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Abstract The article focuses on the design and application of an active reconfigurable controller

that mitigates the effects of gust load and actuator faults on a flexible aircraft. A novel integrated

adaptive output feedback scheme is investigated to address the actuator faults. The real-time fault

values provided by the fault estimation module are considered in the reconfigurable control law to

improve the fault-tolerant capability. The estimate values of faults and control gains are calculated

by analyzing the stability of the overall system. The proposed controller is simulated using a flexible

aircraft model with a discrete ‘1-cosine’ gust, and the results show that it can effectively mitigate the

wing root moments and recover the flight maneuver stability after the aircraft suffered from gusts.
� 2021 Chinese Society of Aeronautics and Astronautics. Production and hosting by Elsevier Ltd. This is

an open access article under theCCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Modern aircraft become lighter and more flexible, leading to

an increase in the emphasis put on atmospheric load reduction.
These aircraft face two significant challenges: the pairing
between rigid body and elastic modes, and the increased sensi-
tivity to gust occurrences due to decreased wing loading and

improved lift-to-drag ratios.1 In the design of the active con-
troller for flexible aircraft, it is important to take into account
the aeroelastic effect and develop a control method capable of
addressing the structural load alleviation caused by gust. A

Green Regional Aircraft (GRA) with the active flight control
system is modeled and analyzed in this paper. It developed
by Alenia Aermacchi using Nastran and home-made tool,

and both aeroelastic models and flight mechanics are consid-
ered.2 Some control strategies were designed to decrease the
effect of atmospheric perturbation using multiple control sur-

faces.3 However, these control inputs may experience actuator
faults in practice and the post-fault response of flexible aircraft
was not considered and analyzed in the previous controller
design.

Responding the problem mentioned above, Liu and his
team have published a series of research works about Fault-
Tolerant Control (FTC) for flexible aircraft.4–7 The model pre-
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dictive control, optimal control, robust control, and gain
schedule method were utilized to address different actuator
faults for flexible aircraft. These controllers can maintain the

rigid motion of the aircraft and mitigate gust loading on the
wing root in the presence of failures. Thus, it is important to
take actuator faults into account for the design of controllers

for flexible aircraft, because they affect the flight stability of
flexible aircraft, and may generate additional structural loads
and unwanted control surface oscillations. Articles about

how to tackle fault effect in systems have been presented in
the cited literature.8–17 In these results, the upper bounds of
fault values were used, or the fault estimation modules were
regarded as a monitoring tool and were parallel-designed.

However, the estimation modules interact with reconfigurable
controllers and the fault signals should be regarded as a com-
ponent in control laws.18 The existing literature for the inte-

grated design of estimation and reconfigurable control is
limited. Most of works build a general linear or nonlinear sys-
tem model, and design estimators and controllers by analyzing

the stability of the overall system.19–26 Many methods are used
to design controllers and have a solid theoretical ground cor-
rect. However, they will fail when applied in the GRA model,

because many assumptions about the rank conditions for sys-
tem matrices are not satisfied and the number of unavailable
state variables is large.

The objective of this article is to design an integrated fault-

tolerant control scheme that control the surfaces (whether they
are healthy or not) to alleviate the effect of gust or turbulence,
and regain the flight maneuver stability for a flexible aircraft.

Compared with the existing literature, the main contributions
of the article are: (A) the fault estimation module and the
reconfigurable controller are designed based on a flexible air-

craft model coupling with the effect of wind gust. In Refs. 9–
11, only the rigid aircraft models were considered while design-
ing flight control systems so that these results cannot be

directly used in the design of the flight control system for
GRA. In Refs. 4–7, the flexible aircraft model was built to
design controllers but the detrimental influences of gust were
not considered; (B) the pairing between the estimation and

the reconfiguration is well addressed using an integrated
observer-based output feedback strategy. Comparing with
Refs. 19–22, the real-time fault signals are used to design an

integrated reconfigurable controller instead of the fault upper
bounds.

