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Abstract: For a quadrotor unmanned aerial vehicle (UAV), this paper proposes an adaptive sliding
mode control (SMC) strategy enhanced with a disturbance observer to attain precise trajectory and
attitude tracking performance while compensating for the detrimental impacts of actuator faults and
disturbances. First, an adaptive SMC strategy that utilizes an integral sliding surface is presented
to enhance the fault-tolerance capabilities of the studied quadrotor UAV against actuator faults. In
addition, a disturbance observer is further created to compensate for the disturbances. By integrating
the proposed adaptive SMC strategy with the designed disturbance observer, both actuator faults
and disturbances can be effectively accommodated. It was theoretically demonstrated that the system
is stable while using the proposed adaptive fault-tolerant control strategy. The effectiveness and
benefits of the proposed strategy is verified with comparative simulation results under different
faulty scenarios.

Keywords: fault-tolerant control; adaptive sliding mode control; actuator fault; quadrotor UAV;
disturbance observer

1. Introduction

As a result of the rapid advancement of novel materials, micro-inertial-measurement
units, flight control technology and integrated circuits, the cost of quadrotor unmanned
aerial vehicles (UAVs) has been considerably lowered. Because of its straightforward
construction for simple operation and high maneuverability, quadrotor UAVs have served a
number of missions in both military and commercial sectors. Quadrotor UAVs can not only
be used for a variety of tasks for communication relay [1] and battlefield reconnaissance [2]
but can also play an important role in logistics transportation [3], forest fire surveillance [4],
precision agriculture [5], power line inspection [6] and 3D mapping [7]. The capability
to conduct stable attitude control and accurate trajectory tracking is a prerequisite for
quadrotor UAVs to carry out the aforementioned missions. Thus, it is crucially essential to
create the attitude and trajectory system of quadrotor UAVs. A quadrotor UAV is basically
a highly coupled and nonlinear system that is also vulnerable to disturbances in practical
applications, for example, environmental disturbances and actuator faults. This calls for
reliable flight control systems for quadrotor UAVs that will ensure the safety of both the
quadrotor UAVs and the surrounding human life and property under various uncertain
conditions. In terms of the UAV attitude control technologies, feedback linearization control [8],
sliding mode control (SMC) [9] and backstepping control [10] are the three major categories
of robust control methods used for quadrotor UAVs. Furthermore, it is indicated in [11] that
favorable disturbance rejection and tracking precision can be achieved by employing the
aforementioned methods. In [12], two different hybrid control schemes consisting of SMC
and backstepping are reviewed that can enhance the robustness of the designed control
schemes for quadrotor UAVs. In [13], the performance of flight control systems is effectively
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improved by utilizing the combination of disturbance observers and nonlinear control
methods. In [14], a flight control system based on the feedback linearization technique can
achieve precise attitude and altitude control in spite of parameter uncertainties and wind
gust disturbances. In [15], a sliding mode attitude controller with excellent attitude tracking
precision and robustness is designed for a time-varying mass quadrotor UAV containing
disturbances. In [16], a control system of quadrotor UAV is constructed by combining the
backstepping method with an adaptive technique, and the system is constructed to keep
favorable tracking performance with input saturation.

In order to reach the aim of the safe control of quadrotor UAVs, the different influencing
factors encountered during flight are also worth paying attention to and researching. In
reality, actuator faults are the primary uncertainty that may affect the performance and
stability of quadrotor UAVs. Actuator faults can be detected and identified by using a fault
detection and diagnosis (FDD) module. The FDD module by itself, however, is insufficient
to guarantee the safety of the quadrotor UAV. As a result, researchers have focused on
fault-tolerant control (FTC) and have performed an extensive and in-depth study on it. A
summary of the current advancements in FDD and FTC technology for UAVs is provided
in [17]. The two sorts of FTC systems are active fault-tolerant control systems (AFTCS)
and passive fault-tolerant control systems (PFTCS). In AFTCS, the onboard controller
is modified in accordance with information supplied by the FDD module [18]. On the
contrary, the PFTCS is intended to maintain the complete system running smoothly and
safely through its robust design [19]. In [20], the robust control approach is created for fault
compensation, where actuator faults can be treated as the model uncertainty. SMC is a
robust control strategy that is simultaneously effective and practical. Due to the fact that
SMC is insensitive to changes in parameters and system disturbances, the primary benefit
of SMC is that it is not necessary for an system model. In [21], fuzzy logic control, SMC
and a neural network are combined to create a fault-tolerant control scheme that has the
benefits of lowering system chattering and minimizing the amount of fuzzy control rules
while ensuring the system’s stability and robustness. In the event of model uncertainties,
precise position tracking and stable attitude control are possible with a combination of
recursive control and SMC [22]. The addition of twisting methods into the control law also
guarantees quick and accurate system reaction and eliminates control chattering [23,24].
Moreover, second-order SMC [25], cascaded SMC [19] and iterative learning SMC [26] are
able to operate quadrotor UAVs precisely and avoid control chattering.

