1LC) +

(11P1D1D1TP1 +(1%P? +a;ll§ +19

E,=P (B, +LD)—C'N'P,,
E,=—K{B'P,,
B, =P,(M—ND) + (M—ND)"P, +0.5I,
E., ——K!B/P,, E;=P,, E,——P.M,
5 =P3(A, + B K)+ (A, +BK)'P; +
aPsD DI P; + (ar' +a DEVE, +
ad+a P},

m|

E, =P,B,C,. E;=P,;(BK,+B,).
ES? =P,(B, +B,D,), Eu =P,A, +AIP4 ’
E,=P,B,,
ES) :Ees :Ew :*/le
gu :EIS :Em :gu :Eu :EZT :E% -
EI; :Eus :gss :Ew :Em =0

Let X=P,L.Y=P,M,Q=P,N, X, =P,',
K, =Y, X',0, =B K,.X, =P,'.Z=AX,, both
sides of Eq. (21),
(aI,1,P;",P,',I.1,I) yields

multiplying by diag

_'E'U élz B éu é1.> élﬁ én_
é?z ézz éza ém ézs ézs én
élTa EZTJ éﬁo éS«l és,a éss és?
é: élll é211 éell §,1,1 érls éqa éw
élT, ng; é;r) éf, é)) gsa éﬂ
élTb ngo ésTf; EI@ éaTo Eo@ ém
E:'}} é; é’?; éL é; §5T7 §777
22
E, =AlP, +C'X"+ P, A, + XC +
0(1P1D1D’1YP1 + 0(3Pf + Ot;llg + I,
élZ :Ple + XD *CTQTMEJM - 1T7
E,=Y"—D'Q"+Y—0D + 0.5I,
gzs - *KzTBlTvézs =P,, ézs = —Y,
é’% :A/)Xl + B\Y, + XlA;E + Y’ll‘B’l[‘ +
a:D\Df + (' + a2 )X EVE X, +
a: Xi + o' [
é:ﬂ =B,C.X, véac =B K, + B,
éa? =B, + B/ D,,
én :ZJFZTa ém :B(,e
éso :ées :éw = _/JIa
ém :éls :éls :éw :ém :éﬂ :éxs =
é'lS :ém :éafi :éfﬂ :éw =0
Eq. (22) can be rewritten as
é:E+E131F1 (23)

where
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'P,DT P, 0 0 0]
0 0 0 0 0
0 0 X,ET X, ET X,
E =] 0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
L0 0 0 0 0|
1% ) 0 0 0
0 a3l 0 0 0
A=|0 0 o' 0 0 , F, =ET
0 0 0 a;'T 0
Lo 0 0 0 ad |
B, E. B, Eu Ei; Eis B |
EllZ By Hypy By H By Ex
ElTs EzTg By Ey By His By
= E-ﬂ E; EL By i B Eu
5”1]-5 Ezla Es]s Ella Ess Hse It
Els B Ei Bis Bi Hi B
_E1T7 EzT7 E3T7 E4T7 EE? Eg7 E??_

24)
E,=AP, +C'X"+ P A, +XC+
a i +1,
E,=PB,+XD—C'Q", E,=—0!,
E,=Y" —D'Q"+Y—0QD +0.5I,
E,=—KBl, E;x=P,, Es=-Y,
E,=AX, +BY, + XA +YIBT +
D DY +a,' 1,
E,=BCX,, E;=BK,+B,,
E, =B, +B/D,.

o ] | —
By =86 =8 = —d »
p— p— .} p— .} .. p— .} — ..} — - —
iy =8y =&y — &y — &y — &y — &35 —
Ll p— ..} — .. p— ] p— —
E; =E; =E; =E;; =E; =0

According to the Schur complement theo-
rem, we obtain that if the following LLMI holds
= E,
_ _ | <o (25)
-y
then the inequality Eq. (16) can be satisfied.
Considering the convergence of the closed-
loop system and detection observer, we can ob-
tain the following theorem.
Theorem 1 For a given positive constant a; »
matrix C, € R™ , if there exist positive con-

stants a, sas say s ¢ » Mmatrices

K, € R",P, € R > 0,P, € R" > 0,X €
R, Y € R".X, € RW".Y, € R"".X, €
e Z € R0 € RTPL0, € R LB, €
R%“*", and D, € R™™ to make LMI (25) hold,
then the closed-loop system is stable. Further-
more, the detection observer is convergent, and
the gain p is minimal, where K = Y. X;', L =
P'X,A, =7X,' . M=P,'Y,N=P,'Q.
Theorem 1 can be easily proved according to

the inequalities (20,25).

