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Abstract: To address the attitude control problem under the
uncertainty, external disturbance, and actuator failure, a prede-
fined-time fault-tolerant control method based on a predefined
time disturbance observer is proposed. First, the dynamics
model of hypersonic morphing vehicle (HMV) is established, and
the control system is designed as an outer-loop attitude angle
control loop and an inner-loop angular rate control loop consi-
dering the actuator failure problem. Secondly, a predefined-time
disturbance observer is designed to estimate the comprehen-
sive disturbances, and compensate in the control law. By inte-
grating back-stepping control with predefined-time theory, a
predefined-time attitude tracking control method is proposed,
enabling the convergence time of the attitude tracking error to
be designed through a simple parameter. Rigorous Lyapunov
function analysis has demonstrated that the attitude tracking
error can converge to an arbitrarily small neighborhood around
the origin within a predefined time, and all signals in the closed-
loop system are bounded. Finally, comparative simulations vali-
date the effectiveness of the proposed method.
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1. Introduction

Hypersonic morphing vehicles are capable of altering
their aerodynamic configurations according to mission
requirements to improve the performance [1]. However,
with the change of the aerodynamic configurations of
hypersonic morphing vehicle (HMV), its moment of iner-
tia, mass distribution, aerodynamic force, and aerody-
namic moment will also change significantly, which
imposes strong nonlinearities, disturbances, and coupling
on HMV [2,3]. Meanwhile, due to the complex structure
and harsh flight conditions, HMV are more susceptible to

Manuscript received December 12, 2024.
*Corresponding author.

actuator failures leading to performance degradation or
even loss of control. Therefore, designing a high-reliabi-
lity attitude controller with high tracking precision and
fast convergence for HMV is of great significance.

The existing attitude control methods of HMV are
roughly categorized into linear and nonlinear control
methods [4]. Linear control methods encompass propor-
tional-integral-differential (PID) [5], linear parameter
varying (LPV) [6-8], gain scheduled control [9], etc.
These methods are widely employed in early research due
to their advantages of simple structure and ease in parame-
ter tuning. Nevertheless, most linear control methods
need to linearize the dynamic model around the equilib-
rium point and omit the nonlinear characteristics, which
leads to the limitations of such methods in solving the
attitude control problem of HMV with strong nonlinea-
rity. The back-stepping control method is a commonly-
used nonlinear control method for solving the attitude
control problem of morphing aircraft [10-13]. To deal
with the HMV attitude control problem, back-stepping
control methods are usually combined with disturbance
observers [14-17]. The disturbance observer can accu-
rately estimate the disturbance and make compensations
in the control law by reconstructing the external uncer-
tain information, which is one of the most effective me-
thods to suppress the uncertain disturbance and improve
the robustness of the control system.

To ensure the rapid convergence of tracking errors for
HMV during high-dynamic flight and morphing pro-
cesses, the finite-time control theory [18-20] and fixed-
time control [21-25] are proposed based on the asympto-
tically stable method, which can enhance the transient
performance of the control system. However, the conver-
gence time of the finite-time control depends on the ini-
tial states of the system, and the convergence time of
fixed-time control methods is complicated to design,
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making it impossible to predefine through a simple
parameter. Therefore, in recent years, predefined-time
control theory has received widespread attention. In [26],
Lyapunov-like conditions were studied to ensure a class
of dynamical systems exhibit predefined-time stability,
and effective proofs of the predefined-time stability and
its equivalent conditions were provided. In [27], a novel
predefined-time sliding mode control method based on
the predefined-time neural network disturbance observer
was proposed for attitude control during the large-scale
morphing flight of the morphing vehicle. The proposed
control method can track the attitude to the desired va-
lues within the predefined time.

