
0278-0046 (c) 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TIE.2017.2772192, IEEE

Transactions on Industrial Electronics

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS

The Design of Fixed-Time Observer and
Finite-Time Fault-Tolerant Control for Hypersonic

Gliding Vehicles

Xiang Yu, Senior Member, IEEE, Peng Li, and Youmin Zhang, Senior Member, IEEE

Abstract—This paper proposes a fault-tolerant control
scheme for a hypersonic gliding vehicle to counteract ac-
tuator faults and model uncertainties. Starting from the
kinematic and aerodynamic models of the hypersonic ve-
hicle, the control-oriented model subject to actuator faults
is built. The observers are designed to estimate the in-
formation of actuator faults and model uncertainties, and
to guarantee the estimation errors for converging to zero
in fixed settling time. Subsequently, the finite-time multi-
variable terminal sliding mode control and composite-loop
design are pursued to enable integration into the fault-
tolerant control, which can ensure the safety of the post-
fault vehicle in a timely manner. Simulation studies of a
six degree-of-freedom nonlinear model of the hypersonic
gliding vehicle are carried out to manifest the effectiveness
of the investigated fault-tolerant control system.

Index Terms—Hypersonic gliding vehicle, actuator faults
and model uncertainties, fixed-time observer, finite-time
fault-tolerant control.

I. INTRODUCTION

A
Hypersonic gliding vehicle (HGV) is launched into the

sub-orbital trajectory either by a booster rocket or a

reusable launch vehicle. As a result, the HGV can maneuver

with sub-orbital velocities and in the near space (from 20

km to 100 km in altitude). HGVs are intended to be an

excellent technology, due to their high degrees of long-range

delivery capability and maneuvering flexibility. Back-stepping

[2], robust control [3], adaptive control [4], model predictive

control (MPC) [5], sliding mode control (SMC) [6], and

feedback linearization [7] approaches have been proposed

for improving the control performance and eliminating the

influence of model uncertainties.
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The increasing complexity and automation render the HGVs

susceptible to component/system faults. Substantial perfor-

mance degradation and even catastrophic consequences can

be attributed to in-flight failures. Over the past decades, the

growing demand for safety, reliability, maintainability, and

survivability in safety-critical systems has motivated signif-

icant research in fault detection and diagnosis (FDD) [8]–

[10] and fault-tolerant control (FTC) [11]–[18]. FTC can

accommodate faults among system components automatically

and maintain system safety with an acceptable degree of

overall performance.

The FTC design with application to hypersonic vehicles is

the result of several years of research. Adaptive FTC laws

are presented to mitigate the adverse effects due to partial

loss of actuator effectiveness [19] and time-varying actuator

faults [20], respectively. By resorting to MPC and reference

reshaping techniques, an FTC system is proposed to cancel the

effect of actuator partial failures [21]. It is also noteworthy that

the SMC techniques are exploited at the FTC design stage

of hypersonic vehicles [22], [24]–[26]. Sliding mode based

FTC is deployed for attitude control of a hypersonic vehicle,

ensuring the asymptotic tracking under actuator faults [22].

The authors develop an adaptive FTC scheme against multiple

faults of a hypersonic vehicle [23]. As can be summarized in

[24], [25], the FTC design is presented on the basis of back-

stepping and SMC methods, counteracting actuator faults. An

FTC scheme, which is composed by an SMC and a nonlinear

disturbance observer, is applied to a hypersonic aircraft with

the limited control authority [26].

Although various degrees of success in HGV FTC design

have been achieved, there still exist several problems to be

further investigated. 1) From a safety point of view, it is

highly desirable that the fault diagnosis and the corresponding

accommodation can be completed in a timely manner [15],

[16]. The pivotal early works in [27], [28] discuss finite-time

stability of nominal systems. In consequence, several results

are available in the literature that consider finite-time control

techniques with fast convergence rate and high precision

control performance [29]–[33]. Furthermore, the concept of

fixed-time stability independent of system initial conditions is

preliminarily discovered [34]–[38]. To the best of the authors’

knowledge, how to adopt finite/fixed-time stability in the HGV

fault diagnosis and then accommodation requires extensive

research. 2) Due to short of wind tunnel facilities and flight

experiments, a severe difficulty in designing HGV control
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systems results from the large uncertainties and perturbations

inherent to the HGV model [1]. Not only uncertainty exists in

dynamic matrix, but also in control input matrix. This factor

renders a great challenge of FTC design. Furthermore, the

existing design is enforced to inner-loop control and outer-

loop control based on the kinematic model of attitude (bank

angle, angle of attack, and sideslip angle) and the dynamic

model of attitude (roll rate, pitch rate, and yaw rate). The

so-called separate design is relatively simple according to the

timescale separation principle [39]. Nonetheless, the stability

of the overall system cannot be guaranteed from a theoretical

perspective. 3) Sliding mode observer (SMO) and SMC start

being exploited for HGV FTC system design. Nevertheless,

in most of the SMO and SMC approaches proposed to date,

a multi-input problem with m inputs is recast as a decoupled

problem involving m single-input structures. Multivariable de-

sign of SMO and SMC is demanded rather than the decoupled

treatment, by considering strong couplings and nonlinearity

inherent to an HGV.

