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ABSTRACT Quadcopter unmanned aerial vehicles (UAVs) systems are receiving remarkable attention from
researchers due to their daily use in numerous applications, particularly at the current time where UAVs are
playing a significant role in combating the COVID-19 pandemic. This paper is concerned with the problem
of UAV navigation and control in the presence of uncertainty and external disturbances. It addresses this
issue by proposing an improved adaptive sliding mode control (IASMC). Improved control law generates
an adaptive switching gain achieving fast adaptation and robustness against both parameter uncertainties
and external disturbances. Simultaneously, the control law allows for maintaining robust trajectory tracking
with chattering attenuation. The performance of the proposed IASMC controller has been evaluated using a
Matlab/Simulink platform. The obtained simulation results showed that the proposed IASMC control scheme
as an inner loop controller is robust when dealing with uncertainties and can effectively track the desired
trajectories while significantly attenuating the well-known chattering introduced by the SMC controller.

INDEX TERMS Quadcopter UAV, PID controller, adaptive control, SMC control, type-2 fuzzy logic,

chattering.

I. INTRODUCTION
Recently, quadcopter UAVs are receiving significant interest
from researchers. The quadcopter UAV has been involved in
numerous applications, particularly at the current time when
it is playing a significant role in combating the COVID-19
pandemic, for example, monitoring the curfew process,
spraying antiseptics in public and open areas, and being used
in rescue and food delivery operations. These services reduce
the spread of the COVID-19 virus, in addition to conven-
tional applications in the military and other civilian sectors.
Previously, quadcopter UAVs were mainly used for military
purposes, however, over time they have gradually become
involved in civilian applications such as traffic surveillance,
photography, security, environmental monitoring, scientific
research, agriculture, etc., [1].

Applications for the quadcopter are increasing rapidly,
a fact which has motivated researchers to develop reliable and
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robust control algorithms to meet application requirements
and perform the assigned tasks successfully. This work will
focus on model-based control methods which consider the
dynamics of the model in controller design stages.

Quadcopter control is a challenging task due to the high
nonlinearity of its dynamics, coupling dynamics properties,
unknown and unbounded parameters uncertainties, unknown
disturbances, and unmodelled dynamics. These unwanted
aspects could lead to inaccurate trajectory tracking of the
quadcopter system and, finally, result in an unstable control
system. To handle these challenges, numerous robust control
methods have been designed to control the nonlinear dynam-
ical systems including the quadcopter system, for instance,
the sliding mode control (SMC) [2]-[4], feedback lineariza-
tion [5], [6], adaptive SMC control [7]-[9], second-order
sliding mode control [10], super-twisting sliding mode con-
trol [11], high-order sliding mode control [12], and robust
backstepping control [13], [14].

The SMC is well-known for its robustness against
unknown dynamics and external disturbances [7], [15], [16].
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Typically, SMC consists of two control terms, the
equivalent and the switching controls. The equivalent control
is calculated based on the Lyapunov theorem to cancel the
nonlinear dynamics, while the switching control absorbs the
effect of unknown uncertainty and unmodeled dynamics.
The main drawback of the SMC is the chattering phenomena
[17], [18]. The chattering is proportionally increased by the
increment of the SMC switching gain value. However, for
achieving robust stability the values of the switching gains
must be larger than the upper bound of the uncertainty and
unmodeled dynamics. Practically, the upper bound of the
uncertainty and unmodeled terms are usually unknown for
physical systems. In such situations, the values of the switch-
ing gains should be large enough to cover a wide range of
uncertainties, unmodeled dynamics, and disturbances. As a
result of the selection of high switching gains, the chattering
is induced at high amplitudes and frequencies, in which the
state variables oscillate around the sliding manifold [19]. The
chattering causes critical problems in the physical systems,
for example, the vibration in the quadcopter’s mechanical
body and the generation of heat in the onboard computer’s
electronics kits, which lead to increase power consumption.

