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Abstract. Currently, tracking control of UAVs type quadcopter is a hot spot for researchers. In order to solve this control problem, the choice of the appropriate controller,
according to the desired objectives, is a fundamental concern. Regardless of the harmful
chattering phenomena, sliding mode control (SMC) has shown acceptable performance.
In this paper, trajectory tracking control of the quadcopter is carried out through secondorder sliding mode control (2-SMC). It is one of the alternative solutions that preserves
the advantages of the conventional SMC while avoiding the undesirable chattering eﬀect.
Speciﬁcally, the super-twisting algorithm, which is modiﬁed 2-SMC that prevents the need
for any sliding variable derivative, is adopted. For the sake of ensuring stability and
enhancing the quadcopter tracking trajectory, a global block control based on the supertwisting algorithm is designed. The proposed technique oﬀers high stability since it allows
the derivation of the appropriate control law for each position and attitude state. Simulation results illustrate the eﬃciency of this approach in terms of stability and tracking
control. A comparison study with classical SMC and type-2 fuzzy logic controller is given
to clarify the eﬀectiveness of the proposed 2-SMC.
Keywords: Quadcopter UAV, Full trajectory tracking, Nonlinear control, Second-order
sliding mode control, Super-twisting algorithm

1. Introduction. Over the past two decades, quadcopters have attracted great interest
in the research community. This type of mini-rotorcraft is emerging as a widely used
platform for many purposes, mainly to satisfy the military needs but also those of the
civilians. Research on quadcopters seeks to facilitate human life. Nowadays, they are
capable of fulﬁlling more complex and dangerous missions. The extensive application that
quadcopters provide has put forward higher requirements for good performance [1,2]. The
particular characteristic that quadcopters own highlights their potential use ranging from
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mapping to rescue applications. However, their small size and maneuverability is also a
problem when attempting to exclude human interference.
Among a wide range of challenging items, research on the control of quadcopters is
of great signiﬁcance. The aforementioned advantages of quadcopters require accurate
control strategy to achieve eﬀective autonomy. In this area of quadcopter control, the
existing literature demonstrates that this problem has been treated through three main
control strategies [3]. Initial attempts were based on linear control such as PID [4-6],
LQ/LQR [7,8] and H∞ [9]. The authors in [10] and [11] have developed controllers based
on the linear dynamics model and neglected inherent nonlinearity of attitude dynamics.
However, performance of the linear control strategy is restricted and valid only for some
conditions [12,13]. Therefore, model-based nonlinear controllers have been developed to
deal with the limitations set by the linear methods. For instance, backstepping [14-17]
and sliding mode control (SMC) [18-20] are nonlinear control techniques that have mainly
been applied for the stabilization and trajectory tracking of the quadcopter as they both
have been proved to fulﬁll this task eﬃciently. Nevertheless, researchers have shifted
the focus to the SMC since it is eﬃcient for handling systems with large uncertainties,
time-varying properties, and nonlinearities. In [21], backstepping control and SMC have
been examined in a mission of tracking the desired path. The superiority of SMC under
model uncertainties and external disturbances was shown. Another comparison between
backstepping and SMC has been conducted in [22] and has shown that performance of
SMC is smoother and faster. However, in [23] the application of the SMC to the OS4 model
has provided average results partly due to the switching nature of the controller. The
third category is learning-based control methods which disengage from the system model.
Fuzzy logic-based controller (FLC) [24,25] has good adaptability, strong robustness and
fault tolerance. However, it suﬀers from low accuracy in the steady-state.
Second-order sliding mode control (2-SMC) is one of the important techniques which
have the ability to overcome the undesired chattering in classical SMC while preserving
its main advantages. Various 2-SMC algorithms have been proposed and applied on the
quadcopter. Zheng et al. have tackled the tracking trajectory problem in [26] based on
2-SMC. In their ﬂight control architecture, the user-deﬁned inputs are the desired
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y , ϕ . Reference [27] proposes a 2-SMC where the sliding surface is based on the PID
dynamics. For the position states (x and y), a simpliﬁed form of their coupled expression
is used as detailed in [28]. The obtained results demonstrate that the PID-based 2-SMC
achieves superior performance compared with conventional SMC. In [29], a 2-SMC using
super-twisting algorithm is combined with the terminal sliding mode in order to design