This paper is organized as follows. An overview of the flex-

ible aircraft model, which is used to design FTC, is given in
Section 2. Section 3 gives the problem formulation, classifies
actuator faults, and builds a post-fault aircraft model. The
design procedure of FTC with the post-fault aircraft model

is considered in Section 4. Section 5 provides the designed con-
troller verification results. Section 6 concludes this article.

2. System modelling

The FTC system model of GRA consists of the following
parts: a linearized aircraft model coupling the flight mechanics

model (describes rigid body motions of the aircraft) and the
aeroelastic model (describes the aircraft aeroelastic behaviour),
a non-linearized actuator model with fault generator, and a

fault-tolerant controller. The resulting model allows to study
the flight maneuver and aeroelastic behaviour of the aircraft,
when experiencing actuator faults and excited by an aerody-
namic gust, and to assess the alleviation of dynamic loads
through the FTC system.

2.1. State space formulation of GRA

The aim of this subsection is to give a detailed description

about the state-space formulation of the GRA model. Ref.
27 reports the longitudinal equations of perturbed motion with
dimensional stability derivatives, and the state vector of the

rigid model is ua; a; h½ �T. Note that, the state vector of the

GRA rigid model is xa; za; h½ �T, which can be derived from

ua; a; h½ �T, and the state vector of the elastic part is given by

the modal coefficient g. The introduction of lag terms leads
to an increment in the order of the state space equation of
motion and to a great number of states. In the GRA model,

only one lag term (the value is 8) is used for the interpolation
of unsteady aerodynamic forces.

The normal linear time-invariant GRA model (without
faults) is shown as

_x ¼ Axþ Buþ Bgwg

y ¼ CxþDgwg

�
ð1Þ

where x ¼ xa; za; h; gT; _xa; _za; _h; _g
T; €xa; €za; €h; €g

T
h iT

is the state

vector, u is the system input vector, wg is the gust, y is the out-

put vector, A is the matrix that defines the state of the model, B
and Bg are the matrices that consider the effects of the system

input and the gust input on the dynamic model, respectively, C
is the matrix that allows to obtain physical displacement,
velocities, accelerations, etc, Dg is the matrix to obtain in out-

put the incidence angle as sum of the inertial angle of attack
and the angle of attack due to the gust. The details about

the unsteady aerodynamic model can be found in Ref. 28.

2.2. Gust modelling

Atmospheric disturbance models are classified into two cate-
gories: Discrete and continuous.28 Discrete gusts are generally
considered deterministic, have simple forms, and are typically

treated in the time domain. This paper assumes a ‘1-cosine’
shape for deterministic gusts and the velocity wgðtÞ of the dis-

crete gust at time t is prescribed by airworthiness regulations as

wgðtÞ ¼ wg0

2
1� cos

2pVT

Lg

t

� �
ð2Þ

where wg0 is the value of the design gust velocity, VT is the true

airspeed, Lg is the gust wavelength. In the GRA model, the

design gust velocity and gust wavelength are calculated as rec-
ommended by EASACS25.

2.3. Actuator fault classification

Based on the previous research, traditional aircraft actuator
faults are classified into Lock-In-Place (LIP) and Loss-of-

Effectiveness (LOE). With the development of the electrical
flight control system, the Oscillatory Failure Case (OFC),
which couples with the aeroelastic behavior of the aircraft,

has become more important. In this scenario, actuator elec-
tronic components work in the fault mode and generate spuri-



Fig. 1 Block diagram of the integrated fault-tolerant system.
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ous sinusoidal signals. The detailed mathematical expressions
of these fault cases are reported in Table 1. where ui is the
ith actuator output, uc is the output vector of controllers,

L ¼ diag l1; l2; l3f g is an factors indication matrix, li 2 0; 1½ �, fl
and fs are the liquid failure and solid failure, respectively.

