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Abstract
The quadrotor unmanned aerial vehicles (UAV) are rich system with attractive and challenging properties such as nonlin-
earities and underactuated dynamics, which motivates researchers to design advanced and robust control algorithms. In this 
paper, we contribute to a further improved design of quadrotor UAV. The quadrotor dynamics and kinematics equations 
are briefly presented. Then, an improved integral sliding mode controller (ISMC) has been proposed and applied within 
an inner loop to stabilize and track the quadrotor attitude at the desired values. The aim is to enhance the performance 
of the ISMC controller by eliminating the chattering problem, meanwhile maintaining the trajectory tracking in a robust 
fashion. In our design, the switching function (sign(s)), causing the chattering, is replaced by the approximated functions 
(tan h, error, saturation, quasi-sliding mode method) in the ISMC control law. PD controller is applied as an outer loop 
controller to enable the quadrotor to track the desired position. The performance of the proposed ISMC controller is 
studied with regard to the chattering attenuation and trajectory tracking robustness and tested by simulation MATLAB/
SIMULINK. Finally, a comparison with the switching function (sign(s)) is performed to alleviate the superior performance 
of the proposed design.

Keywords Quadrotor dynamics · Integral SMC control · PD controller · Chattering attenuation · Saturation functions

1 Introduction

Due to the wide range of quadrotor unmanned aerial vehicles 
(UAV) applications in both the military and civilian sec-
tors, the quadrotor UAVs are getting more focus and interest 
from researches and engineers. As a result, the robust control 
design techniques are essential to make sure the quadrotor 
UAV successfully achieving the desired tasks.

The quadrotor UAV has nonlinear dynamic equations, 
coupled dynamics, and underactuated dynamics. These chal-
lenges should be put into the account in the control design 
phase. Previous works implemented numerous control strate-
gies to the quadrotor UAV, including PID and LQ control 

techniques [1–3], feedback linearization [4–6], adaptive con-
trol [7–9], sliding mode controllers [10–12], to name a few.

The sliding mode control (SMC) is a commonly known 
nonlinear control strategy, which is pushing the system’s 
state trajectories toward the sliding surface until it reaches 
and stays on the surface in a finite time. The advantage 
of the SMC is the robustness to overcome the disturbance 
and the uncertainties in the model’s parameter, and the 
reaching time to the sliding surface is limited and known 
[13–15]. The only drawback of the SMC is the chattering 
problem. In the literature, several proposed techniques have 
been reported to reduce and overcome the chattering impact 
to a satisfactory limit [16–20]. The attitude controller was 
designed based on quantitative feedback theory, while the 
position trajectory tracking was achieved by the fuzzy logic 
controller [21].

The chattering causes serious problems, for instance, 
the vibration in the mechanical components and heat in 
the electronics elements, which results in energy loss [8, 
22–24]. Furthermore, the switching term in SMC control 
law produces high-frequency dynamics, time delays, and 
some neglected unmodeled dynamics modeling [25].
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In this paper, an integral SMC control is proposed as 
an inner loop control strategy to stabilize the quadrotor 
UAV attitude, and meanwhile, to study the effects of the 
chattering experimentally (by simulation). The switching 
function (sign(s)) in the ISMC control laws is approxi-
mated and replaced by continuous saturation functions to 
attenuate the chattering in the ISMC control. PD control-
ler is applied as an outer loop control strategy to control 
the position of the quadrotor UAV. The results of MAT-
LAB/SIMULINK simulation supported the efficacy of the 
developed ISMC.

The manuscript is structured as follows; Sect. 1 cov-
ers the introduction and introduces some previous related 
work. Section 2 briefly presents the quadrotor UAV model 
description along with the kinematic and dynamic mod-
eling. Section 3 is dedicated to the proposed controller 
derivation as follows, the integral SMC as an inner loop 
controller, chattering attenuation techniques, and PD as an 
outer loop controller to control and stabilize the quadrotor 
position. Section 4 shows the simulation results. Finally, 
Section 5 ends the paper with the conclusion and some 
future work.