Motivated by the aforementioned difficulties, particular at-

tention is devoted to achieving fixed-time fault estimation and

finite-time FTC within the context of multivariable design.

Thus, the developed FTC scheme can provide accommodation

for HGV actuator faults and model uncertainties. The major

contributions are stated as follows.

1) When comparing to the finite-time SMO [40]–[42] and

the sliding mode based disturbance observer [43]–[46],

the proposed fixed-time SMO can ensure that the esti-

mation error of the “lumped disturbance” converges to

a small vicinity of zero in fixed time. Moreover, the

convergence time of the designed disturbance observer is

independent of initial conditions, while elegant solutions

can be achieved by vector form design.

2) The FTC presented in this paper is integrated by fixed-

time SMO and finite-time control. The resulting FTC

can promptly enforce the trajectory of the faulty HGV

converging to a small vicinity of origin, without the

need of excessive control efforts. It should be mentioned

that both model uncertainties and actuator faults are

explicitly considered over the design phase. By resorting

to the proposed FTC scheme, corrective reactions can be

taken in response to the actuator faults for fulfilling the

stringent requirement of HGV safety. To the best of the

authors’ knowledge, there exist few papers focusing on

this aspect.

3) In opposition to the multivariable SMC design for a

hypersonic vehicle in [40], the developed approach of

this study can avoid the problem associated with the

decoupled design and ensure the globally finite-time

stability in spite of actuator faults. This study is applicable

especially in the case where the strong couplings are

exposed on HGV aerodynamics. The use of multivariable

design avoids the necessity for the decoupled design

with m single-input and single-output (SISO) structures.

These improvements have the potential of enhancing

the safety of operational HGVs, since the coupling and

inherent functional redundancy of an HGV have been

better exploited in such a multivariable design approach.

The rest of this paper is arranged as follows. The control-

oriented HGV model, actuator fault mode, and problem state-

ment are given in Section II. An HGV FTC scheme is pro-

posed against actuator malfunctions and model uncertainties

in Section III, where the fixed-time SMO and the finite-time

SMC based FTC are presented with the aid of multivariable

design. In Section IV, the performance of the developed FTC

is evaluated by means of simulations of a full nonlinear HGV

model. Section V includes a discussion of the conclusions.

II. HGV MODELING AND PROBLEM STATEMENT

A. HGV Dynamics

The HGV is modeled based on the assumption of a rigid

vehicle structure, a flat, non-rotating Earth and uniform grav-

itational field. Therefore, the inertial position coordinates are

written as:






ẋ = V cos γ cosχ
ẏ = V cos γ sinχ
ż = −V sin γ

, (1)

where x, y, and z stand for the positions with respect to x, y,

and z directions of the Earth-fixed reference frame, V specifies

the total velocity of the HGV, χ and µ represent the flight-path

angle and the bank angle, respectively.

The force equations are expressed as:







V̇ = −g sin γ − QSrCD

m

χ̇ = QSr

mV cos γ (CL sinµ+ CY cosµ)

γ̇ = − g
V
cos γ + QSr

mV
(CL cosµ− CY sinµ)

, (2)

where g, Q, Sr, m, and γ denote the gravitational constant,

the dynamic pressure, the reference area, the mass of the

HGV, and the heading angle, CL, CD, and CY are the

aerodynamic coefficients with respect to lift, drag, and side

force, respectively.
The kinematic model of attitude is described as:







































µ̇ = secβ(p cosα+ r sinα)

+QSrCL

mV
(tan γ sinµ+ tan β)

+QSrCY

mV
tan γ cosµ−

g

V
cos γ cosµ tanβ

α̇ = q − tanβ(p cosα+ r sinα)
+ 1

mV cos β
(mg cos γ cosµ−QSrCL)

β̇ = −r cosα+ p sinα
+ 1

mV
(QSrCY +mg cos γ sinµ)

, (3)

where α and β denote the angle of attack (AOA) and the

sideslip angle, respectively.

The dynamic model of attitude is given as:











ṗ = QSr b̄Cl

Ixx

q̇ = QSr b̄Cm+(Izz−Ixx)pr
Iyy

ṙ =
QSr b̄Cn+(Ixx−Iyy)pq

Izz

, (4)

where b̄ denotes the wing span of the HGV, Cl, Cm, and Cn

represent the moment coefficients of the rolling, pitching, and

yawing channels, Ixx, Iyy , and Izz denote moments of inertia

with respect to x, y, and z coordinate, respectively.
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The aerodynamic force and moment coefficients are:

CD = CD(M,α)
CY = CY,β(M,α)β + CY,δr (M,α)δr
CL = CL(M,α) + CL,δe(M,α)δe
Cl = Cl,β(M,α)β + Cl,δa(M,α)δa + Cl,p(M,α) pb̄

2V

Cm = Cm,α(M,α) + Cm,δe(M,α)δe + Cm,q(M,α) qb̄

2V

Cn = Cn,β(M,α)β + Cn,δr (M,α)δr + Cn,r(M,α) rb̄
2V

, (5)

where δa, δe, and δr denote the control deflections of the

aileron, elevator, and rudder, respectively. Note that CY,β and

CY,δr are the partial derivatives of CY with respect to β and δr,

respectively. CL,δe stands for the partial derivative of CL with

respect to δe. Cl,β , Cl,δa , and Cl,p are the partial derivatives

of Cl with respect to β, δa, and p, respectively. Cm,α, Cm,δe ,

and Cm,q are the partial derivatives of Cm with respect to α,

δe, and q, respectively. Cn,β , Cn,δr , and Cn,r are the partial

derivatives of Cn with respect to β, δr, and r, respectively.