3. Problem formulation

In this section, the general post-fault mathematical formula-
tion of GRA, in which the system uncertainty can be summa-

rized as an additive unknown disturbance,29 is presented in the
multiple-model formulation as

_x ¼ Axþ BLuþ B f
�
a þ Bgwg þ Ed

y ¼ CxþDgwg

(
ð3Þ

where f
�
a ¼ f

�
a1; f

�
a2; f

�
a3

h iT
is an additive fault value set, f

�
ai is

the additive fault value of the Q actuator, E is a known matrix

considering the effect of external disturbances on the dynamic
model, d is the external disturbance vector.

The control objective of the investigated FTC system is to

recover the rigid flight maneuver (the pitch angle, pitch rate,
and angle of attack) and to mitigate the effect of gust loads act-
ing on the wing root, i.e., the wing Root Bending Moment

(RBM) and wing Root Torsional Moment (RTM) when
GRA experiences gust and actuator faults. Since there is an
interaction between estimation and reconfiguration, an inte-

grated strategy is necessary and is shown in Fig. 1, where
‘‘M”, ‘‘G”, ‘‘A”, ‘‘GRA”, and ‘‘E” denote the reference model,
the control gain, the actuator, the aircraft dynamics model,

and the estimation, respectively. The meaning of xm, x̂p,
^
f
�
m,

^
f
�
a, up, yp will be shown in the following section.

4. Integrated fault-tolerant control design

In this section, an integrated strategy for estimation and recon-
figuration is proposed. If GRA experiences actuator faults, the
system inputs cannot map the controller outputs exactly and

the mismatch between them decreases the control performance
of GRA or even lead to the loss of system stability. The estima-
tion module is designed using a modified adaptive unknown

input observer, which is sensitive to actuator faults and is
robust to external disturbance. It gives the exact estimates of
the system states, as well as fault signals. The reconfiguration
module is presented using a modified adaptive control

approach to recover the original system control performance
and to reduce loads. Finally, the integrated strategy is used
to adjust the designed system gain matrices to improve the per-

formance and stability of the overall system.
Table 1 Classification for actuator faults.

Fault case Mathematical expressions

Lock-in-place ui ¼ const

Loss of effectiveness u ¼ Luc
Oscillatory failure case u ¼ uc þ fl or u ¼ fs
4.1. Design procedure of fault estimation

In Fig. 1, the reference model contains the normal aircraft
model (1) and its corresponding controller xc. An augmented
system is got as

_xm ¼ Aaxm þ Bauþ Bwwg þ Brr

ym ¼ Cmxm þDgwg

�
ð4Þ

where xm ¼ x; xc½ �T is the state vector of the reference model,

ym ¼ y, r is the reference command, Aa ¼ A 0

�C 0

� �
,

Ba ¼ B
0

� �
, Bw ¼ Bg

�Dg

� �
, Br ¼ 0

I

� �
, Cm ¼ C 0½ �.

A control law u ¼ Gxxþ Gcxc is chosen to obtain xm and
the LQR technique is used to calculate the control gains

Gx;Gc½ � ¼ �R�1BT
aP where P is the solution of the Riccati

Equation PAa þ AT
aP� PBaR

�1BT
aPþQ ¼ 0, Q and R are

the designed matrices. Since the gust input wg is an excitation

for GRA, ‘‘M” is written as

_xm ¼ Amxm þ Bwwg þ Brr

ym ¼ Cmxm þDgwg

�
ð5Þ

where Am ¼ Aþ BGx BGc

�C 0

� �
.

In the GRA model, the fault-tolerant controller based on

the post-fault model (3) is designed to cover the performance
of the normal system. Since the dimension of the post-fault
model is different from the one of ‘‘M”, the plant representing

the post-fault model (3) and a control variable is described as

_xp ¼ Apxp þ BpLup þ Bp f
�
a þ Bwwg þ Epdþ Brr

yp ¼ Cpxp þDgwg

(
ð6Þ

where xp ¼ x
xc

� �
, yp ¼ y, Ap ¼ A 0

�C 0

� �
, Bp ¼ B

0

� �
,

Ep ¼ E
0

� �
, Cp ¼ C; 0½ �.