2  Quadrotor UAV Modeling

We start by describing the quadrotor UAV or (QUAV) under 
consideration.

2.1  QUAV Description

The QUAV consists of four rotors to generate forces, (
F1, F2, F3, F4

)
 and is mounted in a cross shape, as shown in 

Fig. 1, with symmetric shape.
The QUAV moves in space with six degrees of free-

dom (6-DOFs) (x, y, z, roll, pitch, and yaw). As it can be 
readily seen, Fig. 2 maps all the possible movements in 
*landing as depicted in Fig. 2b, *right as illustrated in 
Fig. 2c, *left as shown in Fig. 2d, *forward as shown in 
Fig. 2e, *backward as presented in Fig. 2f, and *clockwise 
and *anticlockwise as depicted in Fig. 2g, h, directions, 
respectively.

The arrow thickness in Fig. 2 is proportional to the rotor 
speed. ● denotes the up-direction, while ⊗ denotes the 
down-direction.

3  QUAV Kinematic Model

Generally, there are two frames: earth-fixed frame (E-frame) 
denoted by,E =

(
xe, ye, ze

)
 , and body-fixed frame (B-frame) 

B =
(
xb, yb, zb

)
 . The generalized coordinates of the quadro-

tor are cast into the form:

where the quadrotor position is:

and the quadrotor orientation is:

Thus, the kinematic equations will be as follows:

where ξ and V represent the linear velocity vectors in the 
E-frame and B-frame, respectively. R is the rotation matrix:

(1)q = [�, �]T

(2)� = [x, y, z]T

(3)� = [�, �,�]T

(4)�̇ = RV

(5)R =

⎡⎢⎢⎣

cos � cos� sin� sin � cos� − cos� cos� sin� sin � cos� + cos� sin�

cos � sin� sin� sin � sin� + cos� cos� cos� sin � sin� − sin� cos�

− sin � sin� cos � cos� cos �

⎤⎥⎥⎦

Fig. 1  QUAV configuration
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The quadrotor rotational movements are obtained as 
follows:

where �̇ and � represent the angular velocity vector with 
respect to the E-frame and B-frame, respectively. T is the 
transfer matrix [26]:

3.1  QUAV Dynamic Model

The QUAV dynamic equations in 6-DOF (in space) are writ-
ten as follows:

where

(6)�̇ = T�

(7)T =

⎡⎢⎢⎣

1 sin� tan � cos� tan �

0 cos� − sin�

0
sin�

cos �

cos�

cos �

⎤⎥⎥⎦

(8)

ẍ = (cos𝜙 sin 𝜃 cos𝜓 + sin𝜙 sin𝜓)
u1

m

ÿ = (cos𝜙 sin 𝜃 cos𝜓 − sin𝜙 sin𝜓)
u1

m

z̈ = −g + (cos𝜙 cos 𝜃)
u1

m

�̈� = a1�̇��̇� + a2�̇�𝛺d +
1

Ix
u2

�̈� = a3�̇��̇� + a4�̇�𝛺d +
1

Iy
u3

�̈� = a5�̇��̇� +
1

Iz
u4

and 
(
u1, u2, u3, u4

)
 are the control inputs and given as 

follows:

and �d represents the disturbance and expressed as follows:

4  Control Design

As depicted in Fig. 3, there are two controllers: the inner 
loop controller, which controlled the attitude or the rota-
tional subsystem, and the outer loop controller, which con-
trolled the translation subsystem. In particular, in this paper, 
the integral SMC controller will design the inner loop, 
while a PD controller will be responsible for controlling the 
position.