The harsh flight environment and complex structure of
HMYV can easily lead to actuator failures, thus reducing
control performance and system stability. In order to
solve this problem, a variety of studies on fault-tolerant
control for aircraft have been proposed [28—-33]. Liang et
al. [28] designed a back-stepping fault-tolerant controller
based on the fixed-time observer to deal with the prob-
lem of the attitude control of the morphing aircraft, which
enables stable control of a closed-loop system in case of
partial actuator failure. Li et al. [29] proposed a back-
stepping fault-tolerant control method based on the fixed-
time neural network observer to address the tracking con-
trol problem of morphing aircraft with model uncertain-
ties, external disturbances, and actuator faults, and the
designed controller was proved to be more adaptive and
robust to various uncertainties and disturbances. How-
ever, regarding the control problem of morphing aircraft,
the existing fault-tolerant control methods rarely manage
to simultaneously address the rapid convergence of track-
ing errors and the robustness of control when facing com-
plex disturbances from multiple sources, and they also
falls short of accurately predefining the convergence time
for the errors of controllers and observers.

Motivated by the preceding discussion, a fault-tolerant
control method based on a predefined-time disturbance
observer is proposed for the attitude control of HMV with
uncertainty, external disturbances, and actuator failure.
The main contributions of this paper are as follows.

(i) A predefined-time fault-tolerant control method is
developed based on predefined-time disturbance
observer. Compared with the control methods in [22] and
[28], the tracking error of the proposed controller is guar-
anteed to converge to an arbitrarily small neighborhood
of the origin within a predefined-time, and the conver-
gence time is simple to design and is determined by a
parameter.

(i1) The predefined-time control theory is introduced to
design the disturbance observers for estimating the com-
prehensive disturbances of the HMV under model uncer-
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tainties, external disturbances, and actuator failures.
Compared to the method in [15], this approach signifi-
cantly enhances the accuracy of disturbance estimation
and control robustness, while also ensuring that the
observer error converges within the predefined-time.

The rest of this paper is organized as follows. Section 2
introduces the attitude dynamics model of HMV with
actuator failure. Section 3 designs the predefined-time
disturbance observer, and the predefined-time fault-toler-
ant controller, and proves the stability of the system. Sec-
tion 4 demonstrates the superiority of the proposed con-
trol method by comparative simulation. Section 5
presents the conclusive remarks and discusses the future
works.

2. Modeling and preliminaries

In this section, firstly, the attitude dynamics model of
HMYV is established and converted into control-oriented
state space equations. Secondly, a fault-tolerant control
model of HMYV is established by considering the problem
of actuator failure during the flight. Finally, the relevant
lemmas and theorems used in the subsequent controller
design and proof are given.

2.1 Attitude dynamics model of HMV

The configuration schematic of the HMV with a variable
sweep angle investigated in this paper is shown in Fig. 1,
where { represents the sweep angle.
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Fig. 1
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Schematic diagram of the HMV configuration

Considering the attitude control problem during the re-
entry phase, the dynamics model of the HMV can be
expressed as follows:

{xl =fitgix,+d,
X =fit+tgu+d,

(M

where x, =[a,8,7]" denotes the attitude angle vector
consisting of angle of attack, sideslip angle and bank
angle; x, = [wxl,wyl,wzl]T denotes angular rate vector
consisting of the angular rates of the roll, pitch, and yaw
channels. u = [6,,6,,6.]" denotes the system control input
vector consisting of the roll elevator deflection, yaw ele-
vator deflection, and pitch elevator deflection. d,, d,
denote comprehensive disturbances caused by factors
such as model uncertainties and external disturbances.
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where m denotes the mass of HMV, V denotes the flight
velocity, 6 denotes the flight path angle, g denotes the
gravitational acceleration. Y =L+F,, , where L=
gS.+C;, denotes the lift and F, denotes the component of
the deformation additional force in the y-axis of the

velocity coordinate system. N=Z+F, , where
Z = 3S.iC; denotes the lateral force and F,, denotes the

component of the deformation inertia force in the z-axis
of the velocity coordinate system. g = 0.50V? denotes the
dynamic pressure, p denotes the atmosphere density. S,
denotes the reference area. J,, J,, J. denote the roll, yaw
and pitch moments of inertia. J,, denotes the inertial
product of HMV. M., M,, M, denote roll, yaw, and pitch
aerodynamic moments respectively, which can be
expressed as M, = C,;GSretLiet, My = C,yGSietLier, M, =
C.:GSetLies, Where L. denotes the reference length.
M,=[ M,, M,, M, ]" denotes the component of
the inertia moment due to deformation in each axis of the
elastic body coordinate system. The inertia forces and mo-
ments generated during deformation can be expressed as

2

d2i
F. =- 5

i=1 mi@

2 av s\ o ®
M, = —Z:(misixa+m,-sl-><?2’)+iz;s,-><m,-g
where s; denotes the position vector from the aircraft’s
center of mass to the wing’s center of mass. m;(i = 1,2)
denotes the mass of the wings on both sides of the HMV.
The velocity vector V will be decomposed in the body
coordinate system. The change in the sweep angle of
HMV not only causes the inertial forces and moments but
also leads to the change in aerodynamic forces and
moments due to the transformation of the aerodynamic
configuration.