The estimation module based on an adaptive observer is

designed here to provide fault values as well as the estimates
of the system states. The structure for observer is described as

_xo ¼ Foxo þ JoBpL̂up þ JoBp

^
f
�
a þ Koyp

x̂p ¼ xo þHoyp

8<
: ð7Þ

where xo is the observer state vector, x̂p, L̂, and
^
f
�
a denote the

estimate value of xp, L, and f
�
a, respectively. Matrices Fo, Jo,

Ko, and Ho are the designed observer matrices.
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Theorem 1. There exists a stable and unbiased observer (7) for

the augmented post-fault system (6), if Fo is Hurwitz, the gain
matrices of external excitations and uncertainty are designed to
be zero, and it holds that

Ap �HoCpAp � Ko1Cp

� �� Fo ¼ 0 ð8Þ

FoHo � Ko2 ¼ 0 ð9Þ

I�HoCp ¼ Jo ð10Þ

Proof. When the observer (7) is applied to Eq. (6), the estimate
error (epo ¼ xp � x̂p) is governed by the following equation

_epo ¼ Ap �HoCpAp � Ko1Cp

� �
epo

þ Ap �HoCpAp � Ko1Cp

� �� Fo

� �
xo

þ Ap �HoCpAp � Ko1Cp

� �
Ho � Ko2

� �
yp

þ I�HoCp

� �
BpL� JoBp L

^
� �

up

þ I�HoCp

� �
Bp f

�
a � JoBp f

�^

a

 !

þ I�HoCp

� �
Bwwg �HoDg _wg þ I�HoCp

� �
Brr

þ I�HoCp

� �
Epd ð11Þ

Substituting the matching conditions in Theorem 1 into Eq.
(11) yields

_epo ¼ Foepo þ JoBp L� L
^

� �
up þ JoBp f

�
a � f

�^

a

 !
ð12Þ

There are three independent control actuators in GRA so
that Eq. (12) is rewritten as

_epo ¼ Foepo þ
X3
i¼1

JobpiDliupi þ
X3
i¼1

JobpiD�fai
ð13Þ

where Dli ¼ li � l̂i and D
f
�
ai
¼ f

�
ai � �̂fai.

It can be concluded from Eq. (13) that if the estimate faults
match to the fault descripted by the observer, i.e., _epo ¼ Foepo,

the estimate error approaches to zero asymptotically without
the effect of external disturbances. This completes the proof.

Remark 1. The designed observer provides the accurate state
estimation x̂p to design the reconfiguration. Moreover, the

adaptive technique is used to calculate the estimate values L̂ and
^
f
�
a by analyzing the stability of the overall closed-loop system.

Compared with Refs. 19–22, it removes the special assumptions

for system matrices, which is not satisfied in GRA. The detailed
expressions of the fault values are shown in the following
integrated scheme.
4.2. Design procedure of reconfigurable control

To control the responses of GRA tracking the states of ‘‘M”,
Eq. (6) is rewritten using the fictitious multiplicative fault for-
mulation as
_xp ¼ Apxp þ Bpup þ Bp f
�
m þ Bp f

�
a þ Bwwg þ Epdþ Brr

yp ¼ Cpxp þDgwg

(

ð14Þ

where f
�
m ¼ L

�
u is the fictitious multiplicative fault value set,

L
�
¼ L� I ¼ diag l

�
1; l

�
2; l

�
3

n o
, l
�
i 2 �1; 0½ �.

Design a fault-tolerant state feedback control law as

up ¼ Geemp þ Gmxm þ Gf f
�
m þ Gd ð15Þ

Substituting the state equations of. Eqs. (5) and (6) into the
error between ‘‘M” and ‘‘GRA” yields

_emp ¼ Ap � BpGe

� �
emp þ Am � Ap � BpGm

� �
xm

� BpGf þ Bp

� �
f
�
m � BpGd þ Bp f

�
a þ Epd

	 

