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In this article, the performance of the sliding mode control (SMC) that is combined with
the backpropagation neural network (NN) as the main control of quadrotor’s dynamic
systems was examined on various trajectories and conditions, through numerical
simulation. The simulation is conducted with three different trajectories in the absence
and presence of the time-varying external disturbances that were adopted from previous
studies. The time-varying external disturbances are implemented for the roll, pitch, yaw,
and altitude movement simultaneously with the gain set up at the value of 0.8. The
simulation results show that the SMC-NN scheme was able to control the quadrotor

either in the absence or in the presence of time-varying external disturbances, for each
trajectory without any chattering or vibration issues in the quadrotor’s dynamic system.
It can be concluded that the SMC-NN is one of the control strategies that are appropriate
for the mission with various conditions and circumstances.

1. INTRODUCTION

Quadrotor Unmanned Aerial Vehicles (UAVS) have
received increasing attention in the past decade, because of
their special characteristics such as autonomous flight [1],
low-cost, vertical takeoff/ landing ability, and onboard vision
system [2], and their wide applications such as military [3-5],
surveillance [6, 7], agriculture monitoring [8, 9], mitigation
and disasters rescue [10], building exploration and information
collection [11], and many more. These popularities are closely
related to the performance of the flight controller implemented
[12]. A quadrotor is an aircraft with four rotors in a cross
configuration, which has four inputs (roll, pitch, yaw, and
throttle) and so defines the motion behaviors in the three-
dimensional space by changing its propeller angular speeds
[13].

Trajectory tracking control of quadrotors is a complex open
problem as a control scheme for fully actuated systems cannot
be applied to underactuated quadrotor systems directly, due to
the six degrees of freedom (6-DoF) with only four control
inputs. It is known that quadrotors have complex and highly
coupled dynamics, under-actuated properties, and are very
sensitive to unmodelled dynamics, parametric uncertainties,
and external disturbances (e. g., payload variation, model
uncertainty, and wind gusts) [12, 13]. These make flight
control a very challenging task, especially for trajectory
tracking control.

A lot of control strategies have been proposed to address the
aforementioned problems. For instance, the classical PID
(proportional-integral-derivative) linear controller was applied
to control both the altitude and attitude of a quadrotor [13-16]
and it shows acceptable performance. However, the accuracy
seems to decrease as the operating condition changes. It is
caused by the PID control parameters that are designed to
work in specific conditions, for example, quadrotor with or
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without external payload, therefore applying the PID
controller to the quadrotor limits its performance [13]. Some
other types of control algorithms have been proposed such as
a linear quadratic regulator or gaussian (LQR / LQG) for
quadrotor control [17, 18] these control strategies are not
robust and exhibit poor tracking performance in the presence
of uncertainties and external disturbances. This can happen
because, for these linear control strategies, the convergence
cannot be guaranteed when the aircraft’s state moves away
from its flight domain, and these control approaches have a
limitation, especially to alleviate the coupling among variables
[19].

More recently, several modern control with a nonlinear
approach has been carried out. For instance model predictive
control (MPC) [20, 21], backstepping control [22], adaptive
control [23], sliding mode control (SMC) [24], and finally
intelligent control [12, 19]. From those control methods, the
SMC has been successfully applied to wide specific areas
including nonlinear systems, MIMO systems, and stochastic
systems [25-27]. However, there are still several main
drawbacks and difficulties to be solved in SMC control. Such
as (1) the robustness during the reaching phase is not
guaranteed, which means exists before the system arrives at
the sliding mode surface [28], and (2) the chattering issues
caused by the high-frequency switching of discontinuous
terms due to the imperfection of the switching function [29],
as well (3) the difficulty of the SMC control design is the
requirement of the upper bound of the disturbances [12].