B. Control-Oriented Model Subject to Actuator Faults

The control-oriented model of the HGV is established by

combining the kinematic model and the dynamic model of the

HGV attitude, based on which the so-called composite-loop

FTC design can be achieved.

As far as an attitude control system is concerned, µ, α, and

β can be gathered into a vector x1 = [µ, α, β]T . In terms of

Eq. (3), one can obtain:






µ̇ = secβ(p cosα+ r sinα) + fµ
α̇ = q − tanβ(p cosα+ r sinα) + fα
β̇ = −r cosα+ p sinα+ fβ

, (6)

where














fµ = QSCL

mV
(tan γ sinµ+ tanβ)

+QSCY

mV
tan γ cosµ− g

V
cos γ cosµ tanβ

fα = 1
mV cos β (mg cos γ cosµ−QSCL)

fβ = 1
mV

(QSCY cosβ +mg cos γ sinµ)

. (7)

By defining x2 = [p, q, r]T , Eqs. (6)-(7) can be described

as:

ẋ1 = f1 + g1x2, (8)

where f1 = [fµ, fα, fβ ]
T and

g1 =





secβ cosα 0 secβ sinα
− tanβ cosα 1 − tanβ sinα

sinα 0 − cosα



 . (9)

By accounting for Eqs. (4)-(5), one can render:














ṗ = fp +
QSr b̄Cl,δa

Ixx
δa

q̇ = fq +
QSr b̄Cm,δe

Iyy
δe

ṙ = fr +
QSr b̄Cn,δr

Izz
δr

, (10)

where














fp =
QSr b̄(Cl,ββ+Cl,p

pb̄
2V )

Ixx

fq =
QSr b̄(Cm,α+Cm,q

qb̄
2V )+(Izz−Ixx)pr

Iyy

fr =
QSr b̄(Cn,ββ+Cn,r

rb̄
2V )+(Ixx−Iyy)pq

Izz

. (11)

Further, Eqs. (10)-(11) can be formed as:

ẋ2 = f2 + g2u, (12)

where f2 = [fp, fq, fr]
T , u = [δa, δe, δr]

T , and

g2 =









QSr b̄Cl,δa

Ixx
0 0

0
QSr b̄Cm,δe

Iyy
0

0 0
QSr b̄Cn,δr

Izz









. (13)

Gain fault and bias fault are the faults commonly occurring

on flight actuators. In this work, the actuator fault model

including both sorts of faults is generally formed as:

uF = Λu+ ρ, (14)

where Λ = diag{λ1, λ2, λ3} represents the gain fault and ρ =
[ρa, ρe, ρr]

T denotes the bias fault, respectively. Note that 0 <
λi ≤ 1, i = 1, 2, 3. Thus, in the presence of actuator faults,

Eq. (12) is represented as:

ẋ2 = f2 + g2(Λu+ ρ)
= f2 + g2u+ g2(Λ− I)u+ g2ρ

. (15)

Note that u in Eqs. (12), (14), and (15) represents the control

input vector under normal conditions, while uF describes the

control input vector in the case of faults.

Assumption 1: It is assumed that the condition
∥

∥g2 (Λ− I) g−1
2

∥

∥

∞ < 1 holds.

Remark 1: There exists a condition
∥

∥g2 (Λ− I) g−1
2

∥

∥

∞ <
1, such that the control signals g2u dominate the fault vector

function g2 (Λ− I)u [47].

By accounting for the actuator faults and model uncertain-

ties, the control-oriented model in vector format is established

as:
{

ẋ1 = g1x2 +∆1

ẋ2 = f2 + g2u+∆2
, (16)

where ∆1 arises from f1, and ∆2 = g2(Λ− I)u+ g2ρ is the

lumped uncertainty induced by actuator faults.

By defining y1 = x1 − x1,d and y2 = g1x2 − ẋ1,d, the

following equations can be achieved:
{

ẏ1 = y2 +∆1

ẏ2 = ġ1x2 + g1f2 − ẍ1,d + g1g2u+ g1∆2
, (17)

where x1,d represents the desired states. Letting a(·) = ġ1x2+
g2f2 − ẍ1,d, b(·) = g1g2, and ∆3 = g1∆2, Eq. (17) can be

simplified as:
{

ẏ1 = y2 +∆1

ẏ2 = a+ bu+∆3
. (18)

Remark 2: As can be seen from Fig. 1 and also Eq. (8), the

input vector of the outer-loop HGV model consists of the roll

rate (p), pitch rate (q), and yaw rate (r), while the state vector

with respect to the outer-loop is composed by the bank angle

(µ), AOA (α), and sideslip angle (β), respectively. Focusing on

the inner-loop HGV model of Eq. (12), the deflections of the

aileron (δa), elevator (δe), and rudder (δr) are regarded as the

inputs, while the roll rate, pitch rate, and yaw rate constitute

the state vector. It should be mentioned that f2 in Eq. (12) is

closely related to the states of Eq. (8).