ð16Þ

Design the gains to confirm that Ap � BpGe is a Hurwitz

matrix, Am � Ap � BpGm ¼ 0, BpGf þ Bp ¼ 0, and

BpGd þ Bp f
�
a þ Epd ¼ 0, so that the error tends to zero and

the modeled faulty GRA follows the response of the reference
model stably. However, the control gains cannot be obtained
exactly because the term Epd is used to describe additive distur-

bances and different kinds of modeling uncertainties. A possi-
ble solution is to use the adaptive technique to adjust these

gains.
Moreover, since the states of aeroelastic mode cannot be

measured in GRA, an output feedback based fault-tolerant

control law is designed as

up ¼ Gyxm � Gex
^
p þ Gf f

�^

m þ Gd ð17Þ
where Gy ¼ Ge þ Gm. The first derivative of the error between

the plant and reference model is given as

_emp ¼ Ap � BpGe

� �
emp þ Am � Ap � BpGm

� �
xm � BpGf þ Bp

� �^
f
�
m � BpGd þ Bp f

�
a þ Epd

	 

�BpGe xp � x̂p

� �� Bp f
�
m � ^

f
�
m

� � ð18Þ

If x̂p and
^
f
�
m approach to xp and f

�
m asymptotically, and

Am � Ap � BpGm, BpGf þ Bp, and BpGd þ Bp f
�
a þ Epd tend to

zero with the designed control gains, Eq. (18) can be rewritten

as _emp ¼ Ap � BpGe

� �
emp. Since Ap � BpGe is Hurwitz, Eq. (18)

will approach to zero asymptotically.

Remark 2. The inaccuracy in the estimation affects the perfor-

mance of the reconfiguration because the estimate state and fault
values are considered in the control law (17). On the other hand,
considering the error expression (11), wg and d affect the

accuracy of the estimation module. There is a bidirectional
relation between the estimation and the reconfiguration, so that
the separated design of them may no longer be valid.
4.3. Integrated synthesis

To investigate the integration, the augmented closed-loop sys-
tem consisting of system, controller, and observer is shown as
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_xp ¼ Apxp þ Bpup þ Bp f
�
m þ Bp f

�
a þ Bwwg þ Epdþ Brr ð19aÞ

_emp ¼ Ap � BpGe

� �
emp þ Am � Ap � BpGm

� �
xm � BpGf þ Bp

� �^
f
�
m

� BpGd þ Bp f
�
a þ Epd

	 

� BpGe xp � x̂p

� �� Bp f
�
m � ^

f
�
m

� �
ð19bÞ

_epo ¼ Foepo þ JoBp L� L
^

� �
up þ JoBp f

�
a � f

�^

a

 !
ð19cÞ

yp ¼ Cpxp þDgwg ð19dÞ

Theorem 2. The asymptotic stability of the augmented closed-

loop system (19) is guaranteed, if the estimate faults and control
gains satisfied the following conditions

l̂iðtÞ ¼
Z t

0

aie
T
poPpoJbpiupidsþ l̂ið0Þ ð20Þ

^
f
�
aiðtÞ ¼

Z t

0

bie
T
poPpoJbpidsþ

^
f
�
aið0Þ ð21Þ

where l̂ið0Þ ¼ 0 and �̂faið0Þ ¼ 0 are the initial values and

GeðtÞ ¼
Z t

o

empe
T
mpPmpBpU

- 1
1

	 
T
dsþ Geð0Þ ð22Þ

GmðtÞ ¼
Z t

o

xme
T
mpPmpBpU

- 1
2

	 
T
dsþ Gmð0Þ ð23Þ

GfðtÞ ¼
Z t

o

f
�
me

T
mpPmpBpU

- 1
3

	 
T
dsþ Gfð0Þ ð24Þ

GdðtÞ ¼
Z t

o

eTmpPmpBpU
- 1

4

	 
T
dsþ Gdð0Þ ð25Þ

where Geð0Þ ¼ By
p Ap � ApH

� �
, Gmð0Þ ¼ By

p Am � Ap

� �
,

Gfð0Þ ¼ �By
pBp, and Gdð0Þ ¼ 0 are initial values. ApH is a

designed Hurwitz matrix and By
p is the pseudo-inverse of Bp.