Adaptive sliding mode control (ASMC) is another effective solution to suppress sys-
tem chattering caused by large discontinuous control gains [27–34]. Uncertainties induced
by modeling errors, external disturbances and actuator faults are frequently dealt with
by estimating and compensating for the load mass, moment of inertia or control effect
matrix in ASMC. In [35], the adaptive terms can compensate for the uncertainties and
disturbances. In [36], the adaptive speed of the control law is accelerated by estimating
the switching gain. In [37,38], a universal adaptive control law is proposed that estimates
multiple UAV parameters and employs a parallel structure to guarantee the controller’s
robustness. By incorporating adaptive sliding mode control methods into attitude control,
the adverse effect caused by model uncertainties of the quadrotor UAV can be successfully
eliminated [39]. During operation, quadrotor UAVs are susceptible to external disturbances,
and control methods incorporating disturbance observers can enhance the system’s ro-
bustness [40–46]. Researchers are interested in the sliding mode observer because an exact
model is not required [47]. In [48,49], a multivariable and multiple-loop SMC driven by the
observer is created to accomplish the target of the accurate control of quadrotor UAVs with
disturbances. In [50–52], different artificial intelligence approaches are applied to develop
the performance of the system and strengthen its reliability and robustness.

Although there are many research works on the attitude control and trajectory tracking
of quadrotor UAVs when considering actuator faults and disturbances, some problems
still exist:
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1. The existing ASMC methods usually adaptively modify the gain of the discontinuous
control part while ignoring the continuous part, which may result in system control
chattering due to parameter overestimation.

2. In addition, the existing adaptive schemes are commonly constructed with a sliding
variable, if the system tracking error is not zero in practical applications, the adaptation
does not cease, which also causes parameter overestimation.

3. The majority of the existing fault-tolerant control techniques depend on the robustness
of the designed controller to accommodate the adverse effects of the external distur-
bances. However, when the encountered disturbances are significantly large, it may
cause instability in the system.

Inspired by the aforementioned problems, this paper proposes an ASMC strategy enhanced
with a observer for a quadrotor UAV to achieve the desired tracking performance against actuator
faults and disturbances. The following summarizes the major contributions of this paper:

1. The proposed control approach does not merely rely on the robustness of SMC, and
it can also adaptively create control signals to compensate for actuator faults and
disturbances. The proposed method can alter the gain of both the continuous and
discontinuous control sections while decreasing the system control chattering caused
by the overuse of the discontinuous control gain.

2. The proposed adaptive control approach is formulated with the sliding variable
and the boundary layer thickness, which can avoid overestimation of the control
parameters, compared to the existing adaptive control schemes in the literature, where
the adaptive control is commonly constructed merely with a sliding variable. The
adaptation can be stopped using the proposed approach as long as the sliding variable
is contained inside the boundary layer.

3. A sliding mode observer is proposed and integrated with the designed ASMC scheme
to actively compensate both actuator faults and disturbances. It can further contribute
to decreasing the value of the discontinuous control gain and suppress the unexpected
control chattering.

The remaining sections of this paper are organized as follows. In Section 2, the modeling of
the studied quadrotor UAV is constructed. The complete design of the proposed fault-tolerant
control method is detailed in Section 3. Computer simulations are carried out in Section 4 to
confirm the superiority of the method. Finally, the conclusion is provided in Section 5.

