Journal of Southeast University (English Edition)

Vol. 36, No. 2, pp. 152 - 162

June 2020 ISSN 1003—7985

Equivalent sliding mode fault tolerant control
based on hyperbolic tangent function for vertical tail damage

Zhuang Huixuan

Sun Qinglin

Chen Zengqgiang

(College of Artificial Intelligence, Nankai University, Tianjin 300350, China)
(Key Laboratory of Intelligent Robots, Nankai University, Tianjin 300350, China)

Abstract: An equivalent sliding mode fault-tolerant control
method with continuous switching is proposed for vertical tail
damage. First, the nonlinear damage model of aircraft and the
estimation of stability and control derivatives are introduced.
Secondly, the linear sliding surface and the equivalent sliding
mode controller are constructed, and the sufficient conditions
for the stability of the damaged aircraft motion model are
given by using the Lyapunov technique. The damage-tolerant
controller is designed based on an adaptive sliding mode
control for analyzing damaged aircraft systems. Furthermore,
the hyperbolic tangent function is utilized to replace the
symbolic function in the controller. The feasibility of the
hyperbolic tangent function as the switching function is
analyzed theoretically. Finally, the Boeing-747 100/200
model is taken as an example to demonstrate the efficiency of
theoretical results by recognizing the structural fault of
aircraft. Numerical results show that the control law has a
positive impact on the performance of the closed-loop system,
and it also has a better fault tolerance and robustness towards
external disturbance compared with traditional methods of
damaged aircraft stabilization control.
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n recent years, airplane crash cases all over the world

have surged, one after another. Aspects on safety and
reliability of aircraft systems have been investigated ex-
tensively. In particular, the importance of safety and reli-
ability has always been a complex issue in aircraft sci-
ence. The safety and reliability of aircraft have been the
main focus of life cycle services, ranging from design and
development to maintenance and operation. Due to the
progress of technology development, civil aviation did
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profit from safe systems over the past years. Neverthe-
less, aircraft accidents and severe incidents did still oc-
cur. For example, at 08:44 on March 10, 2019, a Boeing
737MAX belonging to Ethiopian airlines crashed, killing
all 157 people, including eight crew members. It was the
second Boeing 737MAX crash since October 2018. In the
flight control field, the focus of the study is to develop
more advanced control techniques that can prevent acci-
dents in the future. The concept of aircraft fault tolerant
control (FTC) "™ has been a frequently-used method in
the field of aircraft research.

In this paper, we will not study the FTC of the vertical
damaged aircraft. However, extensive research on FTC
has been performed in both control oriented investigation
and kinematics. In particular, a number of FTC-based
methods have been applied in aerospace applications™ ™.
For example, Crider'” investigated the aerodynamics of
the aircraft controller design to accommodate the possible
complete loss of the vertical tail. Bramesfeld et al. ' dis-
cussed the piloting strategies for controlling a transport
aircraft after loss of the vertical tail. Hitachi'™' investiga-
ted a damage-tolerant flight control system designed for
propulsion-controlled aircraft (PCA). Hitachi et al. "' de-
veloped a design of the robust PCA control system for
vertical-tail-damaged aircraft by using the H_ -loop trans-
fer recovery ( H_ -LTR) technique and applied it to the
Boeing-747 100/200 linearized model and nonlinear mod-
el. Li et al.""” employed quadratic stabilization and guar-
anteed cost control to mitigate the damage.

In general cases, there are three primary types of faults:
structural damage, actuator faults and sensor faults. How-
ever, compared with the analysis of actuator and sensor
faults, there is little research on structural damage in the

. 8,10-12
aerospace field™ """

. The tolerant control for analyzing
structural damage involves studying the engine loss, hori-
zontal tail loss, vertical tail loss, the partial loss of wing,
and so forth!"™ . Various studies”™ were carried out
tackling FTC methods for aircraft faults, where many
FTCs for actuators or sensors were constructed. FTC ad-
dressed actuator faults and sensor faults'™'”.