4.1  Inner Loop ISMC Control

The advantage of ISCM control over conventional SMC 
control is the steady-state error against the disturbances. 

a1 =
Iy − Iz

Ix
, a2 =

Jr

Ix
, a3 =

Iz − Ix

Iy
,

a4 =
Jr

Iy
, and a5 =

Ix − Iy

Iz

(9)

u1 = b
(
�2

1
+�2

2
+�2

3
+�2

4

)

u2 = b
(
�2

4
−�2

2

)

u3 = b
(
�2

3
−�2

1

)

u4 = d
(
�2

4
+�2

2
−�2

3
−�2

1

)

(10)�d = −�1 +�2 −�3 +�4

Fig. 2  Possible motions of 
QUAV
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The main aim is to design and implement the inner loop 
ISMC control strategy that can be able to stabilize and track 
the quadrotor’s attitude. The desired angles are given by 
�d, �d,�d , while the actual angles are �, �,� . The task of the 
proposed control strategy is to stabilize the error dynamic 
asymptotically and leads to:

where

The inner loop ISMC control design procedures follow 
the below steps:

Step one is to write the tracking error for the roll, pitch, 
and yaw angles as in (12).
Step two is to design the sliding surface as below [27]:

Since the dynamic equations of the quadrotor system are 
the second-order differential equation by which n = 2 and 
by substituting (12) in (13) yields to

(11)

lim
t→∞

e� = 0

lim
t→∞

e� = 0

lim
t→∞

e� = 0

(12)

e� = � − �d

e� = � − �d

e� = � − �d

(13)s =
(
d

dt
+ �

)n−1

e + k

t

∫
0

ed�

where s�, s� and s� denote the sliding surfaces for roll, pitch, 
and yaw dynamics, respectively, while k1𝜙 , k1𝜃 , k1𝜓 > 0 and 
k2𝜙 , k2𝜃 , k2𝜓 > 0 are the inner loop ISMC control gains.

Step three is to implement the sliding mode condition as,

Now Eqs. (14) and (15) yield to,

Therefore, the control laws for the inner loop ISMC are

The stability of the error convergence and the closed-loop 
control system proved as follows,

Theorem Recall the nonlinear dynamics system (8) (atti-
tude subsystem), if the sliding surface is selected as in (13), 
and the control input is calculated as in (17), then it can be 

(14)

s𝜙 = ė𝜙 + k1𝜙e𝜙 + k2𝜙

t

∫
0

e𝜙d𝜏

s𝜃 = ė𝜃 + k1𝜃e𝜃 + k2𝜃

t

∫
0

e𝜃d𝜏

s𝜓 = ė𝜓 + k1𝜓 e𝜓 + k2𝜓

t

∫
0

e𝜓d𝜏

(15)ṡ = −k1s − k2sgn(s)

(16)

ṡ𝜙 = −𝜆1𝜙sgn(s𝜙) − 𝜆2𝜙 s𝜙 =
(
�̈� − �̈�d

)
+ k1𝜙 ė𝜙 + k2𝜙e𝜙

ṡ𝜃 = −𝜆1𝜃 sgn(s𝜃) − 𝜆2𝜃 s𝜃 =
(
�̈� − �̈�d

)
+ k1𝜃 ė𝜃 + k2𝜃e𝜃

ṡ𝜓 = −𝜆1𝜓 sgn(s𝜓 ) − 𝜆2𝜓 s𝜓 =
(
�̈� − �̈�d

)
+ k1𝜓 ė𝜓 + k2𝜓 e𝜓

(17)

u2 = Ix

(
�̈�d − a1�̇��̇� − a2�̇�𝛺d − k1𝜙 ė𝜙 − k2𝜙e𝜙 − 𝜆1𝜙

)
sgn

(
s𝜙 − 𝜆2𝜙s𝜙

)

u3 = Iy
(
�̈�d − a3�̇��̇� − a4�̇�𝛺d − k1𝜃 ė𝜃 − k2𝜃e𝜃 − 𝜆1𝜃

)
sgn

(
s𝜃 − 𝜆2𝜃 s𝜃

)

u4 = Iz

(
�̈�d − a5�̇��̇� − k1𝜓 ė𝜓 − k2𝜓 e𝜓 − 𝜆1𝜓

)
sgn

(
s𝜓 − 𝜆2𝜓 s𝜓

)

Fig. 3  QUAV control system 
scheme block diagram
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assured that the stability of the closed control system and the 
error converge to zero.