2. Modeling of the Quadrotor UAV

The detailed modeling of the studied quadrotor UAV, as shown in Figure 1, is described
in this section. The parameters of the studied quadrotor UAV are provided in Table 1.
First, assume that all of the rotation axes of the propellers are fixed to the body-fixed
reference frame and parallel to each other. The actuator # i(i = 1, 2, 3, 4) are labeled in
Figures 1 and 2. To model the studied quadrotor UAV, two reference frames are defined,
as shown in Figure 2, i.e., the body-fixed reference frame (Ob, Xb, Yb, Zb) and the earth-
fixed reference frame (Oe, Xe, Ye, Ze). The position vector Ω = [x, y, z]T and attitude vector
Θ = [φ, θ, ψ]T are defined in the earth-fixed reference frame. The velocity vector [u, v, w]T

and angular velocity vector [p, q, r]T are defined in the body-fixed reference frame.

Figure 1. The studied quadrotor UAV.
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Figure 2. The definition of the reference frames of the quadrotor UAV.

Table 1. The parameters of the studied quadrotor UAV.

Parameter Explanation Value

m total mass 1.121 kg
Lpitch distance between motor #1 and motor #2 0.2136 m
Lroll distance between motor #3 and motor #4 0.1758 m
Ixx rolling moment of inertia 0.01 kgm2

Iyy pitching moment of inertia 0.0082 kgm2

Izz yawing moment of inertia 0.0148 kgm2

In order to accomplish the modeling of the quadrotor UAV, a coordinate transformation
matrix between these two reference frames is defined as follows [53]:

Re
b =

 cθcψ sφsθcψ− cφsψ sθcφcψ + sφsψ
cθsψ sψsθsφ + cφcψ cφsθsψ− cψsφ
−sθ sφcθ cφcθ

 (1)

where s(·) , sin(·), c(·) , cos(·).
Furthermore, the transformation matrix between the Euler angle rate and the angular

velocity vector is given as  φ̇
θ̇
ψ̇

 = Te
b

 p
q
r

 (2)

Te
b =

 1 sφtθ tθcφ
0 cos φ − sin φ

− sin θ sin φ cos θ cos φ cos θ

 (3)

where t(·) , tan(·).
In order to simplify the controller design, the transfer matrix between the angular

velocity vector and the Euler angle rate may be approximated as a unit matrix, and in this
case, the roll and pitch angle changes are small.

The Newton–Euler formulation is used to formulate the quadrotor UAV model, which
is given as follows [53]:

Fe = mV̇e (4)

τb = Iω̇b + ωb × Iωb (5)

where Fe represents the force vector, and Ve represents the velocity vector in the earth-
fixed reference frame. τb = [τx, τy, τz]T is the torque vector, and ωb = [p, q, r]T is the
angular velocity vector in the body-fixed reference frame. I = diag(Ixx, Iyy, Izz) denotes
the moments of inertia.
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In order to calculate the forces on the quadrotor UAV, Equation (4) can be rewritten as:

Fe =

 0
0
−mg

+ Re
b

 0
0
T

 (6)

 ẍ
ÿ

z̈ + g

 =
T
m

 cφsθcψ + sφsψ
cφsθcψ− sφcψ

cφcθ

 (7)

where T is the thrust, and g is the gravitational acceleration.
Similarly, Equation (5) can be reconstructed as: τx

τy
τz

 =

 Ixx 0 0
0 Iyy 0
0 0 Izz

 φ̈
θ̈
ψ̈

+

 φ̈
θ̈
ψ̈

×
 Ixx 0 0

0 Iyy 0
0 0 Izz

 φ̇
θ̇
ψ̇

 (8)

In addition, the following equation is used to represent the connection between the
pulse-width modulation (PWM) inputs ui (i = 1, 2, 3, 4) of four motors and the force and
torques produced by the propellers:


T
τx
τy
τz

 =


K f K f K f K f

−K f Lroll
2 −K f Lroll

2
K f Lroll

2
K f Lroll

2
K f Lpitch

2 −K f Lpitch
2

K f Lpitch
2 −K f Lpitch

2
Kt −Kt −Kt Kt




u1
u2
u3
u4

 (9)

where K f is the thrust gain, and Kt is the torque gain.
Finally, the nonlinear attitude system of the quadrotor UAV incorporating actuator

faults and disturbances can be formulated as below:

Θ̈ = HF + HBuKu + d (10)

F =

 0 Izzψ̇ −Iyy θ̇
Izzψ̇ 0 −Ixxφ̇
−Ixx θ̇ Ixxφ̇ 0

 φ̇
θ̇
ψ̇

 (11)

where Θ̇ is the state vector, and u is the control input vector. The matrix Bu characterizes
the actuators’ control effectiveness. H = I−1 is a diagonal matrix. d denotes the external
disturbances that are constrained by |d| ≤ D.

K = diag(K1(t), K2(t), K3(t), K4(t)) indicates each actuator control’s effectiveness
level. If Ki(t) = 1, the actuator #i works normally. Otherwise, the actuator #i encounters a
certain level of fault with 0 < Ki(t) < 1. Specifically, if Ki(t) = 0, the actuator #i is entirely
non-functional.

3. Design of Adaptive Fault-Tolerant Control Strategy

In this section, the adaptive fault-tolerant control approach is utilized to create the
attitude and position controllers of the quadrotor UAV. The position controller is designed
based on the ASMC method with boundary layer thickness and sliding variables intro-
duced in the control method. The output of the position controller is computed by the
computational module to obtain the desired attitude. The attitude controller is created on
the basis of the ASMC method integrated with the disturbance observer, where the gain of
the control law’s discontinuous component can be adjusted by the observer, and the gain
of the continuous component can be adjusted by using the adaptive control method. The
schematic of the proposed adaptive fault-tolerant control method is displayed in Figure 3.
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Figure 3. Schematic of the proposed method.

3.1. Design of Attitude Control Strategy
3.1.1. Baseline Sliding Mode Control

By denoting the desired attitude of the quadrotor UAV as Θd, the attitude tracking
error can be calculated as

Θ̃ = Θ−Θd =

 φ− φd
θ − θd
ψ− ψd

 (12)

The sliding surface of the attitude controller is determined as follows depending on Θ̃:

σi =
˙̃Θi + k2iΘ̃i + k1i

t∫
t0

Θ̃i(τ)dτ − k2iΘ̃i(t0)− ˙̃Θi(t0) (13)

where k1i, k2i are design parameters, and i = φ, θ, ψ are the signs of different attitude angles.
After defining the sliding surface, the subsequent step is to create the corresponding

control law to ensure Θ(t) = Θ(t)d when t > t0. The control law is constructed with a
continuous control component and a discontinuous control component to compensate for
disturbances. The control law is composed as follows:

u = uc + udc (14)

where uc is the continuous component, and udc is the discontinuous component.
By calculating the following equation σ̇ = 0, we can obtain uc as

uc = B+
u H−1(Θ̈d − k2

˙̃Θ− k1Θ̃− F) (15)

Furthermore, in order to ensure the desired sliding motion and compensate for external
disturbances, the discontinuous control component udc is designed as

udc = −B+
u H−1k3sign(σ) (16)

where k3 is a design parameter. The chattering caused by the discontinuous control compo-
nent can be smoothed by adding a boundary layer with a thickness of Φ. The sat function
containing the boundary layer is defined as

sat(σ/Φ) =


1 if σ ≥ Φ

σ/Φ if |σ| < Φ
−1 if − σ ≥ Φ

(17)

The created control law can be recast as follows by exchanging out the sign function
for the sat function:

u = B+
u H−1(Θ̈d − k2

˙̃Θ− k1Θ̃− F− k3sat(σ/Φ)) (18)



Drones 2023, 7, 541 7 of 16

Theorem 1. By applying the designed sliding surface (13) and control law (18), the nonlinear
system (10) with disturbances can achieve the desired sliding motion and maintain it within
the boundary layer, provided that the gain of the discontinuous control component is selected as
k3 ≥ ξ + D.