Remark 3: Unpredictable aerodynamics due to hypersonic

speed and airframe/structural dynamics interactions constitute

the uncertainty source. As can be seen from Eq. (7), the

aerodynamic coefficients CL and CY with uncertainty are
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contained in f1. Hence, f1 = ∆1 in Eq. (16) is regarded

as the model uncertainty. Moreover, the term in Eq. (18),

∆3 = g1g2 (Λ− I)u + g1g2ρ, includes the information of

actuator faults, without a priori knowledge. In the following,

fixed-time observers are developed to estimate ∆1 and ∆3,

respectively.

Remark 4: Note that ∆1 = f1 = [fµ, fα, fβ ]
T

. In Eq. (6),

fµ, fα, and fβ are regarded as the impact terms of trajectory

on the HGV attitude. The value of V is usually very large over

HGV flight envelopes. Furthermore, β ≈ 0 and γ ̸= ±π/2.

Therefore, the assumption that ∆1 is bounded is reasonable.

Focusing on ∆3 = g1g2 (Λ− I)u + g1g2ρ, ∆3 is related to

system states and control inputs, which are bounded. With

respect to HGV fight envelopes, β ≈ 0 and each element of

g2 is composed by bounded control moment coefficients. In

consequence, ∆3 is bounded in flight.

Remark 5: As reported in [48], hydraulic driven actuators

are configured in hypersonic vehicles to operate all control

surfaces. Flush air data system (FADS) that is often mounted

in the upper and lower lifting surfaces has been successfully

applied to hypersonic vehicles [49]. FADS, which is dependent

on the pressure sensor array measurement of aircraft surface

pressure distribution, obtains dynamic pressure, bank angle,

AOA, and sideslip angle indirectly through a specific algo-

rithm. In addition, an inertial navigation system (INS) can

measure the position, orientation, and velocity of a hypersonic

vehicle. Hence, with respect to the studied HGV, the bank

angle, AOA, and sideslip angle can be measured by an FADS,

while the measurements of the angular rates of roll, pitch, and

yaw can be provided by an INS.

Remark 6: It is reported that in [50] that the leakage of

hydraulic fluid can be the root cause of the degradation of

the actuator effectiveness. Therefore, Λ = diag {λ1, λ2, λ3}
in Eq. (14) is used to describe the effectiveness of the HGV

actuators, where 0 < λ1, λ2, λ3 ≤ 1. In addition, an actuation

system in aircraft is constructed by an actuator controller, an

actuator, and sensors. The sensor fault in an actuator system

is recognized as the one of the major causes of the actuator

bias faults. If the amplitude sensor encounters a bias fault,

the measured amplitude is the actual amplitude plus the bias

value. As a consequence, the sensed amplitude is controlled

to be equal to the referenced signal. However, the actual value

of the actuator amplitude is deviated from the one as required

by the flight control. Hence, ρ = [ρa, ρe, ρr]
T

is adopted in

Eq. (14) to describe the bias faults of the aileron, elevator, and

rudder, respectively.

C. Problem Statement

The objective is to design an FTC scheme such that:

1) The terms including actuator faults and system uncertain-

ties can be estimated within a fixed amount of time, thus:

lim
t→to

∥∆̂1 −∆1∥ = 0, lim
t→to

∥∆̂3 −∆3∥ = 0 (19)

where to is the fixed convergence time, ∆̂1 and ∆̂3 are

the estimates of ∆1 and ∆3, respectively.

g2

1/S

+
+

g1

1/S

+
+

Outer-Loop

Eq. (8)

Inner-Loop

Eq. (12)

( )2
p,q,rf( )

1
�,α, βf

Fig. 1. Block diagram of the HGV model.

2) The detrimental impact of HGV actuator faults can be

counteracted within a finite amount of time, thus:

lim
t→tc

|µ− µd| = 0, lim
t→tc

|α− αd| = 0, lim
t→tc

|β − βd| = 0

(20)

where tc denotes the finite convergence time, µd, αd, and

βd correspond to the reference signals of the bank angle,

AOA, and sideslip angle, respectively.

3) The composite-loop design is achieved under multivari-

able situation, by which separating the HGV dynamics

into inner and outer loops is no longer needed.

III. FIXED-TIME OBSERVER DESIGN

A. An Overview of the Developed FTC Architecture

As illustrated in Fig. 2, the developed FTC scheme consists

of a fixed-time observer and a finite-time FTC unit. Once

the HGV encounters actuator faults, the observer can be

continuously run in an effort to obtaining the information

within fixed settling time. Then, the FTC responds to the

observer results, ensuring the states of the handicapped HGV

approach to the desired ones within finite time. Therefore,

two problems are addressed in the following. The first is

the observer design by means of the fixed-time multivariable

sliding mode technique. The second is the synthesis of the

FTC against actuator faults and model uncertainties, using

the finite-time multivariable integral terminal SMC (TSMC)

method.