Next, three examples are given to further understand
the facts which were outlined above. The first example is
the airbus A300 cargo plane, which had just taken off

when Iraqi militiamen on the ground attacked it with
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shoulder-fired Russian SA-14 surface-to-air missiles; in-
stantly, it lost all its hydraulics systems. The pilots man-
aged to return to the airport, operating only with the en-
gines'™ . The second example relates to American Airlines
Flight AA191, where a McDonnell Douglas DCI10 lost its
left engine due to a partial loss of hydraulic system and
subsequently crashed. The last incidence is the Japan Air-
lines Flight 123, which took off from Haneda airport in
Tokyo to Itami airport in Osaka, due to the loss of its
vertical tail and its hydraulics control. It crashed into the
Mount Takamagahara on August 12, 1985"".

Motivated by the above discussion, it is useful to inves-
tigate the fault-tolerant control capability related to such
structural damage on control surfaces, lifting or air-
frame. Sliding mode control (SMC) is a robust control
method for nonlinear uncertain systems, which has attrac-
tive features to keep the systems insensitive to the uncer-
tainties on the sliding surface. Furthermore, both the dis-
turbances and the information of faults have been studied
by using adaptive control strategies'™'**"'. To make good
use of the advantages of sliding mode control and fault
tolerant control, a sliding mode fault-tolerant control
method is designed for aircraft under model uncertain-

18 external disturbances and actuator faults. In finite

ties
time, they can accurately and rapidly track desired signals
and stay there for all subsequent times.

Among different controller design methods, SMC is an
efficient method, which is suitable for dealing with prob-
lems of incompletely modeled or uncertain systems. Nu-
merous advantages on the basis of SMC are available for
analyzing a damaged aircraft control system. Neverthe-
less, most of the techniques can only deal with the prob-
lems of uncertain moment inertia and external disturb-
ances of aircraft, and few of them have explicitly ad-
dressed the damaged vertical tail faults. Therefore, it is
important and necessary to develop a novel control meth-
od to handle damaged vertical tail faults during attitude
maneuvers.

This paper will propose a fault-tolerant SMC strate-
gy'™!! for aircraft attitude stabilization under damaged ver-
tical tail faults. For the first time, the novel sliding sur-
face function is incorporated, in terms of both system
states and inputs. Then,
which such type damaged aircraft system is stable, is pro-
posed by means of the stringent linear matrix inequality
(LMI) technique. By doing so, an adaptive kinematic
sliding mode controller is designed for the aircraft with a
damaged vertical tail, which can maintain the stability
and reliability of the flight control system under different
damage degrees. In order to demonstrate that the pro-
posed schemes can guarantee the convergence of the

a sufficient condition, under

closed-loop system’s state trajectories to the desired slid-
ing switching in finite time and effectively weaken the
chattering phenomenon for all subsequent time, the pro-

posed control methods are applied to a conventional Boe-
ing-747 100/200 model. Simulation results show the va-
lidity and efficiency of our proposed control methods. In
other words, within the critical damage degree of the ver-
tical tail, the aircraft still maintains stability.

1 Problem Formulation and Preliminaries

To simplify the vertical tail damage model, we need to
provide the following assumption.

Hypothesis 1 In the X-Z plane as shown in Fig. 1,
the vertical tail damage is deemed to be symmetric. For
this reason, it is hypothesized that it is negligible for the
lateral center of gravity deviation caused by the damage.
Simultaneously, compared with the total mass of the air-
craft, we hypothesize that the mass loss caused by the
vertical tail damage is ignored''"'.

