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(is paper presents an active fault-tolerant control strategy for quadrotor helicopters to simultaneously accommodate sensor
faults and external disturbances. Unlike most of the existing fault diagnosis and fault-tolerant control schemes for quadrotor
helicopters, the proposed fault diagnosis scheme is able to estimate sensor faults while eliminating the effect of external dis-
turbances. Moreover, the proposed fault-tolerant control scheme is capable to eliminate the adverse effect of external disturbances
as well by designing a disturbance observer to effectively estimate the unknown external disturbances and integrating with the
designed integral sliding-mode controller. In this case, the continuous operation of the quadrotor helicopter is ensured while
avoiding the unexpected control chattering. In addition, the stability of the closed-loop system is theoretically proved. Finally, the
effectiveness and advantages of the proposed scheme are validated and demonstrated through comparative numerical simulations
of the quadrotor helicopter under different faulty and uncertain scenarios.

1. Introduction

Unmanned quadrotor helicopters have recently been widely
used by commercial industries and academic communities
due to their vertical take-off and landing capability, low cost,
and great maneuverability. In order to allow the aircraft to
track desired orientation commands, while preventing it
from flipping over and crashing, the quadrotor attitude
control system is becoming more and more sophisticated
with increasing requirements for high performance and
reliability. Many control approaches have been proposed for
tracking control of quadrotor helicopters [1–3]. However,
most of the aforementioned literatures did not take potential
faults in the system into account. Sensors are identified as the
weak link in aerospace engineering systems based on being
more vulnerable to damage or being more sensitive in
construction than other components [4, 5]. A fault in an
attitude sensor can be regarded as an unexpected change of
sensor operation affecting the sensor output [6, 7]. In the
case of sensor faults, measurements of state variables and
other quantities of interests may no longer be reliable which

may degrade quadrotor flight performance or even cause a
catastrophic accident. (us, the faulty measurements cannot
be used for output or state feedback control directly without
any correction algorithms. Tomeet the stringent demands of
system reliability, physical redundancy in the form of
identical sensors or multiple types of sensors is often con-
figured [8]. Nevertheless, redundant sensors are not always
feasible due to the constraints of cost, weight, and com-
plexity, especially for small-size unmanned aerial vehicles
(UAVs). In this case, analytical redundancy constituted by
the knowledge of the considered system becomes a viable
supplement. In the study by Zhong et al. [9], a two-stage
extended Kalman filter is developed for detecting, isolating,
and identifying inertial measurement unit (IMU) sensor
faults of an unmanned quadrotor helicopter, while miti-
gating the impact of model uncertainties. In the study by
Matus-Vargas et al. [10], a fault-tolerant control scheme for
a multirotor with altitude sensor faults caused by the ground
effect is presented and validated by simulations and ex-
periments. In the study by Zhang and Xiao [11], a sliding
mode observer with the adaptive regulation law is proposed
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for multiple sensor fault detection and reconstruction
without knowing the upper bound of the unknown faults. In
the study by Tan et al. [12], a sliding mode control combined
with the RBF neural network is designed to deal with the
failures of the sensor and actuator. Considerable research
results have been reported on sensor fault diagnosis. A fault
diagnosis system normally performs three major tasks: fault
detection, fault isolation, and fault estimation. Among
various types of fault diagnosis approaches that have been
developed, sliding mode observer-based fault diagnosis has
been proven to be an effective way to detect, isolate, and
estimate faults for many systems due to the inherent ro-
bustness of sliding mode algorithms to unknown modeling
uncertainties and disturbances [13–15]. In the study by
Patton et al. [13], the derivative of the considered sensor fault
is assumed to be zero, and the concept of equivalent output
injection is employed to reconstruct the fault. (en, in the
study by Tan and Edwards [14], the assumption of constant
sensor fault is relaxed to a more general case but it assumes
that the considered system needs to be open-loop stable. In
the study by Alwi et al. [15], the proposed scheme overcomes
the limitation that the open-loop system is required to be
stable and is capable to estimate incipient sensor faults. Note
that, the aforementioned research only deals with the di-
agnosis of sensor faults. From the control point of view, after
fault occurrence, whether the fault can be compensated and
the system can maintain its original tracking performance
are of importance. In other words, the integrated design of
the controller and fault diagnosis scheme needs to be further
investigated. (e stability of the closed-loop system with
reconstructed measurements needs to be proved. (erefore,
with application to quadrotor helicopters, the fault diagnosis
and fault-tolerant control for quadrotor helicopters has been
an important research topic in recent years with the growing
demands for safety, reliability, and maintainability [16–18].
(e timely diagnosis and correction of faults in a quadrotor
system are critical in avoiding abnormal system performance
and reducing the unexpected accidents significantly.