Remark 7: It is of paramount importance to investigate

sensor faults in engineering plants as well [51]–[53]. When

a sensor is lost due to malfunctions, reliable information can

no longer be sent to the flight control system and the flight

management system, having a deleterious impact on vehicle’s

safety. In terms of sensor FTC, appropriate reconstructions can

be applied to replace the sensor measurements before the erro-

neous information is delivered to the controller. Nonetheless,

more emphasis is placed against actuator faults in this study

due to the limited space.

B. Fixed-Time Observer

Theorem 1: Consider the faulty system described by Eq.

(18), and assume that the terms ∆1 and ∆3 satisfy ∥∆̇1∥ ≤
L1 and ∥∆̇3∥ ≤ L2, where L1 and L2 are known constants.

Define z1, z2, z3, and z4 as the states of the designed fixed-

time observers. If the observers are designed by Eqs. (21)-(22)
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Fig. 2. Conceptual HGV FTC block diagram.

under the condition (23), therefore the terms ∆1 and ∆3 can

be estimated within fixed time through z2 and z4, respectively.
{

ż1 = −l1
e1

∥e1∥1/2 − l2e1 ∥e1∥p−1
+ z2 + y2

ż2 = −l3
e1

∥e1∥
, (21)

{

ż3 = −l4
e2

∥e2∥1/2 − l5e2 ∥e2∥p−1
+ z4 + a+ bu

ż4 = −l6
e2

∥e2∥
, (22)

where e1 = z1 − y1, e2 = z3 − y2, p > 1, and
{

l1 >
√
2l3, l2 > 0, l3 > 4L1

l4 >
√
2l6, l5 > 0, l6 > 4L2

. (23)

Proof. By taking the derivative of e1, one can obtain that:

ė1 = ż1 − ẋ1

= −l1
e1

∥e1∥1/2 − l2e1 ∥e1∥p−1
+ z2 −∆1

. (24)

Letting e∗1 = z2 −∆1, Eq. (24) can be rewritten as:

ė1 = −l1
e1

∥e1∥1/2
− l2e1 ∥e1∥p−1

+ e∗1. (25)

Taking the derivative of e∗1 gives:

ė∗1 = ż2 − ∆̇1

= −l3
e1

∥e1∥ − ∆̇1
. (26)

As a result, the error dynamics of the observer for ∆1 can be

represented as:
{

ė1 = −l1
e1

∥e1∥1/2 − l2e1 ∥e1∥p−1
+ e∗1

ė∗1 = −l3
e1

∥e1∥ − ∆̇1

. (27)

On the basis of the result in [54], when the observer gains l1,

l2, and l3 satisfy the condition (23), e1 and e∗1 can uniformly

converge to the origin within fixed time:

to ≤
(

1
l2(p−1)εp−1 + 2(

√
2ε)1/2

l1

)

×
(

1 + l3+L

(l3−L)(1−
√
2l3/l1)

)

, (28)

where ε > 0. The minimum value of to(ε) is obtained as long

as ε = (21/4l1/l2)
1

p+1/2 . Recalling the definition e∗1 = z2−∆1,

it is proven that z2 can approach to ∆1 within fixed time.

Moreover, the proof procedure of the fixed-time observation

of ∆3 is akin to that of ∆1. For the sake of space, the details

are omitted herein. �

Remark 8: In most of the observer design approaches, the

estimation error can vanish asymptotically or within finite

time. In contrast, the developed observers are capable of

estimating ∆1 and ∆3 within fixed time. According to Eqs.

(21)-(22), there are three observer gains for each observer.

The purpose of selecting li (i = 1, 2, 3) is to ensure that

the estimation errors (ė1 and ė∗1) can converge to the origin

within fixed time. To be more specific, the obtained condition

l3 > 4L1 drives ė∗1 to zero within fixed time. Subsequently,

the conditions, l1 >
√
2l3 and l2 > 0, enable ė1 to reach to

the origin within fixed time. Hence, this property is important

especially for safety-critical aerospace engineering systems.

IV. FINITE-TIME FAULT-TOLERANT CONTROL DESIGN

With respect to Eq. (18), let ỹ1 = y1 and ỹ2 = y2 + ∆̂1,

where ∆̂1 denotes the estimated value of ∆1 that can be

achieved by the proposed fixed-time observer. Define an

integral terminal sliding manifold as:

S = ỹ2 +

∫ τ

0

k1 ∥ỹ1∥r1
ỹ1
∥ỹ1∥

+ k2 ∥ỹ2∥r2
ỹ2
∥ỹ2∥

dτ, (29)

where k1, k2 > 0, r2 ∈ (0, 1), and r1 = 2r2/(2− r2). The

aim is to drive y1 to the origin along S = 0 in finite time,

despite that actuator faults and model uncertainties are present

in the HGV.