Proof of Theorem 1. Consider the Lyapunov function as

V1 =
3

∑
i=1

1
2

σ2
i (19)

where Θi(i = 1, 2, 3) represents φ, θ, ψ, respectively.

σ̇i =
¨̃Θi + k2i

˙̃Θi + k1iΘ̃i

= HBu(B+
u H−1(Θ̈id − k2

˙̃Θi − k1Θ̃i − Fi − k3sat(σi/Φ)))

+ di − Θ̈id + k2i
˙̃Θi + k1iΘ̃i + Fi

= −k3isat(σi/Φ) + di

(20)

V̇1 is calculated as

V̇1 =
3

∑
i=1

σiσ̇i

=
3

∑
i=1

σi

(
¨̃Θi + k2

˙̃Θi + k1Θ̃i + di

)
=

3

∑
i=1

σi[−k3isat(σi/Φ) + di]

≤
3

∑
i=1

σi[−(ξi + Di)sat(σi/Φ) + di]

≤
3

∑
i=1

[−ξi|σi|] < 0

(21)

Consequently, the system can maintain stability with the proposed control law.

3.1.2. Adaptive Sliding Mode Control

When the actuators encounter a certain level of fault, that is, the K in Equation (10)
changes from a unit matrix to a non-unit matrix. The control law has to be rebuilt so as to
keep the desired performance. Under the circumstance of actuator faults, the degradation
of the system control performance is caused by errors between the desired virtual control
signal νd produced from the controller and the real signal ν. By denoting the virtual control
error as ν̃, the subsequent equation can be derived:

ν = νd + ν̃ (22)

With this equation, the system in Equation (10) can be rewritten as

Θ̈ = HF + H(νd + ν̃) + d (23)

Observed from Equation (23), where there exist virtual control errors, one can simply
adjust H to eliminate the errors. In this sense, Equation (23) can be rewritten as

Θ̈ = HF + (H + H̃)νd + d (24)
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If ε̂ = (H + H̃)−1, the virtual control law can be designed as follows:

ν = ε̂
(

Θ̈d − k2
˙̃Θ− k1Θ̃− F− k3sat(σ/Φ)

)
(25)

The corresponding adaptation scheme for estimating the uncertain control parameters
is designed as

˙̂ε = σ∆(−Θ̈d + k2
˙̃Θ + k1Θ̃ + F + k3sat(σ/Φ)) (26)

where σ∆ is the algebraic distance of the sliding variable from the boundary layer, which is
determined as σ∆ = σ−Φsat(σ/Φ).

With the designed ASMC approach, as soon as the sliding variable exceeds the bound-
ary layer where the control performance is inadequate, the adaptive parameters begin
to adjust, forcing the variable back within the boundary layer for keeping the desired
performance. Using the proposed adaptation scheme, which is capable of ceasing the
adaptation when the variable is inside the boundary, effectively prevents overestimating
the uncertain control parameters.

3.2. Design of the Position Control Strategy

The dynamic equations of the quadrotor UAV utilized in the position control system
is given as 

ẍ =
cφsθcψ + sφsψ

m
T =

ux

m

ÿ =
cφsθsψ− sφcψ

m
T =

uy

m

z̈ = − T
m

cφcθ − g = −uz

m
− g

(27)

where U = [ux, uy, uz]T is the the dummy variable.

3.2.1. Baseline Sliding Mode Control

By denoting the desired position of the quadrotor UAV as Ωd, the trajectory tracking
error can be calculated as

Ω̃ = Ω−Ωd =

 x− xd
y− yd
z− zd

 (28)

Analogous to the design of the attitude control system, the sliding surface and the
control law of the position controller are formulated as

σi =
˙̃Ωi + k2iΩ̃i + k1i

t∫
t0

Ω̃i(τ)dτ − k2iΩ̃i(t0)− ˙̃Ωi(t0) (29)

ui = m(Ω̈di − k2i
˙̃Ωi − k1iΩ̃i − k3isat(σi/Φ)) (30)

where i = x, y, z are the signs of different positions.