During the last decade, various fault diagnosis ap-
proaches have been proposed with the advances in control
theory [19–23]. Most of the proposed diagnosis systems
contain only fault detection and isolation (FDI), which
cannot provide more comprehensive information of the
corresponding fault, such as magnitude of the fault. Fault
estimation, which is also referred to as fault identification,
can provide the estimated magnitude of the fault. It plays
an important role in active fault-tolerant control (AFTC)
since it can provide the required fault information to
reconfigure the controller. In [24, 25], nonlinear adaptive
estimation methods are presented to detect, isolate, and
estimate sensor bias faults in accelerometer and gyroscope
measurements of a quadrotor helicopter. In the study by
Zhong et al. [26], an adaptive two-stage extended Kalman
filter is proposed for sensor fault detection and diagnosis
of a quadrotor helicopter based on its kinematic model.
Nonetheless, fault diagnosis is a very important procedure,
and it is not sufficient to ensure safe operation of the
quadrotor helicopter. For safety-critical systems, the di-
agnosis of a particular system fault is not the ultimate goal,

whereas the continuity of operation is a key feature, and
the closed-loop system should be capable of maintaining
its prespecified performance in terms of quality, safety, and
stability despite the presence of faults [27]. (is calls for
the appearance of FTC systems.

In the context of FTC for quadrotor helicopters, most of
the research works in the literature focus on actuator faults
[28–32]. Research on sensor FTC for quadrotor helicopters
is very limited compared to the sensor fault diagnosis system
and actuator FTC system [33, 34]. In the study by Zhang
et al. [33], a tracking controller and a sensor fault detection
and isolation scheme were separately developed for a
quadrotor helicopter. (e proposed fault diagnosis system
can only detect and isolate sensor faults and is not integrated
with the designed controller to accommodate faults in an
active fashion. In the study by Qin et al. [34], a fault di-
agnosis unit is designed to estimate sensor faults and syn-
thesized with a two-level PID controller to constitute an
active FTC scheme for a quadrotor helicopter. However, the
proposed scheme in [34] is based on a linear model of the
quadrotor helicopter. In practical situations, the existence of
system parameter variations, nonlinearity, and disturbances
can make the model-based fault diagnosis and FTC system
ineffective. Consequently, it is vital to take robustness into
consideration, while designing model-based fault diagnosis
and FTC systems.

In an attempt to solve the aforementioned difficulties
for improving system robustness, this paper presents a
novel observer-based fault diagnosis and FTC scheme for
quadrotor helicopters against sensor faults and distur-
bances. (e main contributions of this paper are sum-
marized as follows:

(1) In the face of sensor faults and external disturbances,
an active FTC scheme is proposed to simultaneously
accommodate them in terms of both fault diagnosis
and fault-tolerant control based on integral sliding-
mode control, sliding mode observer, and distur-
bance observer.

(2) Unlike most of the existing fault diagnosis schemes
for quadrotor helicopters, the proposed fault diag-
nosis scheme is able to estimate sensor faults, while
eliminating the effect of external disturbances.

(3) A disturbance observer is constructed to estimate the
lumped disturbances and integrated with the
designed sliding-mode controller, which can help to
avoid the unexpected control chattering. (e sta-
bility of the closed-loop system is theoretically
proved.