a non-singular sliding mode controller, which is used for the attitude tracking of the
quadcopter and the avoidance of chattering. The eﬀectiveness of this methodology has
been demonstrated through simulation, and the tracking error has been shown to converge
to zero in ﬁnite time. Aiming at shortening the transient time, Sumantri et al. proposed
in [30] a 2-SMC for a robust tracking controller by employing a nonlinear sliding surface,
which allows for the closed-loop dynamics to have a variable damping ratio. For the same
aim, and by employing linear sliding manifold, a robust 2-SMC has been proposed for
altitude tracking in [31]. The controllers proposed in [27] and [31] handle hover ﬂight only,
whereas those proposed in [28] and [29] handle attitude control only. However, the control
of both position and attitude of the aircraft is required in most real-life applications of
quadcopters like rescue, search, and mapping. Moreover, the full control allows powerful
and ﬂexible structure of the controller [28]. Nevertheless, the underactuated property
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of quadcopters leads to strong coupling between longitudinal/lateral motion and rotary
motions and hence the control of the quadcopter is a diﬃcult task [32].
Due to the requirement of the full control of position and attitude in most real-life applications of quadcopters, and the eﬃciency of the 2-SMC over other controllers, the main
objective of the present work is to investigate the 2-SMC for quadcopter 3D trajectory
tracking control and stabilization. For this purpose, we develop a set of six controllers
based on the 2-SMC that fully control the quadcopter’s navigation in space. Because of
the underactuated property of the quadcopter, we adopt a control structure that consists
of two loops, namely, inner and outer loops. The latter is dedicated to the control of
roll, pitch, and yaw movements as well as the altitude, whereas the former is devoted to
the control of the longitudinal and lateral motions. Furthermore, in order to deal with
the coupling between longitudinal/lateral translation and rotary motions, we use a correction block that provides a connection between the inner and outer loops and restricts
the proposed controller to operate within the boundaries of the underactuated property
of the quadcopter. That is, the correction block is used to satisfy the coupling between
longitudinal/lateral translation and rotary motions.
The remainder of this paper is structured as follows. In Section II, some preliminaries
are prepared to give the dynamic model of the quadcopter UAV according to NewtonEuler formalism and to formulate the problem. Section III is devoted to the synthesis of
the control laws based on 2-SMC for stabilizing and tracking of a quadcopter. Simulation results are demonstrated and discussed in Section IV and a conclusion in Section V
completes the work.
2. Preliminaries and Problem Statement. Figure 1 depicts the schematic of a quadcopter. It is a rotary-wing UAV composed of four ﬁxed pitch propellers mounted on four
arms in a cross form. Despite the possibility of the plus “+” form, the cross “x” conﬁguration remains preferred [33]. Controlling the rotational speeds of blades permits movement
manipulation of the quadcopter. It can be lifted, propelled forward and laterally, and the
hover position control is achieved by maintaining a constant value of the total thrust
force. The sense of rotation of each rotor is very unique. Two rotors of the same arm
spin in a direction while the two others spin in the opposite direction. This is to cancel
the yawing moment and to create the desired yaw motion.

Figure 1. Structure of the quadcopter model
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To describe the motion of the quadcopter, six degrees of freedom (DoF) are required.
These are three translation and three rotation motions. However, as it is well-known, the
quadcopter has only four control inputs, i.e., the speeds of rotors ωi , i = 1, 2, 3, 4. Because
of this property, the quadcopter is considered a nonlinear underactuated complex system.
In order to model the dynamics of the system, let us consider the inertial frame
of reference {J = O; X, Y, Z} and a coordinate system attached to the aircraft {B =
G; xB , yB , zB }, where G is the vehicle’s center of gravity (see Figure 1). The states that
deﬁne the quadcopter are described by: the position ξ and orientation η vectors of the
body-ﬁxed frame referring to the inertial frame, and their time derivatives given by the
velocity vector V and the angular rates Ω in the mobile frame.
ρ = [ξ, η]T ; ξ = [x, y, z]T ; η = [ϕ, θ, ψ]T
[
]T
ϑ = [V, Ω]T ; V = VxB , VyB , VzB ; Ω = [Ωx , Ωy , Ωz ]T
The relationships between the variables expressed in the ﬁxed and mobile frames are
obtained through the transformation matrices Rt and Rr given by (1) and (2), which
ensure the transformation of linear and angular variables respectively.
Remark 2.1. Because of the large dimension of the matrix Rt , the notations c and s are
used only in (1) to denote, respectively, cos and sin functions.