Theorem 2: The HGV FTC law is formulated as:

u = −b−1(a+ k1 ∥ỹ1∥r1 ỹ1

∥ỹ1∥ + k2 ∥ỹ2∥r2 ỹ2

∥ỹ2∥
+z4 + ż2 + η1S + η2 ∥S∥r3 S

∥S∥ )
, (30)

where r3 ∈ (0, 1). Thus, the proposed FTC law ensures that

y1 is steered to the origin along S = 0 in finite time, when

actuator faults and model uncertainties are present.

Proof. Given the FTC law (30), differentiating the sliding

surface (29) along the faulty system (18) can render:

Ṡ = ˙̃y2 + k1 ∥ỹ1∥r1 ỹ1

∥ỹ1∥ + k2 ∥ỹ2∥r2 ỹ2

∥ỹ2∥
= ẏ2 + ż2 + k1 ∥ỹ1∥r1 ỹ1

∥ỹ1∥ + k2 ∥ỹ2∥r2 ỹ2

∥ỹ2∥
= a+ bu+ z4 + ż2 + k1 ∥ỹ1∥r1 ỹ1

∥ỹ1∥ + k2 ∥ỹ2∥r2 ỹ2

∥ỹ2∥
= (z4 − ẑ4)− η1S − η2 ∥S∥r3 S

∥S∥

.

(31)

By letting ez4 = ẑ4 − z4 and ez2 = ẑ2 − z2, Eq. (31) can be

simplified as:

Ṡ = −ez4 − η1S − η2 ∥S∥r3
S

∥S∥ . (32)

Define a finite-time bounded function [41]:

V1(S, ỹ1, ỹ2) =
1

2
(STS + ỹT1 ỹ1 + ỹT2 ỹ2). (33)

Note that the parameter ri (i = 1, 2) satisfies the condition

0 < ri < 1, which implies that ∥ỹi∥ri < 1 + ∥ỹi∥. By taking
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derivative of V1 along dynamics (18), one obtains:

V̇1 = ST Ṡ + ỹT1 ˙̃y1 + ỹT2 ˙̃y2
= ST Ṡ + ỹT1 (ỹ2 − ez2)

+ỹT2 (Ṡ − k1 ∥ỹ1∥r1 ỹ1

∥ỹ1∥ − k2 ∥ỹ2∥r2 ỹ2

∥ỹ2∥ )

≤
∥

∥ST ez4
∥

∥+ ∥ỹ1∥ (∥ỹ2∥+ ∥ez2∥)
+ ∥ỹ2∥ (∥ez4∥+ η1 ∥S∥+ η2(1 + ∥S∥))
+ ∥ỹ2∥ (k1(1 + ∥ỹ1∥) + k2(1 + ∥ỹ2∥))

≤ ∥ST∥2
+∥ez4∥2

2 + ∥ỹ1∥2+∥ỹ2∥2

2 +
∥ỹ1∥2+∥ez2∥2

2

+
∥ỹ2∥2+∥ez4∥2

2 + η1+η2

2

(

∥ỹ2∥2 + ∥S∥2
)

+
η2
2+∥ỹ2∥2

2 + (k1+k2)
2+∥ỹ2∥2

2

+k1(∥ỹ1∥2+∥ỹ2∥2)
2 + k2 ∥ỹ2∥2

.

=
(

1
2 + η1+η2

2

)
∥

∥ST
∥

∥

2
+
(

1 + k1

2

)

∥ỹ1∥2
+
(

2 + k1

2 + η1+η2

2 + k2
)

∥ỹ2∥2

+
(

∥ez4∥
2
+ 1

2 ∥ez2∥
2
+

η2
2

2 + (k1+k2)
2

2

)

≤ KV1V1 + LV1 ,

(34)

where KV1 = 4 + k1 + η1 + η2 + 2k2, and

LV1 = max
(

∥ez4∥
2
+ 1

2 ∥ez2∥
2
+

η2
2

2 + (k1+k2)
2

2

)

, respec-

tively. Theorem 1 guarantees that the estimation errors ez2
and ez4 converge to zero in fixed time, which implies that ez2
and ez4 are bounded. In addition, LV1 is bounded. Therefore,

it can be concluded that V1 and the state ỹi will not escape to

infinity before the convergence of the observer error dynamics.

Since ez2 and ez4 approach to zero in fixed time, Eq. (32) in

turn becomes:

Ṡ = −η1S − η2 ∥S∥r3
S

∥S∥ , (35)

which is finite-time stable. As long as the sliding surface is

reached, the equivalent dynamics can be obtained using Ṡ = 0:

˙̃y2 + k1 ∥ỹ1∥r1
ỹ1
∥ỹ1∥

+ k2 ∥ỹ2∥r2
ỹ2

∥ỹ2∥
= 0. (36)

In consequence, it can be proved that the dynamics of (36) is

finite-time stabilized, which can be represented as:
{

˙̃y1 = ỹ2
˙̃y2 = −k1 ∥ỹ1∥r1 ỹ1

∥ỹ1∥ − k2 ∥ỹ2∥r2 ỹ2

∥ỹ2∥
. (37)