(e rest of this paper is arranged as follows. (e dy-
namic model of the studied quadrotor helicopter and
problem statement are presented in Section 2. (e detailed
design procedures of the proposed fault diagnosis and FTC
scheme are described in Section 3. (en, the numerical
simulation results are demonstrated in Section 4 to vali-
date the effectiveness of the proposed scheme. Finally,
general conclusions of this paper are summarized in
Section 5.
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2. Quadrotor Model and Problem Statement

2.1. Quadrotor Model Description. (e studied quadrotor
helicopter is an underactuated system with six degrees of
freedom driven by four motors mounted in a cross con-
figuration, as shown in Figure 1. (e voltage inputs imposed
on themotors drive the corresponding propellers to generate
forces and torques. Each pair of the opposite propellers turns
the same way, i.e., the front and rear propellers rotate
clockwise and the left and right ones spin counterclockwise.
In order to facilitate the modeling of the quadrotor heli-
copter, two coordinate systems are employed: the earth-fixed
frame {E} and the body-fixed frame {B}. (e origin of the
earth-fixed frame is attached on the ground, while the origin
of the body-fixed frame is coincident with the center of
gravity of the studied quadrotor helicopter. (e axes of the
earth-fixed frame are denoted as (oe, xe, ye, ze), and the axes
of the body-fixed frame are denoted as (ob, xb, yb, zb).

Considering the attitude control of the quadrotor heli-
copter, by employing the Newton–Euler formulation, the
dynamic model of the quadrotor helicopter can be expressed
as follows:

τB
� J _ωB

+ ωB
× JωB

, (1)

where τB � [τx, τy, τz]T is the resultant torque vector and
ωB � [p, q, r]T is the angular velocity vector with respect to
the body-fixed frame, respectively, and J � diag
([Jx, Jy, Jz]) � diag([0.03, 0.03, 0.04]) kg·m2 is a diagonal
matrix that stands for the moments of inertia of three axes of
the studied quadrotor helicopter with the assumption that
the axes of the body-fixed frame are coincident with the
principal axes of inertia of the studied quadrotor helicopter.

(e corresponding torques imposed on the quadrotor
helicopter consist of the propeller-generated torque, the
gyroscopic torque, and the rotational motion-induced tor-
que, which can be described as

τB
�

0 0 KuLd − KuLd

KuLd − KuLd 0 0

Ky Ky − Ky − Ky

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
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⎛⎜⎜⎜⎜⎝ ⎞⎟⎟⎟⎟⎠(− 1)
i+1Ωi +

− kd1
_ϕ

− kd2
_θ

− kd3 _ψ

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦, (2)

where ϕ, θ, andψ is the roll, pitch, and yaw angle of the
quadrotor helicopter defined in the earth-fixed frame, re-
spectively, Ir is the inertial moment of the propeller, Ωi (i �

1, 2, . . . , 4) is the ith propeller’s rotational speed, kdi (i �

1, 2, . . . , 4) is the drag coefficient, and ui (i � 1, 2, . . . , 4) is
the pulse width modulation (PWM) input of the ith motor,
and the control input signals are within the range [0.05, 0.1].
A command of 0.05 corresponds to zero throttle, which will
cause the motors to stop, and a command of 0.1 corresponds
to full throttle. Ku � 120N is a positive gain related to
propeller-generated force, Ky � 4Nm is a positive gain
related to propeller-generated torque, and Ld � 0.2m is the
distance between the motor and the center of gravity of the
quadrotor helicopter.

(en, by substituting (2) into (1), it leads to

_p �
Jy − Jz

Jx

qr +
uϕ

Jx

− Ir
_θΩ − kd1

_ϕ,

_q �
Jz − Jx

Jy

pr +
uθ

Jy

+ Ir
_ϕΩ − kd2

_θ,

_r �
Jx − Jy

Jz

pq +
uψ

Jz

− kd3 _ψ,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(3)

where uϕ � KuLd(u3 − u4), uθ � Ku Ld(u1 − u2), and uψ �

Ky(u1 + u2 − u3 − u4).
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Figure 1: (e configuration of the studied quadrotor helicopter.
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(e kinematic differential equation of the quadrotor
helicopter can be described as

_ϕ
_θ
_ψ

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
�

1 sinϕ tan θ cos ϕ tan θ

0 cosϕ − sinϕ

0 sinϕ sec θ cosϕ sec θ
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p

q

r

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦. (4)

Assuming that the changes of roll and pitch angles are
small, the transformation matrix between the angular ve-
locities and the Euler angle rates is close to an identity
matrix. (us, the nonlinear system in (4) is linearized as

_ϕ � p,

_θ � q,

_ψ � r.