cθcψ sϕsθcψ − cϕsψ cϕsθcψ + sϕsψ
(1)
Rt =  cθsψ sϕsθsψ + cϕcψ cϕsθsψ − sϕcψ 
−sθ
sϕcθ
cϕcθ


1
0
− sin θ
Rr =  0 cos ϕ cos θ sin ϕ 
(2)
0 − sin ϕ cos ϕ cos θ
Remark 2.2. It should be noted that for small angles, Rr can be taken approximately as
the identity matrix. That is, Ω ≈ η̇.
In regards to the system modeling, we go deeply into the inﬂuencing factors on the
quadcopter dynamics. The objective is to introduce a quadcopter dynamics model as
realistically as possible. We consider ﬁve eﬀects; the gravity FG , the total thrust force T
and the reactive torques Mi induced by the propulsion system, the drag force FD and the
gyroscopic eﬀect.
The four actuators produce lift forces and moments where both the lift force Fi and
the moment Mi of each actuator are proportional to the square of its angular speed ωi .
Moreover, the moments are around the zb axis and their directions oppose the sense of
rotation, whereas each force is perpendicular to the plane of the appropriate propeller i.
F i = kF

4
∑

ωi2 and Mi = kM ωi2

i=1

with the coeﬃcients kF and kM being the lift and drag factors. The thrust force T is the
total force generated by the propeller system:
T =

4
∑

Fi

i=1

We continue on the rest of the forces and moments acting on the quadcopter. The
gravitational force FG = −mg and the drag force FD = −kd ξ˙ where kd is the drag
coeﬃcient. The main moments that inﬂuence the dynamics of the vehicle are:
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• The roll actuators action is a rotation around the x-axes due to the torque τϕ resultant from the diﬀerence between the lift forces F2 and F4 , thus τϕ = l · (F4 − F2 ).
• The pitch actuators action is a rotation around the y-axes due to the torque τθ
resultant from the diﬀerence between the lift forces F1 and F3 , thus τθ = l · (F3 − F1 ).
• The rotation of the quadcopter around the z-axes is due to the counter-torque unbalance τψ ; it is given by:
τψ =

4
∑

(−1)i Mi = −M1 + M2 − M3 + M4 .

i=1

We consider in this work the aerodynamic friction torque τa = −ka Ω2 , where ka is the
aerodynamic friction coeﬃcient. Also, we consider the gyroscope torque τg that gather both the propellers gyroscope torque τgp and the gyroscopic torque τgq due to the
quadcopter movement. It is given along the three axes by:
τg = τgp + τgq
4
∑
[
]T
τg =
Ω ∧ Ir 0 0 (−1)i+1 ωi
+ Ω ∧ IΩ
i=1

The description of the system dynamics can be obtained by Newton laws as the system
of equations given by

V = ξ˙




mV̇ = Rt T + FG + FD
(3)

Ω
=
R
η̇
r


∑

IΩ = −Ω × IΩ + M
which, can be rewritten as

1


ẍ
=
[(cos ϕ sin θ cos ψ + sin ϕ sin ψ) Uz − kdx ẋ]


m





1


ÿ
=
[(cos ϕ sin θ sin ψ − sin ϕ sin ψ) Uz − kdy ẏ]


m





1


 z̈ = m [cos ϕ cos θUz − mg − kdz ż]
(4)
]

1 [

2

ϕ̈ =
(Iy − Iz ) θ̇ψ̇ − Ir ω θ̇ + Uϕ − kaϕ ϕ̇


I

x


]

1 [

2


(I
−
I
)
ϕ̇
ψ̇
+
I
θ̇
θ̈
=
ω
ϕ̇
+
U
−
k
z
x
r
θ
aθ


Iy



]