Vertical tail
damaged area

New aerodynami
center of vertical tail
after failure

Remaining vertical

aerodynamic tail area

center of vertial tail

Fig.1 An aircraft with partial vertical tail loss, resulting in the
aerodynamic center shift of vertical tail

1.1 Model of aircraft

In recent years, there has been excellent progress in the
aircraft kinematics model. A standard method is considered
a linearized model around a certain stable flight operation
point. According to Ref. [22], the linearized state-space
aircraft kinematics equation can be obtained:
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u, v, w represent the longitudinal, lateral and vertical
linear velocities along the axis of stability; 6, ¢ represent
the pitch angle of aircraft and the bank angle of aircraft,
respectively, and p, ¢, r are the body axis roll rate,
pitch rate, and yaw rate, respectively. Let u (1) =
(6. &, &, 8,)7, andé,, &, 8, &,denote the eleva-
tor, aileron, flap and rudder of the control surface deflec-
tions, respectively. Hence, the simplified form can be
obtained as

. Define x(1) ={u, w, q, 6, v, p, r, ¢} and

x(1) =Ax(1) +Bu(1) (2)

where A and B are the homologous coefficient matrices
given above.

1.2 Stability and control derivative estimation

Since aircraft is inevitably subjected to vertical tail
damage, the stability and control derivatives ( SACD)
caused by the damage have to be studied. In the follow-
C)_N, Cnﬂ, C’,,’ C_V’, Cn’, C,{, the vertical tail damage trig-
gers crucial parameter variations.

ing lateral directional stability derivatives C,, €

Let A express the damage-induced variation of deriva-
tives. Consequently, a set of unknown derivative devia-
tions can be described as AC,, AC,, AC,, AC,, AC,,
AC,, AC,, AC,, AC,.

The estimation of the considered SACD is rooted in an
approach similar to Hitachi et al.’s work'™'”", where the
deviation of the derivative value caused by the vertical tail
loss, such as Cyﬁ, is represented as ACM. Moreover, pa-

n’

rameter y is introduced, which is the damage degree and
it takes a value between 0 and 1. Deviation AC, is deter-
mined by vertical tail loss and it can be approximated as
AC, =uAC]™ using the damage degree u, where ACT™
represents the maximum damage case.

An estimated representation of the derivative deviations
with several hypotheses will be given based on Refs. [9,
23]. Above all, we hypothesize no shift in the center of
gravity since the vertical tail damage/loss is deemed to be
symmetric in the X-Z plane. Next, we assume that the
mass loss caused by the vertical tail damage is negligible
in comparison with the stability derivative deviations. The
main conclusions of the estimated derivative deviation are

as follows:
AC . AC " AC ) AC;‘;“ ACZ‘X ACZ‘"‘X
AC},, ACH,, Acll, AC‘:‘“ AC:?:“ AC;MX 3
AC‘,’ AC,” ACI, =M AC:\aX AClr:ax AC:mx ( )
AC)’M ACHM ACIM ACTJX AC™ ACZHX

Yar 2

where y is the parameter and it denotes the so-called de-
gree of damage. Concretely speaking, w =0 denotes the
conventional case. 0 <u <1 represents partial vertical tail
loss. u =1 denotes the most serious damage on the tail
loss, which means complete loss. We do not know if it is
worth mentioning that the corresponding element marked
with max superscript on the right side of the equation ex-
presses the maximum derivative deviation in the case of
the most severe vertical tail loss.

For illustration purposes, through the following exam-
ple of the derivative deviation estimation on C, and C,,
we learn that each derivative deviation can be indicated as
the maximum derivative deviation, which is factored by
the percentage of vertical tail damage or the damage de-
gree w. In the same way, the detailed information of oth-
er stability derivatives can be obtained"™'"'.