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(5)

To facilitate the subsequent design procedures, (3) and
(5) are simplified as the following nonlinear affine system:

_x � Ax + Df(x) + Bu + WΔd,

y � Cx + Ffs,
 (6)

where x ∈ Rn � [ϕ, θ,ψ, p, q, r]T, y ∈ Rp � [ϕ, θ,ψ]T,

u ∈ Rm � [uϕ, uθ, uψ]T, f(x) ∈ Rs � [qr, pr, pq]T, Δd ∈
Rr, r represents the lumped model uncertainties and ex-
ternal disturbances, which are assumed to be unknown but
bounded, and fs ∈ Rq is an unknown vector which repre-
sents an additive bias resulting from sensor faults.

According to the above definitions, the known constant
matrices in (6) can be described as

A �

0 0 0 1 0 0

0 0 0 0 1 0

0 0 0 0 0 1

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0
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0 0 0

0 0 0

J
− 1
x 0 0

0 J
− 1
y 0

0 0 J
− 1
z
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D �

0 0 0

0 0 0

0 0 0

Jy − Jz

Jx

0 0

0
Jz − Jx

Jy

0

0 0
Jx − Jy

Jz
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,

C �

1 0 0 0 0 0
0 1 0 0 0 0
0 0 1 0 0 0

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦.

(7)

3. Active Fault-Tolerant Control Strategy

3.1. Overview of the Proposed AFTC Scheme. A general
structure of the developed AFTC scheme against sensor
faults and disturbances is illustrated in Figure 2. (e overall
control system is constructed by a sensor fault diagnosis unit
and a disturbance observer-based sliding-mode controller.
(e real-time information about sensor faults is provided by
the fault diagnosis unit. Subsequently, the disturbance ob-
server-based sliding-mode controller is proposed and in-
tegrated with the fault diagnosis unit to drive the quadrotor
helicopter track the reference signals in the presence of
sensor faults and disturbances.

3.2. Sensor Fault Diagnosis

Assumption 1. rank(CW)� rank(W).

Assumption 2. (e nonlinear term f(x) is assumed to be
known and Lipschitz about x uniformly, i.e., ∀x1, x2 ∈ Rn,

f x1(  − f x2( 
����

����≤ Lfx1 − x2

�����

�����, (8)

where Lf is the Lipschitz constant and is assumed to be
unknown.

Assumption 3. (e considered sensor faults fs and their
derivatives _fs are bounded and defined by

εs � sup
t>0

fs

����
����, and εss � sup

t>0
_fs

����
����. (9)

Lemma 1. Under Assumption 1, there exist linear trans-
formations of state and output:
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z � Tx �
z1

z2
 ,

h � Sy �
h1

h2
 ,

(10)

such that the system matrices become

TAT− 1
�

A1 A2

A3 A4
 ,

TB �
B1

B2
 ,

TD �
D1

D2
 ,

SCT− 1
�

C1 0

0 C4
 ,

SF �
0

F2
 ,

TW �
W1

0
 ,

(11)

where T ∈ Rn×n, S ∈ Rp×p, z1 ∈ Rr, z2 ∈ Rn− r, h1 ∈ Rr,
h2 ∈ Rp− r, A1 ∈ Rr×r, A4 ∈ R(n− r)×(n− r), B1 ∈ Rr×m,
D1 ∈ Rr×s, C1 ∈ Rr×r, C4 ∈ R(p− r)×(n− r), F2 ∈ R(p− r)×q, and
W1 ∈ Rr×r.

By applying both transformation matrices T and S,
original system (6) can be converted into the following two
subsystems as

_z1 � A1z1 + A2z2 + D1f T
− 1

z  + B1u + W1Δd,

h1 � C1z1,

⎧⎨

⎩ (12)

_z2 � A3z1 + A4z2 + D2f T
− 1

z  + B2u,

h2 � C4z2 + F2fs.
 (13)

After coordinate transformations, one can observe that
subsystem (12) is only sensitive to lumped disturbances, and
subsystem (13) is free from lumped disturbances but subject
to sensor faults. In order to estimate fs, the sensor faults in
(13) are treated as actuator faults by defining a new state
z3 � 

t

0 h2(τ)dτ. In this case, an augmented system with the
state vector z � [z2, z3]