4 Simulation Results

In this section, the developed fault-tolerant
control scheme will be applied to the longitudinal
model of the F-16 with multi-axis thrust vecto-
ring (MATV)P2%] and the simulation results
will be given to demonstrate its effectiveness.
The longitudinal dynamics of F-16 characterized
by Eq. (1) is used in our simulation. x, = [q,
asV,y]" is the states of system which represent
pitch rate, angle of attack, velocity and flight-
path angle, respectively. u= [§.,0+]" is control
input which are the elevator deflection and thrust

respectively, and the saturation level of the input

Upno= [ 25,10]7 . Parameter matrices are given
by

A, =

—0.246 1 0.639 9 0. 000 376 0
0.983 8 0.003 56 — 0.000 347 0.053 27
— 5. 647 — 33.754 —0.119 5 — 25.56
0.016 2 —0.035 6 0. 000 347 —0.053 27
B, =

—0.2086 —0.00569 —4.7720 0.005697"

{ 0.9413 —0.0082 —3.4260 0.008 2 }

B,=[1.,1,1.1].c=1,,D,=0.1%[1,1,1,1]",
E, =0. 21,

F =diag[0. 5sin(#),0. 5cos(2) ,0. 5sin(¢) ,

0. 5cos(1) ]

Choosing a; = 0. 86 and C, = [1 oot } ,

o —1 o0 —1
by solving Eq. (23), we have
K, =
—5.279 3 —16.282 9 2.539 1 0.892 3
[ 4.801 1 9.9416 —0.7130 —3.974 4}
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~ 70.168 3 o 61 — System fault f
K, = L)' 102 1:| sM=—0.131 47 s e Estimation of f
L= A4
—1.8670 —0.9723  2.2179 0.507 4 T
—0.6065 —2.3822 5.0741 0.548 9 2r
0.726 8  8.2487 —27.0780 5.3205 1
0.626 9 0.435 6 3.4961  —2.168 4 0
— [36.8, 152, 7.778, 14.73]. a» = R TR TS T —
0. 326,Jf18 636 7 . tls
A, = 3t
—1.7605 —0.5219 —0.8457 —0.5210 2r
{o 5223 —1.6167 —0.5223 —0.690 2 z ;
—0.8457 —0.5219 —1.7605  —0.5219 "
—0.5223 —0.6902 —0.5223 —1.6167 -2
B, = -3
{ 0.0733 0.0006 0.0733  0.000 6} :‘; . , , , ,
0.0054 0.0658 —0.0054 0.06538 0 10 20 e SOR S0
D, = { —0.496 3 —0.368 4} Fig.1 Responses of fault f, estimate f and estimate error f
—0.3684 —0.407 2
The initial state values are 1.5  With antiewindup compensator
o = [1,0.375,40,1]", the detection observer, VN - Without anti-windup compensator
anti-windup compensator and fault-tolerant con- i, 05
troller are designed according to Egs. (6, 10, é 0.0 i
11). g—os

The time-varying fault is considered, which
is generated as follows
t<5s
t=>=35s

[ = (26)

3+ 1. 5cos(38)

Under two different controllers, namely, the
fault-tolerant controller Eq. (11) based on the de-
tection observer Eq. (6), the anti-windup com-
pensator Eq. (10) and the traditional fault-toler-
ant controller without anti-windup compensator,
the simulation results are shown in Figs. 1—3. It
can be seen from Fig. 1 that the fault detection
observer can estimate the system fault with small
error. At the same time, the states of the closed-
loop system are asymptotically stable with var-
ying-time fault, input saturation and system un-
certainties under the designed robuste fault-toler-
ant controller from Fig. 2. However, the states
fluctuate wildly with steady-state eorrors under
the traditional fault-tolerant controller without
Fig. 3

shows that the actuators did not exceed the input

anti-windup compensator. In addition,

-1.5 L L L L
0 10 20 30 40
(a) Pitch rate ¢
1.0

—— With anti-windup compensator
-------- Without anti-windup compensator

05 . ) ) ) )
0 10 20 30 40 50
(b) Angle of attack
6 -
= With anti-windup compensator
P/} ST Without anti-windup compensator

*6 1 1 1 1 J
0 10 20 30 40 50

(c) Velocity V'

50
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—— With anti-windup compensator
4 F e Without anti-windup compensator

PRVAVAY S
Yy

NN YN a
GRCATECAVAY)

10 20 30 40 50
t/s
(d) Flight-path angle ¢

Fig. 2 Responses of the system states with two different

controllers

301

)
——— With anti-windup compensator
108 e Without anti-windup compensator

8./C)

_30 1 1 1 1 1
0 10 20 30 40 50
t/s

(a) Elevator deflection §,

—— With anti-windup compensator
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limitation under the control of Eq. (8) and
achieves better transient and steady-state per-
formances than that of the traditional controller.
Thus, contrast results prove the effectiveness of
the developed control scheme in the presence of
varying-time fault and input saturation.

From the above simulation results, we can
know that the developed fault-tolerant scheme is

valid for the longitudinal model of F-16 with input

saturation and time-varying fault.

5 Conclusions

A robust fault-tolerant control scheme based
on the anti-windup and detection observer tech-
nology has been proposed for the longitudinal dy-
namics of an aircraft subject to input saturation,
parametric uncertainties and unknown faults.
Using the fault detection observer to estimate the
system fault, a robust FTC has been developed to
isolate the fault. Meanwhile, to solve the input
saturation problem, an anti-windup compensator
has been proposed and augmented into the FTC.
Finally, the control method has been applied to
the longitudinal model of an aircraft to illustrate
the effectiveness of the proposed control scheme.
The simulation results manifest the effectiveness
of the designed robust FTC scheme. The future
direction is to extend the anti-windup method to

nonlinear systems.
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