The aircraft model and aerodynamic parameters in this
paper utilize the data from [34]. The coefficients of aero-
dynamic force and aerodynamic moment can be
expressed as

C;=CyMa,a,B,0) + Cf*(Ma,a,ﬂ, 0)o,+
C)'(Ma,.B.0)5, + C;'(Ma,a.B.0)3. ©9)

where =L, Z, mx, my, mz. The aerodynamic coefficients
and aerodynamic moment coefficients are fitted to formu-
las related to seven variables including Mach Ma, angle
of attack «, sideslip angle 3, roll elevator deflection ¢,,
yaw elevator deflection ¢,, pitch elevator deflection &,
and sweep angle (. For example, i =mz for the pitch
moment coefficient, C,.((Ma,,B,{) denotes the pitch
moment coefficient at §,=6,=9,=0, ij;z(Ma, a,B,0)
denotes the partial derivative of the pitch moment coeffi-
cient with respect to &,, Cf;;’z(Ma, a,f3,¢) denotes the par-
tial derivative of the pitch moment coefficient with
respect to ¢,, C.:.(Ma,a,8,) denotes the partial deriva-
tive of the pitch moment coefficient with respect to ¢, .
The singularities of the matrices g, and g, in (1) are
analyzed below. Taking the determinant of matrix g,, it
can be obtained that when 8 # 90°, g, is a non-singular
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matrix. In matrix g,, the absolute values of the elements
co, Cf,;y, and Cf,jz along the main diagonal are much
larger than the absolute values of the other elements,
hence matrix g, can be approximated as a diagonal
matrix. For HMV under normal flight conditions, g, is a

non-singular matrix.
2.2 Actuator failure modelling

In this paper, the actuator model of HMV with the gain
and bias faults can be represented as follows:

up(t) = n(Ou() +A@), 1> 1 (10)

where ug(f) is the control input under actuator failure,
u(r) is the control inputs to be designed, ¢ is the occur-
rence time of the actuator faults, 5(f) = diag(n,(?),
1,(2),1m5(¢)) is the contribution efficiency of the actuator
satisfying O0<n(H) <1 (i=1,2,3). A@®) =[A(r),A(0),
As(O]" is the actuator fault biases satisfying |A:(f)| < A(?)
(i=1,2,3), A(t) is a positive constant. Therefore, the
fault-tolerant model of HMV considering actuator fai-
lures is represented as follows:

{-’21 =fi+tgx,+d,
)2'2=f2+g2u+D2

(11

where D, = g,(n—Du + g,A +d,.

Remark 1 The actuator fault models employed for
the exemplary HMV are also commonly seen in, for
instance, [28-32]. This paper treats the effects of actua-
tor faults on aircraft, model uncertainty, and disturbances
generated by morphing process as comprehensive distur-
bances, which is observed based on predefined-time dis-

X X2

Outer-loop
virtual control
law

First-order
command
Attitude angle 4 filter
command x A +

d,

Outer-loop predefined-
time disturbance
observer
A

Xy

Outer-loop attitude angle
tracking control system

turbance observer and compensated in control law.

Remark 2 Predefined-time, in essence, is a pre-
designed convergence time that utilizes the predefined-
time stability theory to achieve the pre-design of the con-
vergence time of tracking error. In this paper, this theory
is applied to the HMV control system, enabling the track-
ing error and the disturbance estimation error to con-
verge to an arbitrarily small neighborhood within the pre-
defined-time. As an important extension of the finite-time
stability theory and the fixed-time stability theory, the
predefined-time stability theory not only effectively over-
comes the problem of initial dependence in traditional
finite-time control, but also breaks through the limitation
of the implicit correlation between the convergence time
and parameters in fixed-time control.