T can be given as
_z � Az + A3z1 + D2f T

− 1
z  + Bu + Ffs,

h3 � Cz,

⎧⎨

⎩ (14)

where z ∈ Rn+p− 2r, h3 � z3 ∈ Rp− r, A �
A4 0
C4 0  ∈

R(n+p− 2r)×(n+p− 2r), A3 �
A3
0  ∈ R(n+p− 2r)×r, D2 �

D2
0 

∈ R(n+p− 2r)×s, B �
B2
0  ∈ R(n+p− 2r)×m, F �

0
F2

  ∈

R(n+p− 2r)×q, and C � 0 Ip− r  ∈ R(p− r)×(n+p− 2r).
Moreover, since z2 is used in subsystem (12), with the

new state vector z, subsystem (12) can be accordingly re-
written as

_z1 � A1z1 + A2z + D1f T
− 1

z  + B1u + W1Δd,

h1 � C1z1,

⎧⎨

⎩ (15)

where A2 � A2 0  ∈ Rr×(n+p− 2r).
(erefore, for subsystems (15) and (14), two sliding

mode observers are designed as follows:

_z1 � A1z1 + A2
z + B1u +

1
2

k1P1C
− 1
1 h1 − h1  + D1f T

− 1z  + A1 − A
s
1( C

− 1
1 h1 − h1  + v1,

h1 � C1z1,

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(16)

Integral sliding-mode controlAttitude control 
reference command Quadrotor helicopter Sensor

Sensor fault diagnosis

Disturbance estimation

FaultDisturbances

+
–

Figure 2: (e schematic of the proposed AFTC strategy in the presence of sensor faults and external disturbances.
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_z � Az + A3C
− 1
1 h1 + D2f T

− 1z  + Bu + L h3 − h3  +
1
2
k2D2H h3 − h3  + Fv2,

h3 � Cz,

⎧⎪⎪⎨

⎪⎪⎩
(17)

where z � [(C− 1
1 S1y)T, ([In− r0]z)T]T, As

1 ∈ R
r×r is a stable

matrix that needs to be determined, P1 is the Lyapunov
matrix of As

1, L � [L1L2]
T ∈ R(n+p− 2r)×(p− r) is the observer

gain matrix with L1 ∈ R(n− r)×(p− r), and H ∈ Rj×(p− r).
(e discontinuous output error injection term v1, which

is used to eliminate the effects of disturbances on state es-
timation, is designed as

v1 �

W1
����

����ξ + ϵ1 
P1 C

− 1
1 h1 − z1 

P1 C
− 1
1 h1 − z1 

�����

�����
, if C

− 1
1 h1 ≠ z1,

0, otherwise,

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(18)

where ϵ1 is a positive scalar to be determined.
Similarly, the discontinuous output error injection term

v2 can be designed as

v2 �

ϵs + ϵ2( 
F0 h3 − h3 

F0 h3 − h3 
�����

�����
, if h3 ≠ h3,

0, otherwise,

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(19)

where F0 ∈ Rq×(p− r) is a matrix and ϵ2 is a positive scalar that
needs to be determined.

In addition, _k1 and
_k2 are determined by the following

adaptation laws as
_k1 � lk1P1 C

− 1
1 h1 − z1 

2
, (20)

_k2 � lk2H h3 − h3 
2
, (21)

where lk1 and lk2 are positive constants.
(en, by defining the state estimation errors as z1 �

z1 − z1 and z � z − z, the corresponding sliding surface can
be constructed as

σ � z1,
z : z1 � 0, Cz � 0 . (22)

Accordingly, the state estimation error dynamics can be
obtained as follows:

_z1 � A
s
1z1 + A2

z + D1 f T
− 1

z  − f T
− 1z   −

1
2
k1P1z1 + W1Δd − v1, (23)

_z � (A − LC)z + D2 f T
− 1

z  − f T
− 1z ′  −

1
2
k2D2HCz + F fs − v2( . (24)

Considering the fact that, after reaching the constructed
sliding surface, the desired sliding motion needs to be
maintained thereafter, namely, Cz � 0, which results in that

C(A − LC)z + CD2 f T
− 1

z  − f T
− 1z   −

1
2
k2CD2HCz + CF fs − v2eq  � 0, (25)

where v2eq denotes the equivalent output error injection
signal, which can be approximated as

v2eq � ϵs + ϵ2( 
F0 h3 − h3 

F0 h3 − h3 
�����

����� + δ
, (26)

with δ representing a small positive scalar for reducing the
chattering effect.