Proof. Because of the pairing between the estimation and
reconfiguration, the observer and controller are integrated

design by analyzing the stability of the overall system (19). Ge,
Gm, Gf, and Gd are classical state feedback gain matrices and
from such viewpoint, Eq. (16) is rewritten as

_emp ¼ ApH þ BpGeð0Þ � BpGeðtÞ
� �

emp

þ BpGmð0Þ � BpGmðtÞ
� �

xm � BpGfðtÞ � BpGfð0Þ
� �

f
�
m

� BpGdðtÞ � BpGdð0Þ
� � ¼ ApHemp � BpC1emp

� BpC2xm � BpC3 f
�
m � BpC4

ð26Þ

where C1 ¼ GeðtÞ � Geð0Þ, C2 ¼ GmðtÞ � Gmð0Þ, C3 ¼ GfðtÞ
�Gfð0Þ, C4 ¼ GdðtÞ � Gdð0Þ.

Define a Lyapunov function VI as

VI ¼ 1

2
eTI PIeI þ

X3
i¼1

D2
li

ai
þ
X3
i¼1

D2

f
�
ai

bi

þ tr CT
1U1C1 þ CT

2U2C2 þ CT
3U3C3 þ CT

4U4C4

� �0
@

1
A

ð27Þ
where eI ¼ eTpo; e
T
mp

h iT
, PI ¼ diag Ppo;Pmp

� �
, U1, U2, U3, and

U4 are positive definite symmetric matrices. ai > 0 and bi > 0
are adaptation rates. The first derivative of VI can be written as

_VI ¼ 1

2
eTpo FT

oPpo þ PpoFo

� �
epo

þ 1

2
eTmp AT

pHPmp þ PmpApH

	 

emp

þ eTpoPpo

X3
i¼1

JobpiDliupi þ eTpoPpo

X3
i¼1

JobpiDf�ai

� eTmpPmpBpC1emp � eTmpPmpBpC2xm � eTmpPmpBpC3 f
�
m

� eTmpPmpBpC4 �
X3
i¼1

Dli

ai
_̂
li �

X3
i¼1

D
f
�
ai

bi

_̂
f
�
ai

þ tr _GT
e ðtÞU1C1 þ _GT

mðtÞU2C2 þ _GT
f ðtÞU3C3 þ _GT

d ðtÞU4C4

� �
ð28Þ

Choose appropriate matrices so that

eTpoPpo

X3
i¼1

JobpiDliupi ¼
X3
i¼1

Dli

ai
_̂
li ð29Þ

eTpoPpo

X3
i¼1

JobpiDf�ai
¼
X3
i¼1

D
f
�
ai

bi

_̂
f
�
ai ð30Þ

eTmpPmpBpC1emp ¼ tr _GT
e ðtÞU1C1

� � ð31Þ

eTmpPmpBpC2xm ¼ tr _GT
mðtÞU2C2

� � ð32Þ

eTmpPmpBpC3 f
�
m ¼ tr _GT

f ðtÞU3C3

� � ð33Þ

eTmpPmpBpC4 ¼ tr _GT
d ðtÞU4C4

� � ð34Þ
Then, the adaptive laws in Theorem 2 are got and Eq. (28)

is rewritten as

_VI ¼ 1

2
eTpo FT

oPpo þ PpoFo

� �
epo þ eTmp AT

pHPmp þ PmpApH

	 

emp

	 

ð35Þ

The designed Fo and ApH are Hurwitz matrices, so that a

positive definite symmetric matrix QI ¼ diag Qpo;Qmp

� �
satis-

fies the Lyapunov equation FT
oPpo þ AT

pHPmp þ PpoFoþ
PmpApH ¼ �QI, i.e., _VI < 0. Moreover, VIðtÞ > 0 holds based

on Eq. (27). This completes the proof.