The parameter y is introduced to denote the degree of
damage: u = AC,/ACT™, where AC, is the damage

max

effect caused by the vertical tail loss and AC)" is the

maximum possible damage effect. Let b be the v;ing span
and / and z are the horizontal and vertical positions of the
aerodynamic center of the vertical tail, whose variations
are denoted by Al and Az. Moreover, the changes of €,
and C, are accompanied by the changes of the homolo-
gous at the rolling and yawing moment, which can be de-
scribed by the following equation:

AC@ _ AC}.H( (z+Az2) cosab— (I+AD) sma)
ACW _ ACM( (I + Al) cosa -lb— (z+A2) sma)

The maximum variations ACZ"“ and AC‘::‘ can be de-
fined as follows:
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muxﬁ max i _ L 1
AC"=AC} ( p oS~ sma)

A
ACmax=

g Vs

- AC™ ( %cosa + %sina)

As we focus on small damage on the vertical tail in this
paper, Al and Az are ignored in comparison with / and z,
respectively. The approximations of changes of sideslip
derivatives AC, ~uAC;™ and AC, ~uAC;™ can be ac-
quired. For the control derivatives, we assume that the
rudder control actuator subsystem works normally under
damage because we are concerned with the small damage
to the vertical tail.

For a positive scalar p, AC, ~pAC, is hypothesized.
Furthermore, when the vertical tail is completely dam-

aged, i.e., C),& \ el =0, the effect of the rudder is com-
pletely lost. Hence, the following equation can be ob-
tained:
AC, =pACI™
We define
WA Gl -G
AC}:JX_ ACT‘IX — Yo ' p Yo | M ACITMX — C‘ ‘ ]
» P v Cyﬁ p=1 _C.Vﬁ n=l " !
In addition,
AC, =AC, ((z+Az)COSa _(l+Al)s1na)
Vs b b
ACW _ ACM( (l+ Aé) cosa N (z+ Abz) sma)

Again, we define

ax A . .
ACT"=AC™ ( ~cosa - isma)

b b
maxA max L i .
AC"=-ACT ( b cosa + b sma)
and we can obtain
AC}.N z/,,l,A(:;I:]X’ ACIM zMACZﬂX’ AC”m z,lLAC:TX

Through the depiction of a lateral stability derivative
deviation matrix in Eq. (3), a parameterized model repre-
sentation is acquired to treat the damaged aircraft kine-
matics. The creativity of the concept of damage degree u
allows for sliding mode FTC applications. By optimizing
the damage degree value, it is possible to find the maxi-
mum allowable damage under the sliding mode FTC.

1.3 Damaged aircraft modeling

A parameterized damaged aircraft model is introduced
as follows. The system (2) suffered from vertical tail
damage. Simultaneously, considering disturbances and
uncertainties, system (2) can be rewritten as

x(1) = (A -pA)x(1) + (B -uB)u(r) +Dd(t)
nel0,1] (4)

where d(t) e R*' expresses the disturbance vector; A,
B, A, B, D are the appropriate dimension matrices. A,
B are as follows:

K— Al] 0 E— Bll
- 0 A22 ' - B22
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0 0 O — +1' AN,
Bll = [O]4><4’ Bzz = 1 x

ANﬁr
0 0 0 T-I—I/UAL&

0 0 O 0

The following three equations list the maximum varia-

. . . . . . 10
tions of dimensional aerodynamic derivatives'" .
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System (4) can be rewritten as the following form so
as to handle the information of uncertainties and damage.

x(1) =Ax(t) —pAx(t) +Bu(t) —uBu(t) +Dd(t) =
f(x, t) + Bu(t) +Dd(1) (5)

where f(x, 1) =Ax(1) —uAx(1); B=B —uB. Here, one
hypothesis needs to be provided for f(x, 7).

Hypothesis 2 It is hypothesized that || f(x, 1) | <F,
where F is a constant which represents the boundlessness
of disturbances and uncertainties.

Remark 1 As is known to all, lateral states are easily
affected by vertical tail damage. For example, the roll
rate p, pitch rate ¢, and yaw rate r change rapidly;
hence, we choose y(7) = {p, ¢, r}" as the tracking objec-
tive in this paper, that is

x(0) =f(x, t) + Bu(t) +Dd(1)
y(t) =Cx(1) }

where C € R** denotes the control output distribution
matrix.