1 [


 ψ̈ =
(Ix − Iy ) ϕ̇θ̇ + Uψ − kaψ ψ̇ 2
Iz
where m is the total mass, I =
∑diag (Ix , Iy , Iz ) is the moment of inertia for the quadrotor,
Ir is the inertia of the rotors, M is the total torque, ω = −ω1 +ω2 −ω3 +ω4 is the signed
sum of the angular velocities of the propellers, and [Uz , Uϕ , Uθ , Uψ ]T = [T, τϕ , τθ , τψ ]T is
the control input vector whose elements are given in terms of the angular speeds by

Uz = kF (ω12 + ω22 + ω32 + ω42 )



 U = l · k (ω 2 − ω 2 )
ϕ
F
2
4
(5)
2
2

Uθ = l · kF (ω3 − ω1 )



Uψ = kM (−ω12 + ω22 − ω32 + ω42 )
with l being the distance from G to the center of a rotor.
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The control objective is to ensure asymptotic convergence of the state variables to the
desired time-varying route in the space. This requires the design of a ﬂy controller capable
of generating the appropriate control inputs for the system given by (4). Each control
variable has a diﬀerent eﬀect on the quadcopter dynamics; Uz decides the altitude while
Uϕ , Uθ , and Uψ adjust the rotational motions (rolling, pitching and yawing) along the
three axes.
3. Controller Design. The basic idea of the classical SMC is ﬁrst to attract the tracking
errors of the system’s state variables into a suitably selected region s(X, t) = 0, then design
a control law Usw that always maintains the system in that region. In summary, an SMC
consists of two parts like in (6). The equivalent control Ueq is determined by the model of
the system. It is designed with the equivalent control method, whose principle is based
on the determination of the system behavior when it is on the sliding surface s.
U = Ueq + Usw

(6)

In the case of systems with relative degree one (RD = 1), even though the control problem can be solved by the classical ﬁrst-order SMC, high order sliding mode controllers
(HO-SMC) are preferred in order to avoid the chattering eﬀect. One of the major problems for the implementation of the HO-SMC algorithms is that the number of necessary
information increases with the order of the sliding regime. For this reason, 2-SMC is a
good solution. Super-twisting is among the most used 2-SMC algorithms by researchers.
This is owing to its chattering reduction capability while maintaining the robustness of
conventional SMC. Moreover, the super-twisting algorithm does not need any derivative
of the sliding surface, and thus it is simple to implement.
Figure 2 shows the control strategy proposed for the underactuated system given in
(4). The control of the position and the attitude is achieved through two cascade loops
and a correction block. The inner loop is designed in order to ensure the asymptotic
convergence of the attitude and altitude motions to their desired values ϕd , θd , ψ d and z d .
For this purpose, four controllers are established based on 2-SMC. On the other hand,
the outer loop is devoted to the control of the longitudinal and lateral motions for which
two controllers are developed based on 2-SMC as well. The outer loop has as inputs the
desired positions xd and y d chosen directly by the user as well as the altitude controller
Uz . It provides the corresponding desired controllers Ux and Uy . These latter serve as

Figure 2. Overview of the adopted control structure
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inputs for the correction block that adjusts the desired roll and pitch rotations ϕd and θd
according to the desired yaw ψ d . The obtained values of the desired roll and pitch angles
are used as inputs for the inner loop where the desired yaw and desired altitude remain
as assigned.
Let us deﬁne Ux and Uy as virtual inputs.
{
Ux = (cos ϕ sin θ cos ψ + sin ϕ sin ψ)
(7)
Uy = (cos ϕ sin θ sin ψ − sin ϕ cos ψ)
Then, the correction block aims at ﬁnding ϕd and θd corresponding to Ux and Uy by using
(7) as
(
( )
( ))
 d
ϕ = arcsin Ux sin ψ d − Uy cos ψ d