The challenge is to benefit the SMC control in terms of
its robustness against the unknown upper bound of the uncer-
tainties and unmodeled dynamics while attenuating the chat-
tering to an acceptable limit. Such a challenge is motivating
the researchers to reinforce the SMC control to handle the
chattering drawback in addition to achieve robust trajectory
tracking. For instance, the boundary layer [20], higher-order
control [21], and fuzzy gain scheduling [22]-[25] are reported
in the literature to reduce the chattering influence. These
techniques still depend on the knowledge of the limits of the
upper bound of the parameter’s uncertainties.

An adaptive sliding mode control (ASMC) has been devel-
oped in which the switching gains are adaptively tuned
according to changes in the parameter’s uncertainties [26],
[27]. A robust trajectory tracking has been achieved; however
the proposed ASMC does not consider the chattering atten-
uation. An adaptive law is proposed in [28] whereas a fast
adaptation and significant chattering attenuation have been
attained.

In this paper, the quadcopter dynamic has been divided into
two parts, the attitude dynamics, and the position dynamics
subsystems. An improved adaptive sliding mode (IASMC)
control strategy has been developed to control the quad-
copter’s attitude, while an interval type-2 fuzzy PID
(IT2-FPID) controller has been adopted to control the quad-
copter’s position. The aim of this research is to benefit of
the SMC control advantages, the robustness against uncer-
tainties, meanwhile overcome the chattering phenomenon
associated with conventional SMC.

The main contributions of this research are as following:

« Estimating SMC switching gains based on an improved
adaptive formula that offers a fast adaptation speed
against the changes in the model uncertainties,
meanwhile attenuating the chattering impact.
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FIGURE 1. Quadcopter UAV configuration and the rotors numbering [31].

« Presenting an adaptive control law based on the Lya-
punov approach to estimate the equivalent control term,
that handles a nontrivial part of uncertainties and relieve
the burden on the switching control term. Unlike [28],
where only the switching control term carry the burden
of uncertainties.

« Replacing the switching function (sign(s)) by smooth
function (error function) which contributes further to the
chattering attenuation.

o Designing an IT2-FPID as an outer loop controller,
that can adapt to the variations in uncertainties while
generating accurate desired angles to the inner loop
controller for an arbitrary desired path.

The rest of the manuscript is organized in the following
outline. In Section II, the quadcopter kinematic and dynamic
equations, along with the description, have been briefly pre-
sented. Section III is dedicated to the proposed IASMC and
IT2-FPID controllers to control the quadcopter’s attitude and
position, respectively. In section IV, proposed controllers
have been evaluated by using simulations and the results have
been presented and discussed. Section V concludes the paper
with a summary and future work.

Il. QUADCOPTER DYNAMICS MODEL

A. QUADCOPTER SYSTEM DESCRIPTION

The quadcopter UAV consists of four rotors to gener-
ate (F1, F», F3, F4) mounted in a intersect configuration
[29], [30], as shown in Figure 1 with the symmetric
shape.

The quadcopter moves in space in 6-DOFs (the attitude and
position). As we can see, Figure 2 and Table 1 map all of
the possible movements in the space: take-off, landing, right,
left, forward, backward, clockwise, and counterclockwise
directions. The arrow thickness in Figure 2 is proportional to
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FIGURE 2. Quadcopter UAV possible motions.

TABLE 1. The quadcopter UAV possible movements.

Motors &
Movement
S

Rotor 1 Rotor 2 Rotor 3 Rotor 4

Take-off

Landing
Right
Left

Forward

Backward

Clockwise

Anti-
Clockwise

0.0 90000

0-9-00-6 600
60-9 80-0-00-

06006 6-00

the rotor speed. e indicates the up direction, and ® indicates
the down direction.

B. QUADCOPTER KINEMATICS MODELING

The quadcopter kinematics equations can be represented in
two frames: the earth fixed frame (E-frame) or the refer-
ence frame and denoted by E=(x,, ye, Z.), and the body
fixed (B-frame) B=(xp, y», ). The quadcopter’s coordinates
can be written as:

where,
£=1[ryz" )
and,
n=1¢.6,y1" 3)
The kinematic equations can be written as the following:
§ =RV @

where V represents the linear velocity in the B-frame, while
& is the linear velocity in the E-frame, and R is the rota-
tion matrix (5), as shown at the bottom of the page. The
quadcopter rotational motion is obtained as the following:
n=To (6)

where @ represents the angular velocity in the B-frame, while
) represents the angular velocity in the E-frame. T is the
transfer matrix [32]:

1 singtanf cos¢tand
_10 cos ¢ —sing
T= 0 sin ¢ cos ¢ Q)
cosf cos 6

C. QUADCOPTER DYNAMIC MODEL
The quadcopter UAV dynamics in 6-DOF are given as
follows: u

X = (cos ¢ sinf cos ¥ + sin ¢ sin ¥r) -

¥ = (cos ¢ sinf cos ¥ — sin ¢ sin 1) —
m
7 = —g+ (cos¢cos6) a
m
. . - 1
¢ = a0y + a0, + e
X

. .. . 1
0 = a3y + aspQy + s
)7

. .. 1
Y = as¢pf + —uy ®)
I
where
I, —1I, J I, — I, Jr
a) = ,ap = —, a3 = ,a4 = —, and
L L Iy I
I, — I,
as = AR
I

and, (u1, u, u3, ug) are the control inputs given as follows:
up = b(Q3 + Q3+ Q3 + Q)
uy = b(Q3 — Q23)
uy = b(Q3 — Q)
uy = d(Q3 + Q3 — Q3 — Q) ©)

and, Q4 is expressed as follows:

qg=1[&n" 1) Qi=—+D—-Q+Q (10
cosfcosyr singsinfcosy —cosgcosy  singsinf cos iy + cos ¢ sin Y
R = | cosfOsiny singsinfsiny +cosgcosyy  cos¢ siné siny — sin ¢ cos Y (&)
—sinf sin ¢ cos 6 cos ¢ cosf
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FIGURE 3. Overall quadcopter control system block diagram [31].
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FIGURE 4. Virtual control inputs and outputs [33].

lIl. CONTROL DESIGN

As shown in Figure 3, the proposed IASMC is designed to sta-
bilize the quadcopter’s attitude, and the interval type-2 fuzzy
PID (IT2-FPID) is implemented to control the quadcopter’s
position and provide the desired values of the attitude to the
IASMC controller.

A. TYPE-2 FUZZY PID OUTER LOOP CONTROLLER DESIGN
The quadcopter dynamic equations in (9) are underactuated
dynamics due to the outputs [x,y,z, ¢,0, I//]T which are
controlled by [u1, uz, us, u4]T only. The type-2 fuzzy PID is
designed to control the quadcopter’s position as in [33], [34].
The quadcopter’s position is an underactuated subsystem as
expressed below:

X = (cos¢sinf cos ¢ + sin ¢ sin ) %

¥ = (cos ¢ sinf cos ¥ — sin ¢ sin ) %

Zz—g—i—(cosq&cose)% (11)
The above equation (12) can be written in the follows:

Uy cos ¢ sin6 cos Y + sin ¢ sin Y " 0
u=|uy, [=|cos¢sinfcosy —singsinyy | ——1| 0
U, cos ¢ cos @ g

(12)

where u = [¥, ¥, 7]7.

The virtual controls are used to control the quadcopter’s
positions X, y, and z axis via (u1, ¢4 and ;). As illustrated
in Figure 3, the outer loop controller receives the desired val-
ues of the position (x4, 4, z¢) and actual (x, y, z) trajectory to
generate the virtual controls (uy, uy, u;). While the convertor
receives the virtual controls inputs and provides the lift force
(u1), desired rolling (¢4), and desired pitching (6,) angles as
shown in Figure 4.
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Equations (12), and (13), can be rewritten as follows:
Uy = %(cos ¢ sin6 cos Y + sin ¢ sin )
Uy = %(cosd) sinf cos ¢ — sin ¢ sin )
U, = %(cosq&cos 0)—g (13)

The control aim is to design an outer loop IT2-FPID con-
troller to stabilize the error’s position dynamics (15). Where
the desired position is represented by (x4, Y4, Z4), and the
measured position is given by (x, y, z).

ex =X — X4
€y =Y —JYd
e =2—2 (14)