(6)

2 Main Results

The purpose of FTC design is to ensure the stability of
the system and maintain certain performance requirements
when damage occurs. In addition, another method is to
design an FTC for the flight system with structural dam-
age under the condition of given initial attitude angular
velocity, so that the attitude angular velocity can track the
desired signal accurately and quickly.

2.1 Equivalent control

Regardless of disturbance and uncertainty, the con-
trolled object is described as
x(1) =f(x, 1) +Bu(t)} 7
y(1) =Cx(1)

The desired tracked objective is defined as y, = {q,, p.
T, 1T, Lete(?) = Yy, —y(1) be the tracking error vector and
its derivative e( 1) =_);( 1) —_);d =Cx(t), and then we de-
sign a sliding surface function as

s(1) =Ke (8)

where s(t) = {s,(1), s,(1), s;(t), s,(t)}"; KeR"™.
Based on the sliding mode control theory*” with respect
to the sliding surface, the derivative of s(¢) can be ob-
tained. Letting s(7) =0, we obtain

s(1) = Ke = KCx(t) = KC( -f(x,t) — Bu(t)) =0(9)
The equivalent controller is designed as
Bu(1) = —f(x, 1)

2.2 Sliding mode control

(10)

In order to ensure that the sliding mode arrival condi-
tion is established, that is to say, s(7) s(H) < - n s |, (n
>(0), the switching control is designed,

(1)
| Dd(1) || <

Bu,, =75 + osign(s)
where 7 =diag(7,, 7,, 7;), o =diag(o,, 0, 03),
ol
The sliding mode control law consists of the equivalent
control term and switching control term,

Bu(1) =Bu(t),, +Bu(1)

s(t) =KC( -f(x,t) —Bu(t) -Dd(1)) =
KC( —f(x, t) —s —osign(s) +f(x, 1) —Dd(1)) =

(12)

KC( —7s —osign(s) —Dd(t)) (13)
Taking
1 s.(Dk.c.Au <0
then, we obtain
s(t)s'(t) =s[KC( -7 +o-Dd(1))] <
-7l KC|ls]F <0 (15)

The Lyapunov function is chosen as V = %s( Nns’ (1),

then V<0. When V=0, s=0. According to the LaSalle
invariance principle, the closed-loop system is asymptoti-
cally stable. When t—ow, s—0.

Remark 2 The parameters K, 7, o are introduced to
improve the flexibility of the sliding surface.

Remark 3 In this paper, one novel function, name-
ly, the hyperbolic tangent function, will take the place of
the signum function in the controller, which can weaken
chattering generated by sliding mode switching. Addition-
ally, parameter ¢ can adjust the speed of convergence of
sliding surface, its value determines the change speed of
inflexion point of hyperbolic tangent smooth function,
that is, the convergence speed of the sliding surface is ac-
celerated with the increase of £. Better yet, no one in the
field has done that.

-s(n/¢

s(1) e e
ann(12) -5

It is easy to prove that the state switching is faster when
& becomes larger.

Remark 4 From Fig. 2, it is easy to see that the hy-
perbolic tangent function curve is smooth. The nature of
the hyperbolic tangent function is better than that of the
signum function and saturation function. This is a simple

s(0/¢

(16)

-s(n/¢

1.0 —————

/ ---- sat(x/k)
| 7 - sanh(x)
0.51 l —- sign(x)
~  of '
-0.5F
TS5 o 5 10

X

Fig.2 Comparison of three curves
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way to weaken the chattering generated by the switch
function.

Lemma 1" For any given s(1),
there is inequality.

(g))

there is £ >0, and

() |-
&
tanh( (f) ) ‘ =0

s(1t) tanh(

[s(2) | (17)

Lemma 2"  The following inequality holds for any
£>0 and any given s(f) e R:

0<|s(0) | -s() tanh( ; )<g§ (18)
where / is a constant satisfying / =e """ =0.278 5.
Lemma 3™  For V: [0, ») R, the solution of ine-

quality equation V< —aV +f, Vt=1,=0 is

V(1) < e ™ ™V(t,) +f e " f(r)ydr  (19)

where « is an arbitrary constant.