(
( d)
( d) )
(8)
U
cos
ψ
+
U
sin
ψ
x
y
d

 θ = arcsin
cos(ϕd )
Considering the dynamics of the quadcopter system in the state space representation
Ẋ = f (X, t) + g(X, t)U (t)
where X ∈ Rn is the system state and U ∈ Rp is the control input. The quadcopter states
are usually represented by the vector X = [x1 , x2 , . . . , xi , . . . , x12 ]T given by
[
]T
X = x, ẋ, y, ẏ, z, ż, ϕ, ϕ̇, θ, θ̇, ψ, ψ̇
(9)
Then the dynamical system, in












































state-space form, is the equivalent of
ẋ1 = x2
ẋ2 = f1 (X, t) + g1 (X, t)Ux
ẋ3 = x4
ẋ4 = f2 (X, t) + g2 (X, t)Uy
ẋ5 = x6
ẋ6 = f3 (X, t) + g3 (X, t)Uz
ẋ7 = x8
ẋ8 = f4 (X, t) + g4 (X, t)Uϕ
ẋ9 = x10
ẋ10 = f5 (X, t) + g5 (X, t)Uθ
ẋ11 = x12
ẋ12 = f6 (X, t) + g6 (X, t)Uψ

(10)

where the functions fi (X, t) and gi (X, t), i ∈ {1, 2, 3, 4, 5, 6} can easily be obtained from
(4). In 2-SMC, the objective of the control problem is to enforce the system to evolve on
the sliding manifold s(X, t) = 0 and to obtain in ﬁnite time s(X, t) = ds(X, t)/dt = 0. For
the trajectory tracking problem of the quadcopter, let st = [sx (X, t), sy (X, t), sz (X, t)]T
and sr = [sϕ (X, t), sθ (X, t), sψ (X, t)]T be the vectors containing the sliding surfaces deﬁned for the tracking control problem of the translational and rotational subsystems in
(10). Then, it is suitable to take the vector s = [st (X, t), sr (X, t)]T as the output variable
of the quadcopter dynamics system. The ﬁrst-order time derivative of s(X, t):
∂
∂
dX
d
s(X, t) = s(X, t) +
s(X, t)
dt
∂t
∂X
dt
(11)
∂
∂
s(X, t) [f (X, t) + g(X, t)U (t)]
= s(X, t) +
∂t
∂X
and the second-order time derivative of s(X, t):
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d2
∂
∂
dX
∂
dU
s(X, U, t) = ṡ(X, U, t) +
ṡ(X, U, t)
+
ṡ(X, U, t)
2
dt
∂t
∂X
dt
∂U
dt
∂
∂
(12)
= ṡ(X, U, t) +
ṡ(X, U, t) [f (X, t) + g(X, t)U (t)]
∂t
∂X
∂
+
ṡ(X, U, t)U̇
∂U
Therefore, by deﬁning ∆(X, U, t) and ∇(X, U, t) as

∂
∂

ṡ(X, U, t) [f (X, t) + g(X, t)U (t)]
 ∆(X, U, t) = ṡ(X, U, t) +
∂t
∂X
(13)

 ∇(X, U, t) = ∂ ṡ(X, U, t)
∂U
the 2-SMC problem is the equivalent to the stabilization problem of the following system


 y1 = s(X, t)
ẏ1 = ṡ(X, t)
(14)

 ẏ = ∆(X, U, t) + ∇(X, U, t)W (t)
2
where W (t) is the auxiliary control input and it is the time derivative of the actual system
control U (t). The position and attitude dynamics of the quadcopter is characterized by
RD = 1 with respect to the sliding surface. This is explained by the fact that the control
input U arises in the equation of the ﬁrst derivative of the sliding surface.
Remark 3.1. Unlike the conventional SMC that acts on the first-time derivative of the
sliding variable, the 2-SMC acts directly on its second-time derivative.
The continuous super-twisting control law Ust (t) comprises two parts. The ﬁrst part
denoted by W (t) is deﬁned by its discontinuous ﬁrst-time derivative dW (t)/dt, whereas
the second part is a continuous function of the sliding variable [34,35].
The ST-SMC is given by (15), and it is a simpliﬁed form derived from the fact that the
system is linearly dependent on the control [36].
{
Ust (t) = W (t) − c1 |s|1/2 sign(s)
(15)
Ẇ (t) = −c2 sign(s)
The suﬃcient conditions of ﬁnite-time convergence are:

 |∆(X, U, t)| < ℘
(16)
 0 ≤ kmin ≤ ∂ ṡ ≤ kmax
∂U
Then, the parameters of the super-twisting algorithm can be bounded as