Proof Select the candidate Lyapunov function as follows,

Note that a stability proof will be derived for roll ISMC 
control, and similar stability proofs for pitch and yaw ISMC 
control follow the same stapes.

Differentiating (18) with respect to time and use (16) 
yields to,

Thus, by substituting (17) into (19) leads to,

It follows from (20), it is proven that the ISMC designed 
in (17) guarantees Lyapunov stability of roll dynamics of 

(18)V� =
1

2
s2
�

(19)

V̇𝜙 = s𝜙ṡ𝜙

= s𝜙

{(
�̈� − �̈�d

)
+ k1𝜙 ė𝜙 + k2𝜙e𝜙

}

= s𝜙
{
a1�̇��̇� + a2�̇�𝛺d

+
1

Ix
u2 − �̈�d + k1𝜙 ė𝜙 + k2𝜙e𝜙

}

(20)

V̇ = s𝜙

{
−𝜆1𝜙sign

(
s𝜙
)
− 𝜆2𝜙s𝜙

}

= −𝜆1𝜙
|||s𝜙

||| − 𝜆2𝜙s
2
𝜙

V̇ ≤ 0

quadrotor (8). Thus, the stability of the closed-loop sys-
tem (roll dynamic) has been verified, which concludes the 
proof.□

Fig. 4  Virtual control block diagram inputs and output

Table 1  Quadrotor’s parameters

Name Parameter Value Unit

Mass m 0.650 kg
The Inertia on the x-axis Ix 7.5 × 10−3 kg m2

The inertia on the y-axis Iy 7.5 × 10−3 kg m2

The inertia on the z-axis Iz 1.3 × 10−2 kg m2

The thrust coefficient b 3.13 × 10−5 N s2

The drag coefficient d 7.5 × 10−7 Nm s2

The rotor inertia Jr 6 × 10−5 kg m2

The arm length l 0.23 m

Table 2  ISMC inner loop 
control gains

Parameter ϕ θ ψ

k1 5 5 5
k2 2 2 2
λ1 1 1 1

5 5 5

Table 3  Outer loop PD control 
gains

Parameter x y z

k1 2 2 2
kD 1 1 1

Fig. 5  3D trajectory tracking

Fig. 6  X–Y trajectory tracking
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4.2  Chattering Attenuation

The chattering is an undesirable phenomenon that has finite-
amplitude oscillates with finite-frequency that occurred near 
the desired equilibrium surface [16]. Therefore, to reduce 

the chattering, many research papers have been reported 
in the previous work to reduce the chattering impacts such 
as boundary layer thickness, higher-order SMC, terminal 
SMC, super-twisting algorithm, and fuzzy-based adaptive 
gains in sliding surface [11]. In this work, the boundary 

Fig. 7  Attitude of the QUAV

Fig. 8  Attitude errors
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layer thickness method is used to reduce the chattering; 
meanwhile, investigate the associated drawback in terms of 
the chattering reduction and trajectory tracking error. The 
detailed investigation is performed by approximating the 
switching function (sign(s)) with saturation, quasi-SMC, 
error,, and tanh functions, and each function has been com-
pared with the original switching function (sign(s)) as in the 
SMC control law.

The chattering can be decreased by extending the bound-
ary layer width. In which, a wide boundary layer may lead 
the system to lose its asymptotical stability and the results 
decrease the robustness of the control system.

The boundary layer method is used to reduce the high-
frequency oscillation in the integral sliding mode control-
ler (ISMC). However, this method can solve the challenge 
of chattering, but it has two main challenges: increase the 
error and reduce the speed of response [28]. In this work, 
the switching function (sign(s)) will be replaced by the fol-
lowing saturation functions to investigate the efficiency of 
each and compare the ISMC controller performance, from 
the trajectory tracking point of view.

In this paper, the switching function (sign(s)) is approxi-
mated by (21)–(24). On the other hand, the switching 
function (sign(s)) in the ISMC control laws in (17) can be 
replaced by anyone of these approximated functions.