To solve the chattering issues in sliding mode control,
several control schemes have been studied. In Ref. [30], the
fuzzy algorithm has been used to tackle parametric
uncertainties and external disturbances. The reference [12]
presents an adaptive SMC-fuzzy algorithm for trajectory
tracking of the quadcopter. In this SMC-fuzzy scheme, the
reaching phase, chattering problem, and disturbances are
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eliminated by using fuzzy rules and adaptive law. However,
this method has limited fault-tolerance capability and is not
applicable for a real experiment. The second scheme is SMC
combined with the neural network (NN) algorithm, which was
proposed by Alsmadi et al. [31]. In this study, the radial basis
function (RBF) was investigated to regulate equivalent SMC
law where the NN weight is updated by a multi-community
bidirectional drive collaborative search (M-CBDCS)
algorithm. From the theoretical perspective of automatic
control, NN is a preferable control approach that can handle
model uncertainties, disturbances, and fault tolerance. The NN
can be considered as an adaptation method to update the
unknown parameter through online learning.

Motivated by further improvement, and due to the lack of
study of SMC-NN, therefore, an adaptive sliding mode control
based on NN will be discussed for the control system of the
quadrotor in this paper. The recent studies [32, 33] propose an
NN-based-adaptive SMC for the quadrotor system, but these
studies do not present the performance of quadrotors on
various types of trajectories under the time-varying
disturbances. Therefore, this paper will study more
comprehensively, especially the mathematical model of the
SMC-NN control scheme. Then, this control scheme will be
implemented on various types of trajectories under time-
varying external disturbances to further examine the
performance of the SMC-NN control algorithm.

The rest of this paper is organized as follows: Section 2
introduces the mathematical modeling of the quadrotor. Then,
the control scheme is explained in section 3. Furthermore, the
simulation setup, results, and discussion are presented in
Section 4. Finally, Section 5 gives the conclusions of this

paper.

2. MATHEMATICAL MODEL OF QUADROTOR

The quadrotor aircraft is a six degrees of freedom (6-DoF)
vehicle with four rotors arranged in a cross configuration. The
dynamic equation of the quadrotor consists of the Earth-Fixed
Frame (E) and Body-Fixed Frame (B) as shown in Figure 1.

Fq Body-Fixed Frame F,

Earth-Fixed Frame

Figure 1. Quadrotor’s model

Roll, pitch, and yaw positions, respectively are defined as ¢,
6, w. And, the position of the quadrotor in the Earth-Fixed
Frame is defined as X, y, and z. The nonlinear dynamic
equations of the quadrotor in presence of external disturbances
can be expressed as follows [32-34]:
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with, J; is the rotor inertia; L is the arm length of the
quadcopter; Iy, ly, and I, are constants of the body quadcopter’s
inertia; Krax, Kray, and Kra, are the frictions aerodynamics
coefficients; Ky, Kry, and Ky, are the translation drag
coefficients; Ui, Uz, Us, and Uy are the control inputs of the
system directly related to the angular velocities of the four
rotors as follows [32]:
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where, 2=(w1-w2+ws-was); wi=(i=1, 2, 3, 4) are the speeds for
each rotor; K, and Kg are the lift and drag coefficients
respectively.

The (1)-(6) can be expressed in the state-space form as:
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which leads to the following state-space and a few
improvements, state-space model can be rewritten as:
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where, aj, i=1, 2, 3, ..., 8 are the normalized parameters defined
as follows:
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3. CONTROL SCHEME

3.1 Sliding mode control (SMC) with the backstepping
approach

The control scheme for the quadrotor consists of four

controllers as a roll (Uy), pitch (Us), yaw (Us), and altitude (U;)
controller that is given as follows [35]:
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The control scheme used in this paper is SMC based on a
backstepping approach motivated by [35] as a recursive
algorithm for the control laws synthesis that is given by (21)-
(24), with the tracking errors is given by (25) and Lyapunov
functions are given by (26).
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Thus, from (25) we can define the dynamics of sliding
surfaces as follows [35]:
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3.2 Backpropagation neural network

For the roll controller, the backpropagation rule of the
neural network is adopted from [36] given as follows:
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with, 7. being the learning rate and k being the number of

iterations, the terms g—E and B are determined using the
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chain rule that the full derivation is given by [37]. Assuming
96 =1, that Eq. (28) can be rewritten as:
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The same method is applied to the pitch, yaw, and altitude
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Therefore, the Eqns. (29)-(32) are substituted to Egns. (21)-
(24) for correcting errors of chattering value for each control
law for every iteration.