2.3 Sliding mode control based on hyperbolic tangent

function
Bu(1) = —f(x, 1) +715 +o-tanh(%) (20)
According to Lemma 2, it can be obtained that
s | —stanh(%)$n§ (21)
Then, o /s | —a'stanh( ¢ ) oné, thatis
—0stanh(§ S—o-\s\+o-n§ (22)

It is further known that
s(H)s(f) =sKC( -f(x, t) — Bu(t) -Dd(t)) =

sKC( 1) —s -m(?) +f(x, 1) —Dd(t)) -

KC( e —a-stanh(?) —Dsd(t)) (23)
Designing
1 k /&€<0
tanh(i) _ { S (t) HCUAI'L 5 < (24)
-1 s,(0 k“cUApL/fzo

we can obtain that
V< —-7||KC|s* + |KC|[o]|s| -
-7|KClls* - [|[KCllon¢ = -2V +y
y=- | KC | oné.

Based on Lemma 3,
V< -2yV+yis

oné - Dsd(1) ] <
(25)

where y =7 || KC || ;

the solution of inequality equation

'
V(1) < e V(1) +ye ™ j e dy
f

2yt

—2x(1-ty) Y i a0 2y
e V(t,)) ++—-(e e™) =
e TIV(1) + (1 - M) =
%
o 2 V(t,) - Mgﬂ(l _ er(z—r‘,)) (26)
X

Hence limV(7) < - I KCZ L omé <0, the sliding mode
X

surface function and the controller are uniformly asymp-
totically stable.

Remark 5 For the system (6) with the structural
damage, the designed adaptive kinematic sliding mode
fault-tolerant controller (12), (20) and (24) can not on-
ly compensate for the disturbances or uncertainties fault-
lessly but also have the tolerance capacity with the flight
control system under a damage case.

3 Simulation
3.1 Flight conditions and data

To demonstrate the validity and effectiveness of the
proposed method, we applied it on the Boeing-747 100/
200 model™"”", the kinematic model of which is described
in Eq. (26). The data is listed as follows: The altitude is
6 096 m; air density is 0. 653 5 kg/m’; speed is 204. 59
m/s; wing area is 510. 95 m’; wing span is 59. 74 m;
wing mean chord is 8. 32 m; mass is 288 969 kg; air ve-
locity is 204.59 m/'s; thrust is 44 770 N; pressure ratio is
0.469 5; I, =2.859 x 10’ kg/m’; I, =5.199 7 x 10” kg/
m’; I =7.807 x10” kg/m’; I_=1.523 7 x10" kg/m’.

The aircraft parameters and derivatives are listed in Tab.
1. The estimation of changes of stability and control deriv-
atives are listed: AC"“X = - 0. 480, ACZ‘ax = -0.057 7,
AC'““ =0.302 9, AC’"“‘ =-0.1154, AC™ = -0.019 4,
AC™ =0.072 9, ACT" =0.060 6, AC™ =0.088 7,
AC;“Vax = -0.3826, ACT" =0.12, AC™ =0.008,

Tab.1 Aircraft parameters and derivatives

Parameter Value Parameter Value
Co 0.40 Ciy -0.16
Cp 0. 025 G, -0.34
Cr 0.025 C, 0.13
Cu, 0.013 Cis, 0.013
Co, -1.00 Ci, 0. 008
Con, -4.00 Cog 0.16
Co, -20.5 Co, -0.026
CL, 0.13 C,, -0.28
C, 4.4 Crsa 0.001 8
CL, 7.0 C.s, -0. 100
Cr, 6.6 Cop -0.90
Cp, 0.20 C, 0
Cp, 0 C,, 0
Cis, 0.32 Cys, 0
Chs, 0 Cys, 0.12
Corge -1.3
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max