3.2.2. Adaptive Sliding Mode Control

As is similar to the design of the attitude control system, the adaptive control law and
adaptation scheme for position control are constructed as

νi = ε̂
(

Ω̈di − k2i
˙̃Ω− k1iΩ̃− F− k3isat(σi/Φ)

)
(31)

˙̂εi = σ∆i(−Ω̈di + k2i
˙̃Ωi + k1iΩ̃i + F + k3isat(σi/Φ)) (32)

The desired thrust and attitude angles can be calculated from Equation (27) as



Drones 2023, 7, 541 9 of 16


Uall =

∥∥m
(
U + [0, 0, g]T

)∥∥
φd = arcsin

[
(sψux − cψuy)/Uall

]
θd = arctan[(cψux + sψuy)/(uz + g)]
ψd = ψ

(33)

where φd, θd, ψd represent the desired attitude angles for the attitude system, and Uall is the
intended thrust.

3.3. Disturbance Observer-Based Adaptive Sliding Mode Control

Because actuator faults can significantly affect attitude control system performances, the
robust and reliable control method is further created for the attitude loop based on Section 3.1.2.

Since the disturbances d(t) can be considered as extended system states, the extend
state equation can be created as follows:

Θ̈ = HF + HBuKu + d(t)

ḋ(t) = r(t)
(34)

where r(t) represents the rate of system disturbance variation.

Assumption 1. The disturbances introduced into the system have an upper bound, and the maxi-
mum value of the system’s estimation error for the disturbances is ρ and the disturbances satisfy
limt→∞ r(t) = 0.

The disturbance observer is accordingly designed as

¨̂Θ = HF + Hν + d̂(t) + νswitch

˙̂d(t) = νswitch

νswitch = ηsat(σ/Φ)

(35)

where d̂(t) is the estimate of disturbances, ˙̂Θ is the estimate of state vector, η is a design
parameter, and νswitch is the switching signal.

With the estimated disturbances, the control law and adaptation scheme are redesigned as

ν = ε̂
(

Θ̈d − k2
˙̃Θ− k1Θ̃− F− d̂− k3sat(σ/Φ)

)
(36)

˙̂ε = σ∆(−Θ̈d + k2
˙̃Θ + k1Θ̃ + F + d̂ + k3sat(σ/Φ)) (37)

Theorem 2. By applying the sliding surface (13) and control law (36) and adaptation scheme (37),
the nonlinear system (10) with actuator faults and disturbances can achieve the desired sliding
motion and maintain it within the boundary layer, provided that the gain of the discontinuous part
is selected as k2 ≥ ξ + ρ.

Proof of Theorem 2. Consider the Lyapunov function as

V2 =
3

∑
i=1

1
2

[
σ2

∆i
+ ε−1

i (ε̂i − εi)
2
]

(38)

V̇2 is calculated as

V̇2 =
3

∑
i=1

σ∆iσ̇∆i + ε−1
i (ε̂i − εi) ˙̂εi

=
3

∑
i=1

σ∆i[Fi + ε−1
i ε̂i(Θ̈di − k2i

˙̃Θi − k1iΘ̃i − Fi − d̂i − k3isat(σi/Φ)) + di
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− Θ̈di + k2i
˙̃Θi + k2i

˙̃Θi] + ε−1
i (ε̂i − εi) ˙̂εi

=
3

∑
i=1

(ε−1
i ε̂i − 1)

[
˙̂εi + (Θ̈di − k2i

˙̃Θi − k1iΘ̃i − Fi − d̂i − k3isat(σi/Φ))σ∆i

]
− σ∆i d̂− σ∆ik3isat(σi/Φ) + σ∆idi

=
3

∑
i=1
−σ∆ik3isat(σi/Φ) + σ∆i(di − d̂i)

≤
3

∑
i=1
−σ∆i(ξi + ρi)sat(σi/Φ) + σ∆i(di − d̂i)

≤
3

∑
i=1
−|σ∆i|ξi

(39)

Consequently, the system can maintain stability with the proposed control law under
the circumstances of both actuator faults and disturbances.