Select another Lyapunov function as:

V2 = k1
∥ỹ1∥r1+1

r1 + 1
+

∥ỹ2∥2
2

. (38)

The time derivative of V2 along the proceeding dynamics (37)

can be written as:

V̇2 = k1 ∥ỹ1∥r1−1 ˙̃yT1 ỹ1 − ỹT2 (k1
ỹ1

∥ỹ1∥1−r1
+ k2

ỹ2

∥ỹ2∥1−r2
)

= k1 ∥ỹ1∥r1−1 ˙̃yT1 ỹ1 − k1 ∥ỹ1∥r1−1
ỹT2 ỹ1

= −k2 ∥ỹ2∥r2−1
ỹT2 ỹ2

= −k2 ∥ỹ2∥r2−1
ỹT2 ỹ2

= −k2 ∥ỹ2∥r2+1

.

(39)

By applying LaSalles invariance principle, the set {(ỹ1, ỹ2) :
V̇ (ỹ1, ỹ2) = 0} consists of ỹ2 = 0, while the only invariant

set inside ỹ2 = 0 is the origin ỹ1 = ỹ2 = 0. As a result, the

asymptotic convergence of ỹ1 and ỹ2 is ensured.

Consider the vector field (37) and the dilation [28]:

(ỹ1,1, ỹ1,2, ỹ1,3, ỹ2,1, ỹ2,2, ỹ2,3) 7→
(κỹ1,1, κỹ1,2, κỹ1,3, κ

1
2−r2 ỹ2,1, κ

1
2−r2 ỹ2,2, κ

1
2−r2 ỹ2,3)

,

(40)

where κ > 0. Hence, the vector field (37) is homogeneous

of the degree of r2−1
2−r2

< 0. Based on [28], the closed-loop

system (36) is globally finite-time stable. In this case, ỹ1 and

ỹ2 approach to zero in finite time. �

Remark 9: The reaching phase time and the sliding phase

time are finite on the basis of (35) and (37), respectively. Thus,

the finite-time stability is successfully incorporated in the FTC

against HGV actuator malfunctions and model uncertainties.

On the other hand, the control cost from the actuators de-

manded by the fixed-time control is much larger than that

under the finite-time control [55]. With respect to post-fault

HGVs, inappropriate control costs may induce the actuator

amplitude saturation and even second damage of healthy

actuators in the course of actuator fault accommodation. From

this fundamental aspect, the finite-time control concept is

chosen instead of the fixed-time control at the FTC design

stage.

Remark 10: Considering that the fault recovery time of an

HGV is limited, both the reaching phase time and the sliding

phase time are finite in terms of (34) and (36), respectively.

This feature is integrated into the FTC design, allowing the

states of the faulty HGV to return to the equilibrium within

finite time.

Remark 11: Multivariable SMC design for a hypersonic

vehicle is focused in [40]. However, the design is transformed

into a decoupled one. Instead, the developed approach of this

study has twofold benefits: 1) the problem associated with

the decoupled design is avoided; and 2) the FTC is designed,

with the assurance that the globally finite-time stability is

achieved in spite of actuator faults. These improvements have

the potential of enhancing the safety of operational HGVs.

Remark 12: References [40]–[42] present finite-time ob-

servers of nonlinear systems. Motivated by [54], fixed-time

disturbance observers are proposed in this study, especial-

ly for multivariable situations. In contrast to [40]–[42], the

convergence time of the designed disturbance observer is

independent of initial conditions, while elegant solutions can

be achieved by vector form design, which is more suitable

for the HGV safety requirement. In addition to observer

design aspect, this paper explicitly considers “mismatched

uncertainty” which is used to handle the condition of actuator

faults and model uncertainties, while this type of uncertainty

is not prescribed in the recent work [42].

Remark 13: ż2 can be obtained by two methods. One option

is to obtain ż2 (observer state) directly from the fixed-time

observer. However, ż2 is not a continuous signal. Instead,

ż2 can be estimated on-line by the robust exact fixed-time

differentiator [56]. The differentiator can be implemented if the

higher order derivatives of the input are bounded and the fixed-

time escape does not exist. The differentiator transient can be

driven adequately short by properly tuning the differentiator

parameters.
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V. NUMERICAL SIMULATIONS

A. HGV Flight Conditions

The initial flight conditions of the selected HGV are:

V (0) = 3000m/s, H(0) = 3000m, µ(0) = 0◦, α(0) = 2◦,

β(0) = 0◦, and p(0) = q(0) = r(0) = 0. The geometric

parameters are: m = 641.7kg, b̄ = c̄ = 0.8m, Sr = 0.5024m2,

Ixx = 65.12kg · m2, Iyy = 247.26kg · m2, and Izz =
247.26kg ·m2.

B. Simulation Scenarios

The FTC without fixed-time observer and the proposed FTC

are both examined. The actuator faults, model uncertainties,

and measurement noises are considered in the simulation.