In this sense, according to (25), the sensor fault can be
approximated as

fs ≈ ϵs + ϵ2( 
F0 h3 − h3 

F0 h3 − h3 
�����

����� + δ
. (27)

Theorem 1. Given a nonlinear affine system (6) with As-
sumptions 1–3 and the proposed observers (16) and (17), by
employing adaptation schemes (20) and (21), state estimation
error dynamics (23) and (24) can be driven to the defined
sliding surface given by (22) if the gains ϵ1 and ϵ2 satisfy that
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ϵl ≥ A2
����

����‖z‖ + Lf T
− 1����

����D1‖z‖ + η1, (28)

ϵ2 ≥Lf T
− 1����

����D2
‖z‖

‖F‖
+ η2, (29)

where η1 and η2 are positive scalars.

Proof of Eeorem 1. Consider the following Lyapunov
candidate functions:

V1 � z
T
1 P1z1,

V2 � z
T
Pz.

(30)

(en, by substituting equations (23) and (24), the time
derivative of V1 and V2 can be, respectively, calculated as

_V1 � z
T
1 A

sT
1 P1 + P1A

s
1 z1 + 2z

T
1 P1A2

z + 2z
T
1 P1W1Δd − k1 P1z

2
1

����
���� + 2z

T
1 P1D1 f T

− 1
z  − f T

− 1z   − 2z
T
1 P1v1, (31)

_V2 � z
T

(A − LC)
T
P + P(A − LC) 

L
− k2z

T
PD2HCz + 2z

T
PD2 f T

− 1
z  − f T

− 1z   + 2z
T
PF fs − v2( . (32)

Since P1 � P1
T > 0 and As

1 < 0, (31) and (32) can be
rewritten as follows:

_V1 ≤ 2z
T
1 P1A2

z + 2z
T
1 P1D1 f T

− 1
z  − f T

− 1z   + 2z
T
1 P1W1Δd − 2z

T
1 P1v1

� 2z
T
1 P1 A2

z + D1 f T
− 1

z  − f T
− 1z   + W1Δd − v1 ≤ 2P1z1 A2‖z‖ + LfT

− 1
D1‖z‖ − ϵ1 ,

(33)

_V2 ≤ 2z
T
PD2 f T

− 1
z  − f T

− 1z   − k2
z

T
PD2HCz + 2z

T
PF fs − v2( 

≤ 2‖Pz‖ LfT
− 1

D2‖z‖ − ‖F‖ϵ2 .
(34)

Finally, substituting (28) and (29) into (33) and (34)
leads to that

_V1 ≤ − 2η1P1z1,

_V2 ≤ − 2η2‖Pz‖.
(35)

(erefore, the desired sliding motion can be achieved
and maintained.

3.3. Integral Sliding-Mode Control Design. (e design of a
sliding mode controller is typically composed of two steps.
(e first step features the construction of a sliding surface,
on which the system performance can be maintained as
expected. (e second step is concerned with the selection
of an appropriate control law to drive the sliding variable
reach the designed sliding surface and thereafter keep the
sliding motion within the close neighborhood of the
sliding surface. However, during the reaching phase, the
insensitivity of the sliding mode controller cannot be
ensured. One way to solve this problem is to employ the
integral sliding-mode control scheme, such that the ro-
bustness of the system can be guaranteed throughout the
entire response of the system starting from the initial time
instant [35].

In order to facilitate the integral sliding-mode control
design, the nonlinear system described in (6) can be re-
written in the following integral chain format as

_x1 � x2,

_x2 � f x2(  + Buu + d,
 (36)

where x1 � [ϕ, θ,ψ]T and x2 � [p, q, r]T.
By denoting xd

1 as the desired trajectory of the quadrotor
helicopter, the corresponding tracking error vector can be
defined as

x
e
1 � x1 − x

d
1 �

ϕ − ϕd

θ − θd

ψ − ψd

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦. (37)

(en, with this tracking error vector (37), the integral
sliding surface for the controlled system is defined as follows:

S � _x
e
1 + kc2x

e
1 + kc1 

t

t0

x
e
1(τ)dτ − kc2x

e
1 t0(  − _x

e
1 t0( ,

(38)

where t0 is the initial time instant and the diagonal matrices
kc1 and kc2 represent the design parameters.