4.2.1  Saturation Function

where � ≥ 0 represents the boundary layer thickness.

4.2.2  Quasi‑Sliding Mode Method [15, 29]

where 𝜀 > 0 represents the boundary layer thickness.

4.2.3  Hyperopic tangent function [30]

where

(21)sat

�
s

𝜑

�
=

⎧
⎪⎨⎪⎩

sgn
�

s

𝜑

�
if

���
s

𝜑

��� > 1

s

𝜑
if

���
s

𝜑

��� > 1

(22)sign(s)
s

|s| + �

(23)tan h(s) =
es − e−s

es + e−s

tan h(s) =

⎧
⎪⎨⎪⎩

1 if s is a large positive

0 if s = 0,

−1 if s is a large negative

Fig. 9  Sliding surfaces
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4.2.4  Error Function, (Gauss) Error Function is [31]

and has properties:

4.3  Outer Loop Controller

The dynamic system of the QUAV written in (8) is an 
underactuated system, due to the existence of six state vari-
ables 

[
x, y, z,�, �,�

]T which observed the control inputs [
u1, u2, u3, u4

]T only. Therefore, to handle the underactuated 

(24)efr(s) =
2√
�

s

∫
0

e−t
2

dt

erf (+∞) = 1, erf (−∞) = −1

characteristic, the virtual PD control inputs implemented to 
the underactuated subsystem as in [32, 33].

Equation (25) can be rewritten as follows:

where v =
[
ẍ, ÿ, z̈

]T.

(25)

ẍ = (cos𝜙 sin 𝜃 cos𝜓 + sin𝜙 sin𝜓)
u1

m

ÿ = (cos𝜙 sin 𝜃 cos𝜓 − sin𝜙 sin𝜓)
u1

m

z̈ = −g + (cos𝜙 cos 𝜃)
u1

m

(26)

v =

⎡⎢⎢⎣

vx
vy
vz

⎤⎥⎥⎦
=

⎡⎢⎢⎣

cos� sin � cos� + sin� sin�

cos� sin � cos� − sin� sin�

cos� cos �

⎤⎥⎥⎦
u1

m
−

⎡⎢⎢⎣

0

0

g

⎤⎥⎥⎦

Fig. 10  Control signals using sign function
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The use of the virtual control technique is to control the 
position of QUAV along x, y, and z indirectly through the 
calculated inputs ( u1,�d, �d ). As depicted in Fig. 3, the outer 
loop PD controller receives ( xd, yd, zd ) the desired and (x, 
y, z) the actual signals to generate what called the virtual 
controls ( ux, uy, uz ). The inverter receives the virtual control 
signals and ( �d ) as inputs to generate ( u1,�d, �d ) as illus-
trated in Fig. 4.

Therefore, Eq. (26) can be expressed as follows:

The dynamic error equations for the QUAV position are 
given by,

(27)

vx = (cos� sin � cos� + sin� sin�)
u1

m

vy = (cos� sin � cos� − sin� sin�)
u1

m

vz = −g + (cos� cos �)
u1

m

PD controller in (29) generates the virtual control inputs, 
which are used to control the position of QUAV:

where kIx , kIy , kIz > 0 and kDx
, kDy

, kDz
> 0 . With some math-

ematical manipulations of (26), yields to:

The desired roll and pitch angles are given as follows:

(28)

ex = x − xd

ey = y − yd

ez = z − zd

(29)

vx = kIxex + kDx
ėx

vy = kIyey + kDy
ėy

vz = kIzez + kDz
ėz

(30)u1 =
√

v2
x
+ v2

y
+ (vz + g)2

Fig. 11  Control signals using tanh function



 Arabian Journal for Science and Engineering

1 3

5  Simulation Model

The QUAV mathematical model (8) is simulated using 
MATLAB/SIMULINK platform, and the model parameters 
is taken from [34] and presented in Table 1. While Tables 2, 
3 presented the ISMC and PD controllers gain parameters, 
respectively.