AC;" = -0.100. The tracking objective is taken as y, =
(¢ Pe 7] =[0 0 0]"rad/s and some parameters are
referred to Ref. [10].
u w ¢ 6 v pr ¢]'=
(A'-pA®[u w g 0 v p r o+

(B, -uB,)[6. &, 6, 6" +D[sinf],, (26)
where
o A:l 0 ]
0 A,
-0.0119 0.0237 -11.7461 -32.1804
Al -0.1086 0.5165 654.8360 -1.123 8
e 0 -0.002 -0.6444 0.000 2
0 0 1 0
-0.108 6 0 -673.00 32.1804
A = -3.5276 -0.8442 0.308 8 0
27 3.6534 -0.0401 -0.2479 0
0 1 0.034 9 0
00 0 O
A2 = A?l 0 2 _ 0 0 0 O
0 Al 10 0 00
0 0 0 1
-11.166 -1.342 7.0467 O
A - -0.1507 -0.0446 0.2014 O
271 7.0513 0.0652 -0.3431 0
0 0 0 0
r 0 0 0 0 T
-25.138 -98.758 0 0
-1.6895 0.0155 0 0
0 0 0 0
B =
0 0 0 9.5858
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3.2 Controller design results

The kinematic sliding mode surface matrices are cho-
sen:

_015 _010 g 10 0 0
K= =0 10 0
0 0 -20 0 0 10]
0 0 -3
30 0 0
0':[0 30 o]
0 0 30

Also, the control outputs are chosen as
001 00 0OD O
C-= [O 00 0O0T1O0 O]
00 0O0O0OUO 0OT1O 0

The state tracking trajectories and tracking error of y, =
[qa pPa 14] = [sin(z) cos(t) —5] of the closed
loop system are depicted in Fig.3 and Fig. 4, respective-
ly. It is obvious that the state trajectory can track the ide-
al trajectory quickly at the beginning. Although there is a
small error at zero point, the error decreases to zero al-
most immediately.
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Fig.3 Tracking trajectories of a closed loop state response.
(a) Tracking trajectories of roll when g, =sin(#); (b) Tracking trajec-
tories of pitch when py =cos(f); (c¢) Tracking trajectories of yaw when

rg=-5

Different damage cases are considered to occur at 1 s as
wn=0, 0.25, 0.35, 0.45, 0.55, 0.60, and the corre-
sponding simulation results are depicted in Fig. 5 to Fig.
12, which show the time responses of attitude rates p, ¢
and r between the cases of the free damage and different
damage degrees.

It is easily seen from Fig.5 and Fig. 6 that the respon-
ses of attitude roll, pitch and yaw rates can track the de-
sired signals in the structural damage cases of u =0 and
m=0.15, respectively. Obviously, when y =0, that is, the
convergence speed of the attitude angle of the aircraft
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Fig.5 Responses of roll, pitch and yaw rates when u = 0.
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Fig.6 Responses of roll, pitch and yaw rates when u =0. 15.
(a) Response of roll rate; (b) Response of pitch rate; (c) Response of
yaw rate

without damage is quite instantaneous; when u =0.15,
the attitude angle tends to be stable at about 1 s, conver-
ging to 0.

As depicted in Fig.7 and Fig. 8, the attitude roll, pitch
and yaw rates can be tracked preferably when the damage
degree increases to w =0.25 and u =0. 35, respectively,
and the accommodation time needs 2 and 3 s. Generally
speaking, the proposed method can make g, p and r track
the desired signal at 2 s when p =0.25 and at 3 s when
n=0.35. At about 3 s, the state tracking reaches the ideal
state. However, as y increases, the amplitude of the state
response increases with a rate of 0. 01 rad/s. It is worth
mentioning that although the amplitude of the state re-
sponse is increasing, it is still very small, which can be
compensated for successfully based on the proposed FTC
method.