4. SIMULATION
DISCUSSION

SETUP, RESULTS, AND

In this section, the performance of the sliding mode control
combined with the backpropagation of the neural network
control scheme is carried out on the quadrotor system, through
numerical simulation using MATLAB ode45 solver.

4.1 Simulation setup

Table 1. Quadrotor’s system details

Parameters Value Unit
m 2 Kg
d 0.45 m
b 7.73x<10¢ Ns2
(I 1y, 1) 0.0119; 0.0119; 0.0223 Kg.m?
(Kax, Kray, 5.567>10%; 5.567>10%;
Kias) 635450 Ns/rad
5.567>10; 5.567>10
(Krx, Ky, Kitz) 6.354>00 Ns/m
Jr 8.5x10* Kg.m?
g 9.81 m/s?
(o, 1, ) 189.63; 6.0612; 0.0122 (d"}‘eesgi'on
Table 2. Controller’s parameters
Parameters Value
£1(0) 1
£2(0)=¢3(0)=¢4(0) 2
w1(0) 40
w2(0)=wsz(0) 10
Wa(0) 15

N1=H2=13=14 0.01

The quadrotor’s system details and controller parameters
are mentioned in Table 1 and Table 2.

The quadrotor is examined on various trajectories such as a
circle, spiral, and lemniscate trajectory in 3D simulation and
X-Y plane. Each trajectory is given by [38-40] and
summarized as shown in Table 3 as the desired trajectory for
the quadrotor.

Table 3. Trajectory’s mathematical model

Trajectory Model
Circl X4 =%cos(ﬂ%o),yd Z%Sin(ﬂ'tzo)
ircle Z4 :3—2003(7rt 20)]% =Sin(ﬂ%o)

Spiral Xg =sin(0.1t),yy =cos(0.1t), =1+%0
wq =0
Lemniscate % =10-10 COS(ZM 23): Yg =5sin (47rt 23)

g =3,yq =0

The initial states are given by x=y=z=0; ¢=0=w=0"and the
time-varying external disturbances are adopted from [41] and
implemented in the quadrotor system. Those disturbances can
be expressed in (33)-(34) with A, B, C, and D being the gain
of disturbances for each movement.

fs, = Bxq cos(t) (33)

fs3 = Cxs cos(2t)
s3 5 ) (34)
fs4 = DXgsin(2t)

4.2 Results

The simulation is conducted in three scenarios. In the
beginning, the simulation is conducted using an SMC
controller with the presence of external disturbances. The
second, simulation is conducted using the SMC-NN controller
in the absence of external disturbances. And finally, the
simulation is conducted using an SMC-NN controller in the
presence of external disturbances.

Besides implementing the external disturbances into the
quadrotor systems, the simulation was also conducted into
three different trajectories that are given in Table 3 for each
scenario.

Figure 2 below shows the results of the quadrotor’s
performance for three different trajectories in the presence of
external disturbances using the SMC controller. Then, Figures
3 and 4 below show the results of the quadrotor’s performance
for three different trajectories in the absence and the presence
of disturbances using the SMC-NN controller. The absence of
disturbances means that the gain of disturbances A, B, C, and
D are zero. Then, for the presence of disturbances, we set all
the gains of A, B, C, and D to be 0.8.

Figure 2 (a)-(f) shows the performance of quadrotor’s
dynamics in various trajectories such as circle, spiral, and
lemniscate trajectory, in the presence of the time-varying
external disturbances. The simulation result is obtained
through the numerical simulation using MATLAB ode45



solver. From Figure 2 (a)-(f), it can be seen that the quadrotor
oscillated and seems unstable along with the desired position.
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Figure 2. The quadrotor’s dynamics response in the presence
of external disturbances using SMC control (A=B=C=D=0.8)

Then, the NN algorithm is implemented into the SMC
controller, becoming the SMC-NN controller. The SMC-NN
controller is a combination of the SMC controller and
backpropagation NN algorithm. To validate this SMC-NN
controller, the simulation is conducted under the same
condition as the SMC controllers.