Remark 3. The key for achieving stable fault-tolerant control
design is to run the system with the fault estimation in the loop,

use these estimate values in the control law, and adjust them in a
way which assures the overall closed-loop system stability. It is
the motivation for the proposed integration scheme. Moreover,
there are many aeroelastic mode states in the GRA model and

they cannot be measured by sensors directly, so that an output
feedback control method based on the observer is utilized here.
5. Simulation results

In this section, the integrated method (FTC) is compared with
a Static Output Feedback (SOF) proposed in Ref. 2 and the
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Open-Loop (OL). Four scenarios are used to compare the per-
formance of FTC. This simulation analysis concentrates on the
flight maneuvering stability and mitigation of gust loading of

the GRA model. The flight condition is shown in Table. 2.
In the GRA model, the number of rigid variables for the

longitudinal plane is 3 and the number of modes g is 22 for

zero-fuel weight. Bgwg and Dgwg (in which the sensor noises

are considered) are calculated and provided by the Alenia Aer-

macchi. The surfaces for control contain right-hand outboard
aileron droa, left-hand outboard aileron dloa, right-hand
Table 2 Flight condition.

Property Value

Aircraft velocity Va ¼ 241:4 (m/s)

Flight height h ¼ 8000 m

Dynamic pressure pa ¼ 12826 Pa

Gust frequency fg ¼ 3:41 Hz

Gust wavelength Lg ¼ 47:9 m

Gust velocity wg0 ¼ 12:845 (m/s)

Table 3 Description for system outputs.

No. Position Property Symbol

1 IMU Displacement in z

direction

z (m)

2 IMU Pitch angle h (�)
3 IMU Pitch rate q ((�)/s)
4 IMU Angle of attack a (�)
5 IMU Acceleration in z

direction

az (m/s2)

6 IMU Load factor nz (g)

7 Right wing-tip Displacement in z

direction

zwing (m)

8 Right wing-tip Pitch angle hwing (deg)

9 Right wing-tip Acceleration in z

direction

az;wing (m/s2)

10 Feed-forward

sensor

Angle of attack anose (�)

Fig. 3 Flight maneuver for GRA in normal case.
Fig. 2 Wing loads for GRA in normal case.
inboard aileron dria, left-hand inboard aileron dlia, right-hand
elevator dre, and left-hand elevator dle. Since GRA is a sym-
metric model, only droa, dria, and dre are considered to design

the controller. It is important to underline that, to obtain a
symmetric rotation of aileron control surfaces, a positive rota-
tion must be assigned to the right aileron and a negative one to

the left one, and vice versa. The control surface amplitude sat-
uration is �30(�) and the surface rate limiting is �80(�). The
detailed system outputs are reported in Table. 3, where IMU

signals are taken near to the center of gravity of the aircraft,
the feed-forward sensor is positioned on the nose of the air-
craft, and the right wing is the wing tip grid on the front spar.

5.1. Simulation of normal case

In this case, the control surfaces droa, dria, and dre are consid-
ered without actuator faults. The reference signal is given as
Fig. 4 Amplitude and rate of surfaces in normal case.
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r ¼ ½hr; ar�T, where hr ¼ 0
�
denotes the reference pitch angle

and ar ¼ 0
�
is the reference attack angle.

Wing loads obtained in the normal case are displayed in

Fig. 2, showing that both FTC and SOF reduce the bending
moment and torsional moment effectively than the open-
loop. The peak values of the moments between FTC and
SOF are nearly the same. Fig. 3 compares the longitudinal

closed-loop responses (pitch angle, pitch angle rate, and attack
angle) obtained by FTC with these obtained by SOF. As it can
be seen, both FTC and SOF can effectively control the attitude

of the aircraft. From Fig. 4, it confirms that the deflections of
these surfaces always work below their allowed actuator satu-
rations with FTC. However, the deflection rates of these three

surfaces reach their rate limit with SOF. It can be concluded
Fig. 5 Wing loads for GRA in LOE case.

Fig. 6 Flight maneuver for GRA in LOE case.
from Figs. 2 and 3 that the SOF controller works well by its
robustness even if the actuators meet saturations.