Fig. 9 and Fig. 10 show that the responses of the atti-
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Fig.7 Responses of roll, pitch and yaw rates when u =0. 25.
(a) Response of roll rate; (b) Response of pitch rate; (c) Response of
yaw rate
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Fig.10  Responses of roll, pitch and yaw rates when u =

0.50. (a) Response of roll rate; (b) Response of pitch rate; (c) Re-
sponse of yaw rate

tude roll, pitch and yaw rates can commendably track the
desired signals in the structural damage cases of u =0.45
and w =0.50. When y =0.45 and u =0. 50, the accom-
modation time needs 6 s, and the amplitude of the state
response significantly increases by about 0.02 rad/s. Al-
so, there is oscillation in the state trajectory.

Not only more accommodated time of these two cases
is needed but also the amplitude of the state response sig-
nificantly increases, that is, the proposed method can still
finally track the system in the cases of u =0.55 and u =
0.60. Fig. 11 and Fig. 12 show that the responses of the
attitude roll, pitch and yaw rates can commendably track
the desired signals in the structural damage cases of u =
0.55 and u =0.60. The accommodation time needs 10 s
and the amplitude of the state response significantly in-
creases by about 0. 03 rad/s. Also, chattering occurs,
which is detrimental for aircraft flight. Hence, from Fig.

5 to Fig. 12, we can draw the conclusion that when the
damage degree is larger than 0. 50 and increases to 0. 60,
the targets cannot be tracked well. Simultaneously, we
can draw another conclusion that the proposed method can
allow the target to be tracked within 1 rad/s in the case of
structural damage as damage degree u e [0,0.5]; when
damage is greater than 0.5, that is, u e (0.5,0.6], al-
though the target can be finally tracked, the amplitude of
the state response is rather large beyond the required range
of the flight control system. Especially, when the ampli-
tude of the roll rates is larger than 1.2 rad/s and the ac-
commodation time is quite long when u =0. 60.
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Fig.11  Responses of roll, pitch and yaw rates when u =
0.55. (a) Response of roll rate; (b) Response of pitch rate;
(c) Response of yaw rate
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Fig.12  Responses of roll, pitch and yaw rates when u =
0.60. (a) Response of roll rate; (b) Response of pitch rate;

(c) Response of yaw rate

Fig. 13 depicts the dynamics of the sliding function.
Fig. 14 depicts the dynamics of the dynamic sliding mode
controller. Through the above analysis, it is not difficult
to obtain the results that as damage increases. The track-
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ing time has not increased too much, which proves that
the adaptive fault tolerant sliding mode control technology
has a strong robustness and is extremely insensitive to ex-
ternal interference.
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Fig. 13 Sliding mode controller
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Fig. 14 Sliding surface function

4 Conclusion

This paper investigates the adaptive equivalent sliding
mode FTC for damaged aircraft, in particular, for the
vertical tail damage or loss, based on a novel sliding sur-
face. At the same time, the impact of external disturb-
ances is considered. First, the damaged aircraft model is
introduced, and a novel nonlinear sliding surface function
is given. Then, by using the linear matrix inequality
technique, a sufficient condition is proposed for the linear
parameter-dependent model. an adaptive
sliding mode FTC is designed for the damaged aircraft. In
order to demonstrate the efficiency of the designed meth-
ods for the damaged system, an example of a Boeing-747
1007200 model is given. The simulation results reveal
that the proposed adaptive sliding mode FTC is quite ro-
bust and can also change flight body damage cases within
10 s when the damaged degree ranges from 0 to 0. 60.
However, the buffeting is now weaker, but it still exists.
The tolerance of the proposed methods in this paper has
some limitations which need to be tackled in the future.
In other words, the controller maintains stability and de-
sired performance even when the aircraft is in trouble. In
future work, we will focus on the goal of design improve-
ment, which should aim at minimizing the chattering and
enhancing tolerance of damage degree.

Furthermore,
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