With some mathematical manipulations of (14), leads to:

uy = \/ug + 12+ (uz + g)> (15)

and,

by = sin! <ux sin g — uy cos lﬁd) (16)

ui

6, = tan™" (ux sin ¥4 + uy cos Wd) (17)
u; +8

The fuzzy logic controller (FLCs) performs better, espe-
cially if the controlled plant shows a nonlinear behavior.
FLCs are nonlinear controllers that receive the knowledge
about the plant in the form of linguistic IF-THEN rules and
then renovate this knowledge into a mathematical formulation
that has been established as being very effective in numerous
applications. Other model-based nonlinear controllers require
the mathematical model to be represented in a format that
satisfies certain conditions. In contrast, FLCs are independent
of the mathematical system model, which can be useful in
controlling complex systems with proper experience about
their operation [35], [36].

The type-1 fuzzy logic system (FLS) incorporates four ele-
ments: fuzzifier, rules base, inference engine, and a defuzzi-
fier. The well-designed type-1 FLC effectively handles the
system nonlinearity; however, the controller performance
may degrade under the presence of uncertainty in the manip-
ulated system due to linguistic uncertainty where linguistic
expression can be interpreted differently by different indi-
viduals. The type-2 fuzzy set theory addresses this issue by
using uncertain membership functions with a lower and an
upper bound. The area between these bounds is defined as the
footprint of uncertainty (FOU), which has led to the advent
of anew class of fuzzy systems called Type-2 FLS (T2-FLS).
As illustrated in Figure 5 this has a similar architecture with
the last element replaced by an output processor, which con-
sists of a two-stage type reduction from type-2 to type-1 and
the defuzzification. General Type-2 FLS are costly in terms
of computation due to the type reduction process compare to
the interval type-2 FLS (IT2-FLS) [37], [38].

205971



IEEE Access

A. Eltayeb et al.: Improved Design of an Adaptive Sliding Mode Controller for Chattering Attenuation and Trajectory Tracking

Output Processor
r==—====== 1
I I
| | Crisp output
Rules | | Defuzzifier 1
i i
| I
| |
| I
1 |
Crisp input - | Type-reduced Set
— 5 Fuzzifier 1 Type reducer ' TiFuzzy Set

| I
[T P

T2-Fuzzy = T2-Fuzzy

input set Inference output set

| Engine

FIGURE 5. The general architecture of T2-FLS.

_.>__
Type-2
Fuzzy Controller
oo

FIGURE 6. Interval Type-2 Fuzzy PID controller block diagram.

Actual

1.4 1.4
UpperMF UpperMF
LowerMF LowerMF
1.2+ Fou 12k Fou
N z P N z P
K 1 1
o =
B %
2 08 2 08
2 2
£ £
s 15
£ £
5 06 5 0.6
@ @
<3 2
S <3
54 g
o4 S o4
0.2 0.2
o o
-1 05 o 0.5 1 -1 05 o 0.5 1
e de/dt

FIGURE 7. IT-2 FLC inputs membership functions.

Using the centroid method the defuzzified output is given
by [39]:

w2 (18)
2
where,
= I Xibbumg (1) + Zi‘\]:L-',-l Xifimf (%) (19)
Zf:] Mumf (xi) + Zi’V:L+l Mimf (x)
and < N
b = Dict Xilimg (%0) + D _iZ gy 1 Xibumg (%) 20)

>k Wimp (X)) + ZfiRH Mumf (i)

N denotes the number of samples whereas (4, and iy
represent the lower and upper membership functions, respec-
tively. x; represents the output of the i sample. R and L
are switch points that can be estimated by Karnik-Mendel
algorithm.

The input membership functions of the proposed
(IT2-FPID) are demonstrated in Figure 7, where each input
composes three sets, namely negative (N), zero (Z), and
positive (P). Figure 8 illustrates the rules surface.

Table 2 demonstrates the FLC’s rule. A uniform set is
adopted for both FLC’s inputs and output, where the input
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de/dt

FIGURE 8. IT-2 FLC rules surface.

TABLE 2. Fuzzy rules.

N Z

N N

B M

N

M M
P P

ZM B

is defined as {N, Z, P}.The output set has been selected as
{NB, NM, Z, PM, PB} where NB, NM, PB, and PM denote
negative big, negative medium, positive medium, and positive
big, respectively.