4℘ kmax (c2 + ℘)


 c21 ≥ 2 ·
kmin kmin (c2 − ℘)
(17)
℘


 c2 >
kmin
For systems deﬁned as in (10) and (14), the general form considered for the selected
sliding variable is a linear combination of the tracking error of the state variable and its derivative [26,31]. The zero-order sliding variables considered for the control of translational
and rotational dynamics are, respectively, given by

 


 
λx 0 0
ex
sx (X, t)
ėx
(18)
st =  sy (X, t)  =  ėy  +  0 λy 0   ey 
ez
ėz
0 0 λz
sz (X, t)
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λϕ 0 0
eϕ
sϕ (X, t)
ėϕ
sr =  sθ (X, t)  =  ėθ  +  0 λθ 0   eθ 
eψ
sψ (X, t)
ėψ
0 0 λψ
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(19)

with λ = [λx , λy , λz , λϕ , λθ , λψ ] being positive coeﬃcients that represent the switching
surface coeﬃcients.
The control laws of the state variables can now be derived based on the ST-SMC by
taking the ﬁrst-time derivatives of the corresponding sliding surfaces given in (18) and
(19). Since all derivations of the control laws follow the same steps, and without loss of
generality, we demonstrate here the derivation of the control law of the yaw angle ψ. As
mentioned earlier, eψ is the error between the real and the desired ψ position, that is
eψ = ψ d − ψ

(20)

and from (19), the corresponding sliding surface for the angle ψ is given by
sψ = ėψ + λψ eψ

(21)

for which, the ﬁrst-time derivative of the sliding surface is
ṡψ = ψ̈ d − (f6 (X, t) + g6 (X, t)Uψ ) + λψ ėψ

(22)

Hence, by setting ṡψ = 0 in (22), the equivalent control law for the state variable ψ is
obtained as follows
ψ̈ d − f6 (X, t) + λψ ėψ
ψ
Ueq
=
(23)
g6 (X, t)
As can be seen from (6), the control law of the state ψ is the sum of its equivalent control
ψ
law and switching function Usw
. In our case, the latter is represented by the super-twisting
ψ
switching function Ust which can be obtained by replacing sψ from (21) in (15) as
{
Ustψ (t) = −cψ1 |sψ |1/2 sign(sψ ) + Wψ (t)
(24)
Ẇψ (t) = −cψ2 sign(sψ )
Finally, it is worth noting that the suﬃcient conditions given by (16) can be reformulated
by using (22) as

 ∂ ṡ (X, U, t) + ∂ ṡ (X, U, t) × [f (X, t) + g (X, t)U (t)] < ℘
ψ
ψ
6
6
ψ
ψ
∂t
∂X
(25)

x
ψ
0 ≤ kmin ≤ g6 (X, t) ≤ kmax
4. Simulation Results and Discussion. In order to validate the designed control laws
and evaluate the proposed controllers based on ST-SMC, MATLAB/Simulink is used. We
hold the same numerical values of the quadcopter parameters employed in [26]. These
are summarized in Table 1. In the present work, the values of the desired trajectories are
ﬁxed for the position and yaw angle. That is, the desired position (xd , y d , z d ) and desired
yaw angle ψ d come directly from the user. The corresponding values of the desired angles,
ϕd and θd are calculated through the correction block. Finally, the control laws based on
the proposed algorithm are applied for the six state variables (position and attitude). The
control parameters are adjusted referring to the result obtained via classical SMC and the
simulation time is set to 100 s.
In this simulation, the proposed controller is examined for a ﬂy following diﬀerent types
of trajectories, namely, ramp, horizontal ﬂight and sinusoidal trajectory. For the purpose
of comparison and validation of the proposed controller, both the type-2 FLC and SMC
are carried out for the same ﬂight scenario.
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Table 1. Quadcopter parameters
Parameter
Value
m
1.1 kg
Ix , Iy
1.22 kg.m2
Iz
2.2 kg.m2
Ir
0.2 kg.m2
l
0.21 m
kF
5 N.s2 /rad2
kM
2 N.m.s2 /rad2
kd
0.1 kg/s
ka
0.12 kg.m2 /rad
g
9.81 m/s2