Figure 3 (a)-(f) shows the performance of quadrotor’s
dynamics in various trajectories such as circle, spiral, and
lemniscate trajectory, in the absence of time-varying external
disturbances using SMC-NN controller. In the beginning, the
circle trajectory is conducted to the quadrotor system. From
Figure 3 (a), it can be seen that the quadrotor can track the
circle trajectory without any chattering issues. However, there
is a delay time that occurs in the first 30s of the simulation at
the Z axes movement in achieving the desired trajectory, as
shown in Figure 2 (b).

Therefore, the simulation is conducted with the spiral and
lemniscate trajectory that is implemented in the quadrotor’s
system as shown in Figure 3 (c) and Figure 3 (e). Similar to a
circular movement, in spiral and lemniscate movement, the
quadrotor shows good performance without any chattering
issues, but still there is a delay time at the first 30s of
simulation in the Z axes movement, as shown in Figure 2 (d),
in achieving the desired trajectory. Unlike the circle and spiral
movement, the lemniscate movement shows a huge delay time
as shown in Figure 3 (f) in the Z axes in achieving the desired
trajectory.
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Figure 3. The quadrotor’s dynamics response in the absence
of disturbances using the SMC-NN control scheme
(A=B=C=D=0)

The performance results as shown in Figure 3, indicates that
the SMC-NN control scheme was able to control quadrotor in
various trajectories in the absence of any disturbances. To
examine how the further performance of the SMC-NN, the
simulation is conducted to implement time-varying external
disturbances into the quadrotor’s system with the gain value of
0.8, the same as the SMC’s simulation scenario.

The dynamic performances of the quadrotor using the SMC-
NN controller in the presence of external disturbances are
shown in Figure 4. The quadrotor’s system gets chattering
issues in the Z axes at the first 30s of simulation in the presence
of time-varying external disturbances, as shown in Figure 4 (a)
and Figure 4 (b).

Similar to circle movement, the chattering issues also occur
in spiral movement in the Z axes at the first 20s of the
simulation as shown in Figure 4 (c) and Figure 4 (d). Unlike
the others, the lemniscate movement is not showing any
chattering issues as shown in Figure 4 (e) and Figure 4 (f).
Finally, all the results above are summarized and the average
duration of occurrence of oscillations during the flight is
calculated, as shown in Table 4.
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Figure 4. The quadrotor’s dynamics response in the presence
of disturbances using the SMC-NN control scheme
(A=B=C=D=0.8)

Table 4. Quantitative comparison between SMC and SMC-
NN controller based on the total time (s) of occurrence of
oscillations in the presence of external disturbances

(A=B=C=D=0.8)
Trajectory Controller
SMC SMC-NN
Circle 52s 10s
Spiral 51s 9s
Lemniscate 54 s 25s

Compared with the control scheme that only uses SMC as
the main control as conducted by [41], and also by the
simulation conducted in this study, as shown in Figure 2 (a)-
(f), the gain value of 0.8 will make the quadrotor’s system
becomes more jerk and unstable. On the other hand, with the
same gain value of external disturbances, the SMC-NN
controller can decrease any oscillations or instability in the
dynamic performance of the quadcopter during the flight in the



presence of external disturbances, as shown in Figure 4 (a)-(f)
and Table 4. This indicates that the combination of SMC-NN
performs a good performance for quadrotor dynamics in the
presence of external disturbances than the SMC controller
only.

5. CONCLUSIONS

A combination of sliding mode control with the
backpropagation of neural network is examined in this article
on various trajectories and several conditions in the absence
and the presence of external disturbances. Three different
trajectories are used in this article to examine the further
performance of the control scheme. Numerical simulations
using MATLAB have been carried out to validate the
effectiveness of the SMC-NN control scheme. The results
show that the tracking performance and the ability to achieve
the desired trajectory in the presence of external disturbances
is better than a control scheme that only uses SMC as the main
control system. However, delay time occurs for each
performance in the quadrotor’s dynamic system. This method
can be extended and implemented into a real experiment which
will be considered in future work.
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