5.2. Simulation of LOE fault

In this case, droa, dria, and dre are again modeled, this time with

a 50% loss of the droa effectiveness, i.e., l1 = 0.5, l
�
1 = �0.5. As

before r ¼ ½hr; ar�T, where hr ¼ 0
�
and ar ¼ 0

�
.

Moments on the wing root obtained in the LOE case are

displayed in Fig. 5. The peak values of them show that FTC
is capable of a slightly better moment reduction than the
SOF controller. Fig. 6 compares the longitudinal closed-loop

responses obtained by FTC with those obtained by SOF. Both
FTC and SOF control the attitude of aircraft, effectively.
Fig. 7 Amplitude and rate of surfaces in LOE case.

Fig. 8 Wing loads for GRA in LIP case.
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Fig. 7 shows the comparison of the surface deflection ampli-
tudes and rates between FTC and SOF. In the LOE case,
the fault actuator moves slowly when a control command is

injected into it. This reduces the control performance (the
moment peak value in Fig. 2 is less than the one in Fig. 5)
but does not generate additional structural loads.

5.3. Simulation of LIP fault

In this case, the actuator droa is locking at a 5
�
deflection during

the whole simulation. r ¼ ½hr; ar�T, hr ¼ 0
�
, ar ¼ 0

�
.

Fig. 8 shows wing loads obtained in the LIP case. The load
alleviation is achieved using FTC and the fault actuator just
slightly affects the structural load when injecting the LIP fault
Fig. 9 Flight maneuver for GRA in LIP case.

Fig. 10 Amplitude and rate of surfaces in LIP case.
into the actuator. However, SOF cannot reduce moments
effectively and the oscillations caused by fault have a signifi-
cant influence on structural loads. Fig. 9 compares the longitu-

dinal closed-loop responses obtained by FTC with those
obtained by SOF. FTC can control the attitude of aircraft
effectively but the pitch angle cannot be re-stabilized to zero

by using SOF. Comparisons of surface deflection amplitudes
and rates of the closed-loop system using FTC and SOF con-

troller are shown in Fig. 10. When droa locks in 5
�
, dria (calcu-

lated by FTC) compensates the additional moment caused by
droa, whereas dria (calculated by SOF) cannot. droa and dria (cal-
culated by SOF) are both positive, which explains why the
pitch angle does not equal to zero after the system re-
stabilize by using SOF.

5.4. Simulation of OFC

In this final simulation case, a ‘solid’ OFC signal with ampli-

tude of 2
�
and frequency of 7 Hz is employed to compare the

performances of FTC and SOF. r ¼ ½hr; ar�T, hr ¼ 0
�
, ar ¼ 0

�
.

Fig. 11 Bending moment for GRA in OFC.

Fig. 12 Torsional moment for GRA in OFC.
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Figs. 11 and 12 show structure loads obtained in OFC.
Compared with the SOF controller, FTC provides a higher
bending moment reduction (see the peak values). Although

the oscillation cannot be fully eliminated, FTC reduces their
bending moment amplitude once the closed-loop system has
re-stabilized. We can get the same result from the simulation

of the torsional moment. Fig. 13 shows that both FTC and
SOF regulate the attitude of aircraft effectively. The ampli-
tudes and rates of the actuators for the post-fault system are

shown in Fig. 14.
Fig. 13 Flight maneuver for GRA in OFC.

Fig. 14 Amplitude and rate of surfaces in OFC.
6. Conclusions

(1) The proposed novel integration strategy cannot only
overcome the pairing between the rigid body and the
elastic mode, but also deal with the interaction between

the fault estimation and the reconfigurable control.
(2) Simulation results are presented for a variety of actuator

fault cases and their performances are assessed by the

reduction of generated gust loads. It can be concluded
that the designed integrated controller mitigates the effect
of gust loading and has better fault-tolerant performance

than the reference static output feedback controller.
(3) It can also be concluded that the lock-in-place and oscil-

latory failure case, which generate external moment on

wings and cause undesired oscillation, are more serious
than the loss-of-effectiveness. These unexpected loads
may cause the actuator saturation which will be investi-
gated in our future work.
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