4. Simulation Results and Discussions

Simulation tests of three different control approaches are created to verify the effectiveness
of the proposed methods in this section. The standard integral SMC strategy is used in the first
control method (BSMC) for both the attitude and position loops. The second control method
(ASMC) uses the ASMC strategy proposed in Section 3 to create the attitude and position loops.
In the third control method (DOASMC), the attitude loop is designed using the ASMC strategy
with the disturbance observer, and the position loop is designed using the ASMC strategy. The
design parameters for the demonstrated three control methods are illustrated in Table 2.

Table 2. Design parameters for the three control methods.

Control Loop Controller k1 k2 k3

attitude
φ 40 400 1
θ 40 400 1
ψ 40 400 1

position
X 0.2 0.01 0.1
Y 0.2 0.01 0.1
Z 2 1 10

The three simulation scenarios in this section are provided in Table 3 and explained in
detail as follows. The attitude loop is tested in Scenario 1, which consists of the actuator
#1 fault. The level of the control effectiveness is changed to 80% at 15 s and changed to
60% at 35 s. Scenario 2 is designed to introduce disturbances into the system in addition to
the considered actuator fault in Scenario 1. Scenario 3 is tested for the attitude and position
loops, where there are the actuator #1 fault, disturbances and parametric uncertainties.
The level of the control effectiveness is changed to 80% at 15 s and changed to 70% at 35 s.
Abrupt changes in the control effectiveness level of the system attributed to the actuator
fault are shown in Figure 4a,b. The moment of inertia-related uncertainties is set as 30% of
the nominal value. The injected disturbance is displayed in Figure 4c and modeled as{

dφ = 10 sin(2πt) (t ≥ 0)
dθ = 10 sin(2πt) (t ≥ 0)

(40)

The desired trajectory is a horizontal rectangle, which is expressed as


Xd = t−10

10 [sign(t− 10)− sign(t− 20)] + [sign(t− 20)− sign(t− 30)] + 40−t
10 [sign(t− 30)− sign(t− 40)]

Yd = t−20
10 [sign(t− 20)− sign(t− 30)] + [sign(t− 30)− sign(t− 40)] + 50−t

10 [sign(t− 40)− sign(t− 50)]
Zd = 2

(41)
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To quantitatively evaluate the control ability, the root mean square error (RMSE) of
the attitude tracking is defined as follows:

RMSE =

√∫ t1

t0

Θ̃2dt
t1 − t0

(42)

where [t0, t1] covers the entire simulation.

(a)-Considered actuator fault in Scenario 1 and 2 (b)-Considered actuator fault in Scenario 3 (c)-Considered disturbance in Scenario 2 and 3

Figure 4. The considered actuator fault and disturbance in simulation scenarios.

Table 3. The simulation scenarios.

Scenario 1 Scenario 2 Scenario 3

20% loss of effectiveness fault in actuators #1 at 15 s X X X
40% loss of effectiveness fault to actuators #1 at 35 s X X
30% loss of effectiveness fault to actuators #1 at 35 s X
Disturbances cover the entire simulation. X X
Parametric uncertainties cover the entire simulation. X

4.1. Scenario 1

Scenario 1 only includes the actuator #1 fault, whose control effectiveness is changed
to 80% at 15 s and to 60% at 35 s. In the event of the actuator #1 fault, the attitude
tracking performances and PWM inputs under three control approaches are illustrated
in Figures 5 and 6. Before the actuator fault occurs at 15 s, the control approaches enable
the system to operate safely and to converge to zero tracking error. When the fault occurs
after 15 s, DOASMC can maintain superior tracking performance. The excellent control
performance in the pitch and roll directions of ASMC are also demonstrated in Figure 5,
while the yaw direction shows fluctuating at the beginning of the fault but no tracking
error in the end, reflecting the robustness and fault tolerance of the presented method. The
tracking performance of BSMC deteriorates with the increasing level of the actuator fault.

(a) (b) (c)

Figure 5. Attitude tracking performance in Scenario 1. (a) Reponse of pitch angle, (b) Reponse of roll
angle, (c) Reponse of yaw angle.
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(a) (b) (c)

Figure 6. Control inputs performance in Scenario 1. (a) BSMC; (b) ASMC; (c) DOASMC.