3. Controller design

In this section, a predefined-time fault-tolerant controller
based on predefined-time disturbance observer is
designed for HMV to achieve accurate tracking of atti-
tude angle commands. The controller scheme is illus-
trated in Fig. 2, where the control system is decomposed
into an outer-loop attitude angle tracking control system
and an inner-loop attitude angular rate tracking control
system. It can be seen from Fig 2 that the output of the
outer-loop attitude angle tracking control system is pro-
cessed through a first-order command filter, which subse-
quently serves as the input for the inner-loop angular
velocity tracking control system. The inner-loop system
generates the final control law, establishing a closed-loop
control system through the HMV dynamic system.

Inner-loop fault-

tolerant control
law External disturbances

Actuator faults
A

4

D

2 HMYV dynamics
Inner-loop predefined- | | _______________
time disturbance | |
observer : !
A : }
Al
x! | L === J

Inner-loop angular rate

tracking control system |

Fig.2 Controllor scheme

The design approach of the controller is as follows.
Firstly, a predefined-time disturbance observer is designed
based on the predefined-time convergence control theory,
and the convergence proof of the observer error is given.
Then,
designed based on the predefined-time theory, and a prede-

a predefined-time fault-tolerant controller is

fined-time disturbance observer is used to observe the
comprehensive disturbances generated by the model
uncertainty, the external disturbances and actuator failures,
and to compensate them in the control law. Finally, the
stability of the control system is proved based on Lya-
punov stability theory and predefined-time control theory.
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3.1 Design of predefined-time disturbance observer

According to (11), the general form of the dynamical
model of HMV can be expressed as x=f+gu+d,
where u is the control input, f'and g are the known terms
in the dynamics model, and d is the disturbance to be
observed. The predefined-time disturbance observer is
designed as

(27re® + 21720 2re?rl)

(1-pT.a

(2—pe3 + 2]—2/7/12—pe2p—])

f=frgu+d+

(12)

_ a
- (1-pT.a

S

where #£ is an estimate of the system state x, d is an esti-
mate of the disturbance d. a > 0 is the gain of the prede-
fined-time disturbance observer. e = x —X is the estima-
tion error of the system state, and the time derivative of e
is

A (2773 217 P
T aoara

The stability of the predefined-time disturbance
observer and the convergence of the disturbance observer
errors will be proved subsequently.

é=x-x=d-

(13)

3.2 Design of predefined-time fault-tolerant
controller

Based on the back-stepping control method, the control
system is divided into the outer-loop attitude angle track-
ing control system and the inner-loop angular rate track-
ing control system. x,,=[ @s Ba 7Ya 17 is the atti-
tude angle command from the guidance system. The
tracking error of the outer-loop attitude angle is e, =
X — X4, the tracking error of the inner-loop angular rate
iS e, = X, — X,;, Where x,, is the output of the first-order
filter associated with the outer-loop virtual control law.
Design the first order filter of the virtual control law as

TpXog + Xog = X (14)

where 7, is the filter parameter. x,. is the virtual control
law, which will be designed subsequently. In this paper,
we define x,,(0) = x,.(0) and ignore the filter error. The
design of the predefined-time fault-tolerant controller is
described below.

Step 1 For the outer-loop attitude angle control sys-
tem, the time derivative of e, is

e =fitgx,+d —xy. (15)
Design the virtual control law x,. of the outer-loop
attitude angle control system as
X =g (-fi —d, + %~
1

=T e A(Z""eﬁ+2‘"2"/12""e12""])) (16)

where 1>0,0<p<1. 3. is an estimate of the compre-
hensive disturbance of the outer loop. According to (12),
the predefined-time disturbance observer for the outer-
loop attitude angle tracking control is designed as

N n (zfpe 3+2172p/127pe 2])71)
X =fitgx,+d + = A=p)Ta =

(2—[)e103 + 21—2p/12—/7e102p—] )

(17)

~(1-pT.A

-

1

where a, is the gain of the predefined-time disturbance
observer, e,, = x, — X, is the state observer error. Substi-
tuting (16) into (15) yields

(pre 3 +2172])/127pe 2p71) _
— ! AT ] +d,+ge, (18)