(31)�d = sin−1
(
vx sin�d − vy cos�d

u1

)

(32)�d = tan−1
(
vx sin�d + vy cos�d

vz + g

)

6  Simulation Results and Discussion

In this section, the proposed ISMC comptroller has been 
tested by MATLAB/SIMULINK simulation with different 
switching approximated functions (tanh, error, saturation, 
and quasi-SMC functions). The sign (s) switching function 
is replaced by one of the prior mentioned functions for the 
purpose of chattering attenuation and trajectory tracking 
performance.

Now, the objective of this research is to compare the 
performance of the ISMC control laws with sign function 
and the ISMC control laws with the approximated functions 
(tanh, error, saturation, quasi-SMC). The comparison will be 
in terms of two major points chattering redaction and better 
trajectory tracking.

Fig. 12  Control signals using error function
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1. The sign and all approximated functions are evaluated 
and compared in terms of trajectory tracking. Therefore, 
as can be seen in Figs. 5, 6, and 7, the sign function pre-
sented better trajectory tracking and small error signal 
as depicted in Fig. 8, while saturation and quasi-SMC 
functions showed better trajectory tracking. However, 
tanh and error functions showed satisfactory trajectory 
tracking compared to the sign function (Fig. 9).

2. Simultaneously, with the trajectory tracking evaluation 
discussed prior, the sign function, along with all approx-
imated functions, has been evaluated in terms of chatter-
ing reduction. As depicted in Fig. 10, the sign function 
showed the worst case in terms of chattering reduction 
compared to all other approximated functions illustrated 
in Figs. 11, 12, 13 and 14 for tanh, error, saturation, and 
quasi-sliding control functions, respectively. The satura-
tion and quasi-SMC functions showed significant chat-
tering reduction, while tanh and error functions showed 
satisfactory chattering reduction compared to the sign 
function.

The saturation and quasi-sliding control functions are the 
best, considering both the chattering attenuation and the tra-
jectory tracking, as depicted in Figs. 5, 7 and 8 (trajectory 
tracking), and Figs. 13 and 14 (chattering reduction).

7  Conclusions and Future Work

In this manuscript, the quadrotor dynamic equations 6-DOFs 
have been presented in space 6-DOFs. The proposed con-
trollers have been designed based on the attitude and the 
position quadrotor’s subsystems. PD and ISMC controllers 
have been implemented as an outer loop and inner loop 
controllers to enable quadrotor to follow the predefined tra-
jectory tracking in 6-DOFs. The performance of the ISMC 
controllers has been tested and evaluated by simulation using 
MATLAB/SIMULINK platform, and it showed the satisfac-
tory results. The switching function (sign(s)) in the ISMC 
control laws has been approximated by continuous functions 
(tanh, error function, saturation function, and quasi-SMC 

Fig. 13  Control signals using saturation function
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function) to reduce the chattering associated with the ISMC 
controller. In future work, in addition to the chattering redac-
tion, the proposed ISMC controller, along with the approxi-
mated continuous functions, will be evaluated against the 
wind disturbances and uncertainty in the quadrotor model 
parameters.

References

 1. Reizenstein, A.: Position and trajectory control of a quadcopter 
using PID and LQ controllers. Dissertation (2017)

 2. Salih, A.L.; Moghavvemi, M.; Mohamed, H.A.F.; Gaeid, K.S.: 
Flight PID controller design for a UAV quadrotor. Sci. Res. Essays 
5(23), 3660–3667 (2010)

 3. Bouabdallah, S.; Noth, A.; Siegwart, R.: PID vs LQ control tech-
niques applied to an indoor micro quadrotor. In: 2004 IEEE/RSJ 
International Conference on Intelligent Robots and Systems (IEEE 
Cat. No. 04CH37566), vol. 3, pp. 2451–2456 (2005)

 4. Lee, D.; Kim, H.J.; Sastry, S.: Feedback linearization vs. adaptive 
sliding mode control for a quadrotor helicopter. Int. J. Control 
Autom. Syst. 7(3), 419–428 (2009)