Figure 3. Quadcopter path tracking in 3D: desired and real trajectories,
in the case of 2-SMC
Figure 3 represents the path tracking in 3D of the quadcopter aircraft based on the
proposed ST-SMC. As seen, the quadcopter aircraft has perfectly tracked the desired path
without deviations. Figures 4 and 5 show the resulting tracking outputs for the positions
x, y and z and the attitude: roll, pitch and yaw. It is easy to observe that the quadcopter
position, as well as the orientation, converges to their desired values. In Figures 6 and 7,
the resulting errors between the desired setpoint value and the quadcopter real trajectories
are presented, with the miniatures on the ﬁgures highlighting the important diﬀerences
between the performance of the controllers. It can be seen from these ﬁgures that (i) for
all the motion the errors tend to zero for the proposed ST-SMC as well as for the SMC,
(ii) in contrast to the SMC and ST-SMC, the type-2 FLC suﬀers from low accuracy in the
steady-state, and (iii) in the transient state, the ST-SMC is better than SMC in terms of
overshoot and settling time. Furthermore, it is well-known that SMC has the drawback of
chattering. For instance, this drawback can clearly be seen from Figure 8, which depicts
the variations of the control input for the yaw motion. The same ﬁgure demonstrates the
eﬀectiveness of the ST-SMC in the removal of chattering. With the ST-SMC, we have
shorter settling time, reduced overshot and satisfactory chattering elimination.
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(c)

Figure 4. Position control results, comparison between classical SMC,
type-2 FLC, and 2-SMC

(a)

(b)

(c)

Figure 5. Attitude control results, comparison between classical SMC,
type-2 FLC, and 2-SMC
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(a)

(b)

(c)

Figure 6. Position errors, comparison between classical SMC, type-2 FLC,
and 2-SMC

(a)

(b)

(c)

Figure 7. Attitude errors, comparison between classical SMC, type-2
FLC, and 2-SMC
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Figure 8. Chattering results of the SMC and 2-SMC (the case of yaw
control input)
As seen from the obtained results, the proposed 2-SMC controller is a free-chattering
controller. Therefore, it would make the quadcopter ﬂight and positioning stable without
any vibrations. The stability of the proposed controller, together with its good path tracking performance, would allow the quadcopter to perform rescue and retrieve operations in
very tight places without the risk of collision with the surrounding obstacles. In addition,
being a free-chattering controller, the proposed controller protects the motors from the
damage that can be caused by the chattering and overshoot eﬀects. Furthermore, due
to the fact that the proposed controller is SMC-based, it is robust against disturbances,
unpredicted inaccuracies, and parameter variations that can occur in practical situations.
As a consequence of the relevant advantages given above, the proposed controller is both
suitable and desirable from a practical viewpoint.
5. Conclusions. In this paper, a control block based on a super-twisting second-order
sliding mode controller has been investigated for the steering of a quadcopter UAV to
achieve the desired position and attitude. Six controllers have been developed for the
corresponding six system states. The global system is divided into two subsystems,
namely, the position control subsystem, and the attitude and altitude control subsystem. This strategy has been adopted in order to obtain eﬃcient control even though
the under-actuation property is still present. The 2-SMC technique is chosen due to
its useful advantages, i.e., it guarantees robustness against parameter ﬂuctuations, model uncertainties, and random external disturbances. Moreover, 2-SMC acts directly on
the second-derivative of the sliding manifold, and thus chattering is avoided. MATLAB/Simulink simulations have been conducted to assess the proposed controller. The
simulation results have shown the eﬃciency of the proposed controller in path tracking
even under sudden changes. In addition, these results have demonstrated the superiority
of the proposed controller in comparison with the SMC and type-2 FLC.
As for future work, our aim is to introduce external disturbances with variable parameters, generalize the dynamic model to include the situation of a real system in the wind
ﬁeld, and test the system experimentally.
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