é]:

where d, = d, —d, is the disturbance estimation error.
Step 2 For the inner-loop angular rate control sys-
tem, the time derivative of e, is
é=f,+gu+D,—xy. (19)
The control law u can be constructed as follows:
27Pey? + 21720 )2-re, 271 .
u= o (_2Te 2 f-Dy+iy-gle
8, (1-p)T.A 1A b 2d— 81€1
(20)
where 1>0,0<p<1. D, is an estimate of the compre-
hensive disturbance of the inner-loop angular rate control
system. According to (12), the predefined-time distur-
bance observer for the inner-loop attitude angle tracking
control is designed as

(2—pe203 + 21—2p/12—pe202p—1)
(1 - p)T(/l

(277ex’ +277 % Pey ™)

.’X'\/'z =f2+g2u+i)2+

21)

A a,
D,=——
P (1-pTa
where a, is the gain of the predefined-time disturbance
observer, e,, = x, — X, is the state observer error. Substi-

tuting (20) into (19) yields
(2—[7e23 + 2I—2p/12—pe22p—]) ~ T

- +D,—g/e 22
A-p)TA >~ &1€1 (22)

where D, = D, — D, is the disturbance estimation error.

é2:

3.3 Stability analysis

In this subsection, we first prove the convergence of the
state observation errors and disturbance estimation errors
of the predefined-time disturbance observer in Theorem 1.
Subsequently, in Theorem 2, we establish the stability
and convergence of the proposed control method, which
relies on the results of Theorem 1.

Theorem 1 If the control system of the HMV
employs predefined-time disturbance observers, the pre-
defined-time disturbance observer can guarantee the
closed loop system bounded, then the state observer
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errors ey, €y and the disturbance estimation error d,, D,
can converge to the vicinity of zero within the predefined
time.

Proof Consider the following Lyapunov function
candidate:
1 1
V = Ee—lroelo + Eegoezo. (23)

Take the first-order derivative of V.
V = efoélo +e;0é20 (24)

By combining (15) and (17), é,, can be expressed as

X _ 27[) 3 +2172p/127]7 2p-1
—% =d1—( €10 €10 ) (25)
(1-pT.a

€ =X

By combining (19) and (21), é,, can be expressed as
. . R . (Z*I’e 3421°2 92 re 219—1)
by =X,—%=D,- = (= pTA 2 . (26)

Substituting (25) and (26) into (24) yields

elen) eleo\
227,) 10 + 217[)/127]7 10
( 2 2

V=eld - +
o (1-p)T.A
2
zzp(egoezo ) + ZIPAZP(_egOeZO )p
o 2 2
ey ,D, - 27
(1-pT.a
From Lemma 3 in [27], it can be derived that
2
21,1, e-lroelo + egerO
V< 2 2 Tod
<- + -
(-pra @
21=p p2-p M + % ’
2 2 T o=
- pTA +e,,D:. (28)

According to Lemma 4 in [24] (Young’s inequality),
the following inequalities hold true:

) d'd
eTOdl < _102810 + —12 !
ele D'h,’ 29)
= 20 2
A
9= (e}-oelo+&}-3l +egoezo+D§D2). (30)
2
According to Lemma 3 in [27] it follows that
Vev+)”
< VY ) + 9. 3D

(I-p)T.a

According to the Proposition 1 in [27], it can be proved
that the state observer errors e, e,, can converge to the
vicinity of zero within the predefined time. Therefore e,
e,, have upper bounds. Then the following formula can

be satisfied: lim|léyoll =0, lim|léx[| = 0. According to the
Proposition 1 in [27] and (13), when ¢ > T, the distur-
bance estimation error é,, = 31, éy = D, stabilizes to
zero asymptotically. O
Theorem 2  Considering the dynamics model of
HMYV in (11), with the predefined-time fault-tolerant con-
trollers in (16) and (20), and the predefined-time distur-
bance observers in (17) and (21), all signals of the closed-
loop control system can be stabilized and bounded, and
the attitude tracking error e, and e, will also finally con-
verge into the small regions within the predefined time.