 5. Mukherjee, P.; Waslander, S.: Direct adaptive feedback lineari-
zation for quadrotor control. AIAA Guid. Navig. Control Conf. 
2012(August), 1–10 (2012)

 6. Mokhtari, A.; M’Sirdi, N.K.; Meghriche, K.; Belaidi, A.: Feed-
back linearization and linear observer for a quadrotor unmanned 
aerial vehicle. Adv. Robot. 20(1), 71–91 (2006)

 7. Zuo, Z.: Adaptive trajectory tracking control design with com-
mand filtered compensation for a quadrotor. JVC/J. Vib. Control 
19(1), 94–108 (2013)

 8. Li, S.; Li, B.; Geng, Q.: Adaptive sliding mode control for quad-
rotor helicopters. In: Proceedings of the 33rd Chinese Control 
Conference, CCC 2014, no. 2, pp. 71–76 (2014)

 9. ul Amin, R.; Aijun, L.; Khan, M.U.; Shamshirband, S.; Kamsin, 
A.: An adaptive trajectory tracking control of four rotor hover 
vehicle using extended normalized radial basis function network. 
Mech. Syst. Signal Process. 83, 53–74 (2017)

 10. Runcharoon, K.; Srichatrapimuk, V.: Sliding mode control of 
quadrotor. In: 2013 International Conference on Technological 
Advances in Electrical, Electronics and Computer Engineering, 
TAEECE 2013, no. 1, pp. 552–557 (2013)

 11. Mo, H.; Farid, G.: Nonlinear and adaptive intelligent control tech-
niques for quadrotor UAV—a survey. Asian J. Control 21(3), 1–20 
(2018)

 12. Zhou, F.; Zhang, Z.; Liang, J.; Wang, J.: Feedback linearization 
and continuous sliding mode control for a quadrotor UAV. In: 
Proc. 27th Chinese Control Conference. CCC, pp. 349–353 (2008)

 13. Mazinan, A.H.; Kazemi, M.F.; Shirzad, H.: An efficient robust 
adaptive sliding mode control approach with its application to 
secure communications in the presence of uncertainties, external 

Fig. 14  Control signals using quasi-SMC function



Arabian Journal for Science and Engineering 

1 3

disturbance and unknown parameters. Trans. Inst. Meas. Control 
36(2), 164–174 (2014)

 14. Zhu, J.; Khayati, K.: A new approach for adaptive sliding mode 
control: integral/exponential gain law. Trans. Inst. Meas. Control 
38(4), 385–394 (2016)

 15. Vaidyanathan, S.; Lien, C.-H.: (eds) Applications of sliding mode 
control in science and engineering. In: Chang-Hua Conference 
2017. LNCS, vol. 709. Springer, Cham (2017)

 16. Suleiman, H.U.; Murazu, M.B.; Zarma, T.A.; Salawudeen, A.T.; 
Thomas, S.; Galadima, A.A.: Methods of chattering reduction in 
sliding mode control: A case study of ball and plate system. In: 
IEEE International Conference on Adaptive Science and Technol-
ogy, ICAST, vol. 2018, pp. 1–8 (2018)

 17. Chang, J.-L.: On chattering-free dynamic sliding mode controller 
design. J. Control Sci. Eng. 2012, 1–7 (2012)

 18. Morioka, H.; Wada, K.; Sabanovic, A.; Jezernik, K.: Neural net-
work based chattering free sliding mode control. In: SICE ‘95. 
Proceedings of the 34th SICE Annual Conference. International 
Session Papers, pp. 1303–1308 (1995)

 19. Baek, J.; Jin, M.; Han, S.: A new adaptive sliding-mode control 
scheme for application to robot manipulators. IEEE Trans. Ind. 
Electron. 63(6), 3628–3637 (2016)

 20. Eltayeb, A.; Fuaad, M.; Eltoum, M.A.M.; Basri, M.A.M.: Robust 
adaptive sliding mode control design for quadrotor unmanned 
aerial vehicle trajectory tracking. Int. J. Comput. Digit. Syst. 2(2), 
249–257 (2020)