4.2. Scenario 2

Based on Scenario 1, Scenario 2 presumes that disturbances are added, which are
introduced into the system to further emphasize the benefits of the presented fault-tolerant
control method. The attitude tracking and PWM inputs are manifested in Figures 7 and 8.
The attitude tracking of the ASMC approach shows chattering in Figure 7. Only DOASMC
maintains the superior performance in this situation, demonstrating that the proposed
method can operate steadily in the event of significant actuator fault and disturbances.

(a) (b) (c)

Figure 7. Attitude tracking performance in Scenario 2. (a) Reponse of pitch angle; (b) Reponse of roll
angle; (c) Reponse of yaw angle.

To ensure tracking performance, ASMC requires more control effort compared to
BSMC and DOASMC, and the motor inputs oscillate, which may render the system unstable,
according to Figure 8b. The PWM inputs of BSMC and DOASMC are similar, but the
performance of DOASMC is better, which indicates that DOASMC achieves better tracking
performance without sacrificing additional control effort.

(a) (b) (c)

Figure 8. Control inputs performance in Scenario 2. (a) BSMC, (b) ASMC, (c) DOASMC.
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4.3. Scenario 3

In Scenario 3, the system is presumptively subject to the uncertainties, disturbances
and actuator faults. The effectiveness of actuator #1 decreases due to the fault, dropping
to 80% at 15 s and to 70% at 35 s. The third scenario tests the attitude and trajectory
tracking performance of different approaches. The trajectory tracking performance is
displayed in Figure 9. The task of trajectory tracking can be accurately accomplished by
using the approaches of ASMC and DOASMC. The unfavorable performance of the BSMC
in trajectory tracking is an expected outcome given that the attitude loop is an internal
process of the position loop and that there are significant attitude errors in Figures 5 and 7.
According to Figure 10, it can be concluded that DOASMC has a faster convergence speed
against ASMC. The PWM inputs are displayed in Figure 11.

(a) (b)

Figure 9. Trajectory tracking performance in Scenario 3 (a) x and y, (b) z.

(a) (b) (c)

Figure 10. Attitude tracking error in Scenario 3. (a) Pitch angle, (b) Roll angle, (c) Yaw angle.

(a) (b) (c)

Figure 11. Control inputs performance in Scenario 3. (a) BSMC, (b) ASMC, (c) DOASMC.
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The attitude tracking performance indices are presented in Table 4. The attitude track-
ing performance indices of ASMC and DOASMC are superior to BSMC in the simulation
scenarios, demonstrating the effectiveness of the proposed method. Additionally, the best
performance comes from DOASMC, illustrating the ability of the observer in enhancing
the performance of the control system.

Table 4. Attitude tracking performance indices.

Simulation Scenario Attitude-Angle BSMC (deg) ASMC (deg) DOASMC (deg)

1
φ 1.2229 0.0209 0.0190
θ 1.2177 0.0214 0.0197
ψ 0.0573 0.0082 0.0000

2
φ 1.5668 0.0418 0.0238
θ 1.5614 0.0418 0.0238
ψ 0.0777 0.0235 0.0035

3
φ 1.0324 0.0189 0.0178
θ 1.0284 0.0186 0.0179
ψ 0.0443 0.0042 0.0032

5. Conclusions

An adaptive sliding mode control (ASMC) strategy enhanced with a disturbance
observer is proposed for position and attitude tracking of a quadrotor UAV in the event of
actuator faults and external disturbances in this paper. Different mechanisms are used to
reduce the adverse effects of actuator faults and disturbances. The proposed approach is
used to address the negative effects of actuator faults. It can adaptively adjust the gain of
the continuous and discontinuous control parts to prevent system chattering caused by the
excessive gain of the discontinuous parts. A disturbance observer is further introduced to
suppress the impact of disturbances and reduce the gain of the discontinuous control part.
A series of comparative simulation tests confirm the superiority of the approach. However,
there is no consideration given to the faults introduced into multiple actuators in this paper,
which we will be dealing with in our future research. In addition, real flight testing of the
presented approach will be conducted in our future research works.
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