Proof Consider the following Lyapunov function
candidate:
l T 1 T
Vl = Eelel + 58292. (32)

Take the first-order derivative of V.
Vl = e—{él +e;é2 (33)

Substituting (24) and (28) into (39) yields

- ele 2+ ele,\’
2 2 -

V, = — d —
v (-pra a4
21-p 2-p @ P+ egez ’
2 2 .
e +elD,. (34

According to Lemma 3 in [27], the following inequali-
ties hold true:

V< W+ d)) 9 35

———+

ST apra 3

where 9, = eTd, +elD,. According to the Proposition 1

in [27] and Theorem 1, the attitude tracking error e, and

e, will also finally converge into the small regions within

the predefined time. Thereby the proof of Theorem 2 is

completed. O

4. Simulation

In this section, the effectiveness of the predefined-time
fault-tolerant control method for HMV based on the pre-
defined-time disturbance observer is verified by compara-
tive simulation. The simulation comprised two scenarios.
Scenario 1 is the simulation of the attitude tracking con-
trol when the actuator is working normally and without
external disturbances. Scenario 2 is the comparison simu-
lation of attitude tracking control considering actuator
faults and external disturbances. Scenario 2 is developed
on the basis of Scenario 1, where the predefined-time 7',
for the HMV is initially established. In both simulation
scenarios, amplitude limits are imposed on the rudder
deflection angle and its rate to ensure practical engineer-
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ing applicability. Specifically, the rudder deflection angle
is limited to |5,] < 30%, |6,] < 20°, |6, < 20°.

4.1 Scenario 1: nominal cases

In order to verify the effectiveness of the predefined-time
fault-tolerant controller, several predefined-times are set
in the simulation to analyze the effect of the predefined-
times on the control effect. The predefined-times is set as
T.=2s, T.=3s, T.=5s, T.=10s, T.=15s,
T.=20s. Other parameters are assigned as p=0.9,
A =0.5 throughout simulations.

The initial values for the simulation of the attitude
angle of the HMV are set to [ag,B0,70]" = [15°,2°,0°]7,
and the initial values of the angular rate of the three chan-
nels are set to 0°/s. The altitude and velocity of the HMV
are set to hy =30 km, V;, =2 500 m/s. The attitude angle
command is set to [eg,B4 4] =[10°,0°,10°]". Simula-
tion results of 0—20 s are shown in Fig. 3 and Fig. 4.
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Fig. 4 Control input

The above simulation results indicate that the prede-
fined-time fault-tolerant control methods can guarantee
the attitude angle effectively tracks the commands under
the different predefined-times, while the convergence
time of the tracking error changes with the predefined-
times.

The rate of convergence of the tracking error decreases
as the predefined-time increases. From the partial
enlarged view in Fig. 4, it can be seen that the rudder
deflection curves of 7.=2 s and 7.=3 s reach the limit
value at the initial moment. However, considering the
actual engineering situation of the actuator, the rudder
deflection angular rate should be within a reasonable
range, and in this paper, the maximum value of the abso-
lute value of the rudder deflection angular rate is limited
to 300°/s. In order to balance the rapid convergence speed
of tracking error with the reasonableness of the rudder
deflection angular rate, T, =5 s is chosen for subsequent
simulation.

4.2 Scenario 2: simulation cases with actuator faults

In this scenario, actuator failures, external disturbances,
and the change of sweep angles are considered simultane-
ously. Two comparative methods are set up to compare
with the method proposed in this paper, in which compa-
rison method 1 uses the predefined-time disturbance
observer designed in [15], marked as ‘PTDO’ in the sim-
ulation results, comparison method 2 uses the fixed time
disturbance observer-based back-stepping fault-tolerant
control method designed in [28], marked as ‘FTDO’ in
the simulation results. The sweep angle of the aircraft
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changes from 30° to 90° between 15 s and 17 s, the curve
of sweep angle is shown in Fig. 5. The parameters for the
proposed controller are set as p=0.9, 1=0.5, T.=5,
a,; =50, a, =50, 7, =0.01. The uncertain external distur-
bances throughout the 50 s simulation are designed as fol-
lows:

it it T

[ Tt
d, =]0.05sin—,0.05sin—,0.05sin—
| 30 30 30 . (36)

(. mt . omt Ak
d, = 2s1ng,1251n—, 2sin—

Morphing process
(15-17s)