From this definition, one can observe that the integral
term renders the sliding motion occur at the initial time
instant t0. Accordingly, the system trajectory under integral-
sliding mode control starts from the designed sliding sur-
face, and the reaching phase is eliminated compared to
conventional sliding mode control.

(e continuous sliding-mode control part is designed by
equalizing _S � 0 as
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u0 � B
− 1
u _x

d
1 − kc2 _x

e
1 − kc1x

e
1 − f x2(  . (39)

(e discontinuous control part to reject disturbances is
designed as

u1 � − B
− 1
u kc3 sat(S), (40)

where kc3 is a diagonal matrix constructed with positive high
gains that make the designed sliding surface attractive, and
the sat function is defined as [36]:

sat(S) �

sign(S), if ‖S‖>Φ,

S

Φ
, if ‖S‖≤Φ,

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(41)

with Φ representing the boundary layer thickness.
However, in order to account for the unknown distur-

bances, the discontinuous control gain kc3 needs to be
chosen greater than the upper bound of the unknown
disturbances, which may lead to unexpected control chat-
tering. (erefore, a nonlinear disturbance observer needs to
be designed and synthesized with the designed sliding-mode
control to reduce the discontinuous control gain.

3.4. Nonlinear Disturbance Observer Design and Synthesis
with Sliding Mode Control

Assumption 4. (e disturbances in system (36) are bounded
and defined by Dd � supt>0‖d‖.

Assumption 5. (e lumped disturbances can be represented
by the following exogenous system [37, 38]:

_ζ � Adζ,

d � Cdζ.

⎧⎨

⎩ (42)

To estimate the unknown disturbances, a nonlinear
disturbance observer is designed as

_z � Ad − λCd z + Adμ − λ Cμ + f x2(  + Buu ,

ζ � z + μ,

d � Cd
ζ.

(43)

With the estimated disturbances d, the disturbance es-
timation error is defined as

de � d − d. (44)

Assumption 6. (e disturbance estimation error is bounded
by De � supt>0‖de‖.

By recalling the sliding mode control derived in (39) and
(40), with the estimated sensor faults and disturbances, the
composite control law can be constructed as follows:

u � B
− 1
u

€x
d

1 − kc2
_x

e

1 − kc1x
e
1 − f x2(  − d  − B

− 1
u kc3 sat(S).

(45)

Theorem 2. Consider a nonlinear affine system (36) with
exogenous disturbances (42). Given the designed integral
sliding surface (38), by employing the disturbance estimation
(43) and the feedback control law (45), the system tracking
performance can be guaranteed as expected in the presence of
unknown disturbances with the discontinuous control gain
chosen as kc3 ≥ η + De.

Proof of Eeorem 2. To prove (eorem 2, a nonnegative
Lyapunov function is defined as

V3 �
1
2
S

T
S. (46)

(e time derivative of V3 for S≠ 0 can be calculated as

_V3 � S
T _S � S

T
f x2(  + BuB

− 1
u

€x
d

1 − kc2
_x

e

1 − kc1x
e
1 − f x2(  − d − kc3sat(S)  + d − €x

d

1 + kc2
_x

e

1 + kc1x
e
1 ,

� S
T

− kc3sat(S) + d − d ≤ S
T

− η + De( sat(S) + De( ≤ − η‖S‖.

(47)

(erefore, the stability of the controller system can be
guaranteed with the designed control law (45) in the
presence of unknown exogenous disturbances.

Remark 1. Since the unknown disturbances have been
precisely estimated by the disturbance observer, the
magnitude of the estimation error can be kept much
smaller than that of the disturbance. (us, compared to
conventional sliding-mode control, the value of the
discontinuous control gain is significantly reduced,
which can alleviate the control chattering problem to
some extent.

4. Simulation Tests and Discussion

In this section, the proposed AFTC strategy against sensor
faults and external disturbances will be validated. To achieve
an effective evaluation of the proposed AFTC strategy, three
different faulty patterns are considered for the attitude
control system of the quadrotor helicopter. In addition, for
comparison, the tracking performance of a conventional
sliding-mode control is also investigated to demonstrate the
advantages of the proposed control strategy.