1) Actuator time-varying faults:

λ1 =







1, 0 ≤ t < 4
0.7− t−4

5
× 0.3 4 ≤ t < 9

0.4, t ≥ 9
,

ρ1 =







0, 0 ≤ t < 4
5 + t−4

5
× 4 4 ≤ t < 9

9, t ≥ 9
.

(41)

λ2 =







1, 0 ≤ t < 4
0.7− t−4

5
× 0.2 4 ≤ t < 9

0.5, t ≥ 9
,

ρ2 =







0, 0 ≤ t < 4
−9 + t−4

5
× 18 4 ≤ t < 9

9, t ≥ 9
.

(42)

λ3 =







1, 0 ≤ t < 4
0.7− t−4

5
× 0.2 4 ≤ t < 9

0.5, t ≥ 9
,

ρ3 =







0, 0 ≤ t < 4
9− t−4

5
× 19 4 ≤ t < 9

−10, t ≥ 9
.

(43)

2) According to [57], the maximal degree of the mismatch

in the aerodynamic moment coefficients (Cl, Cm, and

Cn) is chosen as 20%. The roll, pitch, and yaw moments

of inertia (Ixx, Iyy , and Izz) are perturbed by 20% of

the nominal values. Moreover, the maximum dispersion

of the selected HGV mass is 20% of the nominal value.

3) The actuator dynamics are chosen as 40/(s+ 40) in the

simulation studies. In addition, the white noise with a

mean of 0 and covariance of 0.01 is injected into each

measurement channel.

To quantitatively assess the attitude tracking performance,

three indices corresponding to µ, α, and β are defined as:

σi =

√

1

t2 − t1

∫ t2

t1

|y1,i|2 dτ , i = 1, 2, 3, (44)

where [t1, t2] covers the time frame of the simulation run and

y1,i is the ith element of y1. The defined metric is the scalar

valued L2 norm, as a measure of average tracking performance

[58]. The norm measures the root-mean-squared “average”

of the tracking error. A smaller L2 norm indicates smaller

tracking error and thus better tracking performance.

C. Simulation Results

The tracking performance and tracking errors of the HGV

attitude are shown in Fig. 3 and Fig. 4, respectively. Both the

selected FTC schemes can ensure the safety of the faulty HGV.

As can be seen from Fig. 3(a) and Fig. 4(a), the tracking error

of bank angle under the developed FTC scheme is significantly

smaller than that of the FTC scheme without fixed-time

observer. It is illustrated in Fig. 3(b) and Fig. 4(b) that the AOA

tracking performance achieved by the designed FTC is better

in comparison to the FTC without fixed-time observer. Fig.

3(c) and Fig. 4(c) show that the presented scheme outperforms

the comparing FTC with respect to sideslip angle. Hence,

from Fig. 3 and Fig. 4, the tracking errors remain remarkably

smaller during the entire maneuver when the proposed FTC

is used. In terms of the curves, the tracking performance by

the FTC without fixed-time observer is inferior to that of the

proposed FTC. The closed-loop behavior remains excellent in

the case of the developed FTC, although the tracking errors

exhibit a slightly worse transient behavior. As is visible in

Fig. 5, the actuators governed by the proposed FTC can

satisfactorily handle the time-varying faults.

The improved rate of σ1 from the FTC without fixed-

time observer to the designed FTC is 41.56% (from 0.77◦

to 0.45◦). The measure of σ2 is enhanced by 47.46% (from

0.59◦ to 0.31◦) when the selected FTC schemes are compared.

With respect to σ3, the studied FTC also attains the superior

performance than that of the FTC without fixed-time observer,

with 49.02% improvement of the defined metric (from 0.51◦

to 0.26◦). The performance indices emphasize that the FTC

design approach is applicable not only for ensuring the HGV

safety, but also for preserving the sound tracking performance.

VI. CONCLUSIONS AND FUTURE WORKS

A new development of integrating fixed-time observers

and finite-time control into a fault-tolerant control scheme

is presented for a hypersonic gliding vehicle, which can

handle actuator faults and model variations. The benefits of

the algorithms include: 1) the estimation errors can be driven

to zero within fixed time; 2) the fault-tolerant control law

is constructed using the composite-loop design concept, by

which the finite-time stability of the faulty closed-loop system

can be ensured; and 3) multivariable situation is incorporated

at the design stages of both observer and fault-tolerant control

for avoiding the decoupled issues induced by formulating a

multi-input and multi-output system as m single-input sys-

tems. These improvements offer the potential to enhance the

safety of hypersonic vehicles. The case studies based on a full

nonlinear model of the hypersonic gliding vehicle dynamics

demonstrate that the proposed fault-tolerant control scheme

can effectively deal with scenarios involving actuator faults

and model variations.

Despite that the proposed strategy is capable of tolerat-

ing flight actuator faults, issues of actuator saturation and

sensor fault diagnosis have not yet been considered in the

design. Investigation of these factors, which may affect the

performance of the fault-tolerant control system, is one of

our future works. In addition, hardware-in-the-loop simulation
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Fig. 3. The responses of µ, α, and β.
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Fig. 4. The tracking errors of µ, α, and β.

experiment studies including designing testbed and validating

the proposed algorithm should be conducted.
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