0 10 20 30 40 50
t/s

Fig. 5 Curve of sweep angle

Actuator failure at 25 s, the considered actuator failure
are modeled as follows:

[1,1,1]7, 0<¢t<25
[0.8,0.8,0.7]", 25<t<50°
[0,0,0]", 0< <25

it
0.02sin —
sin

A= . mt . (37)
O.O3sm5 , 25 50

N
N

it
0.02sin —
sin

The simulation results of Scenario 2 are shown in
Fig. 6-Fig. 11. All three control methods can track the
command accurately at 0—25 s, as shown in Fig. 6. How-
ever, when the actuator failure occurrs at 25 s, the track-
ing error of the comparison methods increases signifi-
cantly, and the tracking error of angle of attack fails to
converge after the actuator failure, as shown in Fig. 7.
The attitude angle tracking errors of the proposed method
are significantly smaller than those of the comparison
method when the actuator failure is considered, and the
convergence time of the tracking error is significantly
smaller than that of the comparison method. The attitude
angular rate curve and control input for the three chan-
nels are shown in Fig. 8 and Fig. 9, during the morphing
process at t = 15— 17 s, the pitch rudder deflection angle
changes significantly. Outer-loop and inner-loop distur-
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bance estimation values are shown in Fig. 10 and Fig. 11,
it can be obtained that the inner loop disturbance observa-
tions are all markedly jittery when the actuator failure
occurrs at 25 s.

16 .
L8 303540 4%1
30 i
L
8 1
0 10 20 30 40 50
tls
—— :Proposed; ---- :PTDO; :FTDO; ----: 0,
(a) Angle of attack
2.0
1.5
~ 1.0
S -0.02
0.5¢ 25 50
O k-
-0.5 ; * : y
10 20 30 40 50
tls
—— Proposed; - :PTDO; :FTDO; ----: 4,
(b) Sideslip angle
15 T .

10.02
10.00 =
9.98

9.96
30 35 40
0
0 10 20 30 40 50
tls
—— Proposed; - :PTDO; :FTDO; ----:7v,
(c) Bank angle

Fig. 6 Attitude angle tracking response

/()

t/s
(a) Tracking error of angle of attack
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Fig. 7 Tracking error of the attitude angle
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Fig. 9 Control input

Fig. 10 Outer-loop disturbance estimation value

0 10 20 30 40 50
t/s
— : Proposed; ----: PTDO; : FTDO; - 1 d,.

Fig. 11 Inner-loop disturbance estimation value

Comparison of the simulation results between Scenario 1
and Scenario 2 shows that for HMV with uncertainties,
external disturbances, and time-varying actuator faults,
the predefined-time fault-tolerant control method based
on the predefined-time disturbance observer designed in
this paper has higher tracking accuracy and faster tran-
sient response. The proposed control method can regu-
late the tracking error convergence time with 7., which is
superior regarding fast error convergence, robustness and
stability.

5. Conclusions

This paper proposes a predefined-time fault-tolerant con-
trol method based on a predefined-time disturbance
observer to address the attitude tracking control problem
of HMV with model uncertainty, external disturbances
and actuator failure. The advantages of the proposed
method are demonstrated through numerical simulations.
The novelties are as follows:

(i) A predefined-time fault-tolerant controller is pro-
posed by integrating actual predefined-time convergence
theory with backstepping control. This controller ensures
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that the attitude angle tracking error converges to an arbi-
trarily small neighborhood within a user-defined time,
significantly improving the convergence speed of the
control system. Moreover, the predefined-time parame-
ter can be easily tuned through a single, straightforward
parameter, greatly simplifying the control system design
and reducing tuning complexity.

(i) A predefined-time disturbance observer is deve-
loped based on predefined-time theory to accurately esti-
mate composite disturbances arising from model uncer-
tainties, external disturbances, and actuator faults. The
observer guarantees that the estimation error converges
within the predefined time, thereby enhancing the robust-
ness and reliability of the control system in complex and
uncertain environments.

In the future, research will be conducted on the jitter
issues caused by the large gain of predefined-time distur-
bance observers, while also considering the errors of first-
order filters in virtual control laws. In order to further
improve the robustness of the control system under com-
plex disturbances, adaptive neural networks or intelligent
algorithms can also be introduced.
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