It can be observed from Figures 3–5 that during
20< t< 40s and 50< t< 70s, all the attitude measurement
systems fail simultaneously. By using the proposed sensor
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fault estimation scheme, the sensor faults can be accurately
estimated, and the unbiased attitude estimation is provided
for the feedback control. For comparison, the tracking
performance of the compared conventional sliding-mode
control without the sensor fault diagnosis system is studied,
which is shown as the dash-dotted red line in Figures 6–8. In
this case, the attitude measurements are directly utilized by
the feedback controller. (erefore, the attitude of the
quadrotor helicopter cannot follow the reference commands
when there exist sensor faults, and the response of the
quadrotor helicopter is obviously influenced by the wrong
sensor measurements. For example, as shown in Figure 6,

during 20< t< 40s, the reference command for the roll angle
is zero, but the response is − 1 deg due to the occurrence of
sensor fault. In contrast, with the sensor diagnosis system,
the sensor faults can be accurately estimated, and the
quadrotor helicopter can still follow the reference com-
mands very well even in the presence of sensor faults as can
be observed from the dashed blue line of Figures 6–8.

In order to further test the capability of the proposed
control strategy against both sensor faults and external
disturbances, two different scenarios are tested. In scenario
1, in addition to the aforementioned sensor faults, at 5 s, a
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Figure 3: Performance of the fsϕ sensor fault estimation in the
presence of external disturbances.
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Figure 6: Comparison of roll tracking performance in the presence
of sensor faults.
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constant external disturbance with three different ampli-
tudes is injected to roll, pitch, and yawmotions, respectively.
(e attitude tracking performances are demonstrated in
Figures 9–11. It can be observed that, after the disturbance is
injected to the roll, pitch, and yaw motion of the quadrotor
helicopter at 5 s, even if there is no sensor fault at that time,
there still exist attitude tracking errors with the compared
control, as shown in the dash-dotted red line. However, with

the proposed control, the injected external disturbances can
be estimated and compensated accordingly. In this case, the
desired attitude tracking performance can be maintained
even in the presence of both sensor faults and constant
external disturbances, as shown in the dashed blue line.

In scenario 2, a time-varying disturbance with three
different amplitudes is injected to the quadrotor helicopter
at 5 s to further validate the tracking performance of the
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Figure 7: Comparison of pitch tracking performance in the
presence of sensor faults.
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Figure 8: Comparison of yaw tracking performance in the presence
of sensor faults.
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Figure 9: Comparison of roll tracking performance in the presence
of both sensor faults and constant external disturbances.
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Figure 10: Comparison of pitch tracking performance in the
presence of both sensor faults and constant external disturbances.
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proposed control strategy in the presence of both sensor
faults and time-varying external disturbances. (e corre-
sponding attitude tracking performances are shown in
Figures 12–14. Compared to scenario 1, the system tracking
performance with the compared control is more affected. On
the contrary, even in this situation, the proposed control
strategy can still maintain a satisfactory system tracking
performance, which confirms the effectiveness and superi-
ority of the proposed control strategy.

5. Conclusions

In this paper, an active fault-tolerant control strategy is
proposed for a quadrotor helicopter against sensor faults and
external disturbances. (e proposed fault diagnosis scheme
has the capability to accurately estimate the sensor faults and
eliminate the effect of disturbances, which is then integrated
with a robust controller in an active fashion to ensure the
continuous operation of the quadrotor helicopter. For
controlling the quadrotor helicopter, a disturbance observer
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Figure 11: Comparison of yaw tracking performance in the
presence of both sensor faults and constant external disturbances.
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Figure 12: Comparison of roll tracking performance in the
presence of both sensor faults and time-varying external
disturbances.
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Figure 13: Comparison of pitch tracking performance in the
presence of both sensor faults and time-varying external
disturbances.
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Figure 14: Comparison of yaw tracking performance in the
presence of both sensor faults and time-varying external
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is designed to effectively estimate the external disturbances
and synthesized with the designed integral sliding-mode
controller, which can help the baseline controller to avoid
control chattering. In addition, the stability of the closed-
loop system is theoretically proved. In comparison with a
conventional sliding-mode control, the demonstrated nu-
merical simulation results show the effectiveness and ad-
vantages of the proposed active fault-tolerant control
strategy under different faulty and uncertain scenarios.
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