 21. Mardan, M.; Esfandiari, M.; Sepehri, N.: Attitude and position 
controller design and implementation for a quadrotor. Int. J. Adv. 
Robot. Syst. 14(3), 1–11 (2017)

 22. Bandyopadhyay, B.; Janardhanan, S.; Spurgeon, S.: Advances 
in Sliding Mode Control: Concept, Theory and Implementation. 
Springer, Berlin, Heidelberg (2013)

 23. Roy, S.; Kar, I.N.; Lee, J.; Jin, M.: Adaptive-robust time-delay 
control for a class of uncertain Euler-Lagrange systems. IEEE 
Trans Ind Electron 64(9), 7109–7119 (2017)

 24. Cho, S.J.; Jin, M.; Kuc, T.Y.; Lee, J.S.: Control and synchroniza-
tion of chaos systems using time-delay estimation and supervising 
switching control. Nonlinear Dyn. 75(3), 549–560 (2014)

 25. Rafimanzelat, M.R.; Yazdanpanah, M.J.: A novel low chattering 
sliding mode controller. In: Proceedings of the 5th Asian Con-
trol Conference, Grand Hyatt-Melbourne, Australia, vol. 3, pp. 
1958–1963 (2004)

 26. Olfati-Saber, R.: Nonlinear Control of Underactuated Mechanical 
Systems with Application to Robotics and Aerospace Vehicles. 
Thesis Ph.D., p. 307 (2001)

 27. Ben, N.; Bouallègue, S.; Haggège, J.: Fuzzy gains-scheduling of 
an integral sliding mode controller for a quadrotor unmanned aer-
ial vehicle. Int. J. Adv. Comput. Sci. Appl. 9(3), 132–141 (2018)

 28. Sahamijoo, A.; Ghiasi, H.; Piltan, F.; Avazpour, M.R.; Mazloom, 
M.H.; Sulaiman, N.B.: Methodologies of chattering attenuation 
in sliding mode controller. Int. J. Hybrid Inf. Technol. 9(2), 11–36 
(2016)

 29. Shtessel, Y.; Edwards, C.; Fridman, L.; Levant, A.: Sliding Mode 
Control and Observation. Springer, Berlin (2014)

 30. Stakhov, A.; Rozin, B.: On a new class of hyperbolic functions. 
Chaos Solitons Fractals 23, 379–389 (2005)

 31. Lehtinen, N.G.: Error functions error function erf x and comple-
mentary error function erfc x, pp. 1–10 (2010)

 32. Boudjedir, H.; Bouhali, O.; Rizoug, N.: Adaptive neural network 
control based on neural observer for quadrotor unmanned aerial 
vehicle. Adv. Robot. 28(17), 1151–1164 (2014)

 33. Li, Z.; Ma, X.; Li, Y.: Model-free control of a quadrotor using 
adaptive proportional derivative-sliding mode control and robust 
integral of the signum of the error. Int. J. Adv. Robot. Syst. 15(5), 
1–15 (2018)

 34. Bouabdallah, S.: Design and control of quadrotors with applica-
tion to autonomous flying. Thesis 3727(3727), 61 (2007)


	An Improved Design of Integral Sliding Mode Controller for Chattering Attenuation and Trajectory Tracking of the Quadrotor UAV
	Abstract
	1 Introduction
	2 Quadrotor UAV Modeling
	2.1 QUAV Description

	3 QUAV Kinematic Model
	3.1 QUAV Dynamic Model

	4 Control Design
	4.1 Inner Loop ISMC Control
	4.2 Chattering Attenuation
	4.2.1 Saturation Function
	4.2.2 Quasi-Sliding Mode Method [15, 29]
	4.2.3 Hyperopic tangent function [30]
	4.2.4 Error Function, (Gauss) Error Function is [31]

	4.3 Outer Loop Controller

	5 Simulation Model
	6 Simulation Results and Discussion
	7 Conclusions and Future Work
	References