B. THE IMPROVED ADAPTIVE SLIDING MODE CONTROL
DESIGN

The scope of the IASMC controller design will cover the
quadcopter’s attitude subsystem dynamics equations only,
as follows:

.. .. ) 1
¢ = a10y + a0 + T + g
X

. . . 1
0 = a3y + aspQ2y + 7 + uo
y

.. .. 1
Y = as¢0 + 744 + Uy (21)
Zz
where,
I, —1, J I, — I, Jy
ap = ,d) = —,a3 = , A4 = —,
I, I, I I
L —1
and a5 = AR
I;

and g, (e, by are the lumped uncertainties for ¢, 0,9
dynamics, respectively.

The control objective is to propose an improved ASMC
controller to stabilize the error’s attitude dynamics. where
(¢a, 04, Vq) is the desired attitude, and (¢, 6, V) is the actual
attitude. The error’s attitude dynamic is given by:

ep = ¢ —da
eg =0 —06y
ey =V — Yy (22)
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The proposed IASMC controller has been designed based on
the following steps:

Step 1: is to determine the error dynamics as in (23).

Step 2: is to write the sliding surface as follows, [3]:

d n—l
=[(—+k 23
s <dt + ) e (23)

Thus, the sliding surfaces for attitude angles are
Sp = ep +kpey
so = eg + koeo
Sy = év, +kyey 24)
where, 54, 89 and sy defined the sliding surfaces for roll,
pitch, and yaw, respectively. While kg, kg and ky, are positive
constants.

Step 3:
following,

is to use the sliding mode condition as the

§ = —kysgn(s) — kps (25)
Substitute (25) into (26), yields to,

é¢ + k¢é‘¢ = —k1¢sgn(S¢)—k2¢S¢
€9 +koeo = —ki,58n(s0)—kays0
ey +kyey = _k1¢58n(sw)_k2¢51// (26)

Substitute (22) and (23) into (27), yields to,
a0y + a0Qq + éuz + 1o — Ga + kg
= —k1¢sgn(s¢) — k2¢s¢
a3y + aspQu + %M + 1o — O + koéo
= —ki,sgn(sg) — koysp
aspf + IlZM + gy — Va + ky éy
= —ki, sgn(sy) — ko, sy 27

where k1¢,k16,k1w> 0 and k2¢,k29,k2v,> 0 are the SMC
control gains.

Step 4: is to cancel the nonlinear terms and uncertainty in
the parameters in (28), the control input uy, u3, us are selected
as follows:

up = I, (¢d — alég.b — azéQd —kpep + e + Ul)

us = Iy (6q — a3pyr — asdpQa — koép + po + Us)
us = I, (l/fd — a5¢'56.? —kyey + py + U3) (28)
Substitute (29) into (28), along with (27) leads to:
S = Ul + &y
Sop = Uz + o
Sy = Uz + &y (29)
where,
$p = Lty
Co = Lyug
Sy = Ly (30

VOLUME 8, 2020

Step 5: is to obtain the estimated uncertainty ¢y, o, {y
based on the following selected Lyapunov functions:

1, 1. -
Vo = 55 + F80Y0lo

2
1, 1~ -
Vo = 589 + §e)/e§e
1, 1~
Vy = gsw +5 Wwiw 3D

where, §¢ {9 {1/, are the error between the actual uncertalnty
and the estlmated uncertainty §¢ =y — §¢, lo = Lo — Q;,
and ;“,p ={y — Qp, while, ¥4, v9, and yy are positive con-
stants. Thus, by differentiating both sides of the equation (32)
yields to:

Vi = spsg + LpVply
Vg = sos9 + Lovelo
Vy = sydy + Spvuly (32)
According to (33) the adaption laws are set as follows
X 1 = | S 1
{p = —5pbp = —Sely = —s (33)
[ Ve ¢ Ve v Yo v
Thus, from equation (33), the control inputs will be as follows
U= —¢p — k1¢sgn(s¢)—k2¢s¢
Uy = —Zg — ki, 58n(sg)—ka, s
Us = =&y — ki, sgn(sy)—ka, sy 34
Step 6: is well known: to ensure the control system robust-
ness against the unknown upper bound on the modeling
uncertainties and disturbances, the control gains, k; e ki,,and
ki, in (35) must be as large as possible to cover a wide-range
of expected upper bounds on the unknown uncertain terms.
However, the price of the large control gains selection leads
to the chattering phenomenon, which is unwanted and causes
many problems, for instance, the vibrations in the mechanical
parts. Therefore, to reduce the chattering impact to some

degree, the control gains k| " ki,, and klw can be estimated
as in (33) as follows [26]:

= By ||
ki, = Bo sl
ki, = By [sy| (35)

where, By, By, and By, are positive constants. However, in this
approach, the chattering still happens due to the slow adap-
tation speed around the sliding surface, which is caused by
the slow variation on the switching gains. While, on the other
side, a rapid change in the uncertainties and disturbances
of the parameter may occur. This mismatching between the
adaptation speed and the changes in parameter uncertain-
ties leads to a dramatic increment in the switching gains to
ensure the control system stability and trajectory tracking
robustness, and at this point, the chattering occurs.

Step 7: Another factor that has a significant impact and
which induces the chattering phenomenon is the switching
function (sign(s)) in the control law (35). One technique that
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FIGURE 9. The switching functions (sign and error functions).

TABLE 3. The quadcopter's Parameters.

Name Parameter Value Unit
Mass m 65 x1072 kg
inertia on x-axis I, 75x10™*  kgm?
inertia on y-axis I, 75x107*  kgm?
inertia on z-axis I, 13x107%  kgm?
thrust coefficient b 313 x107®  Ns2
drag coefficient d 7.5x1077  Nms?
rotor inertia Ie 6 x10™>  kgm?
arm length 1 23 x1072 m

participates in the chattering reduction is to approximate the
sign(s) with the error function (erf(s)). Therefore the switch-
ing function in (35) will be changed by the error function
(erf(s)) in (37), which provides smooth changes in the control
law as depicted in Figure 9.

ofr (s) = —— f Py (36)
VT o

and has properties:
erf (+00) = Lerf(—o00) = —1

Step 8: Further improvement has been proposed in the control
laws (35) in which the switching gains are designed in such
a way (38) to balance between the speed of changes in the
parameter uncertainties and the switching gain adaptation
speed (gains variation speed). As it can be observed there are
three parameters in (38) that govern the adaptation speed in
the proposed switching gains, ¢;, ; and §; (7).

-1 —8i(1) 5 . ]2 0
@i-a; - si ()] if ki=0

Z

However, to control the rate of change of the control gains ki
based on the chattering reduction demand, the parameter ¢;
can be tuned as follows:

$.(1) = exflls; (0)llog — €9 G38)
i, if 6i(t) >0
" Lﬂ if 8 (1) <0 &

where, ;,, controls the increment rate and ¢;,,,,,, controls the
decrement rate.
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TABLE 4. (IT2-FPID) controller gains.

Symbols X y z
kp 5 5 10
k; 1 1 5
kp 4 4 3
k, 10 10 10
TABLE 5. ASMC controller gains.
Symbols (0] 0 P
k, 0.01 0.01 0.01
v 5 5 5
B 01 005 0.1
TABLE 6. The IASMC controller gains.
Symbols ) 0 P
k, 0.01 0.01 0.01
Y 5 5 5
B 0.1 005 0.1
€ 0.005 0.01 0.02
Puo 06 08 04
Pdown 5 8 2
o 50 50 1

Desired
5 ——ASMC
——IASMC

10 Xaxis

FIGURE 10. Comparison of the ASMC and IASMC performance.

IV. SIMULATION MODEL

The quadcopter model has been simulated using Mat-
lab/Simulink environment; the quadcopter’s parameters used
in this simulation are taken from [40], and listed in Table 3.
While the controller’s parameters are presented in Table 4,
Table 5, and Table 6 for (IT2-FPID), ASMC, and IASMC
controllers, respectively.

V. SIMULATION RESULTS AND DISCUSSION

In this section, the simulation is conducted using SIMULINK
to test the performance of the proposed controller consid-
ering two scenarios: firstly, the performance without model
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FIGURE 11. The error in the quadcopter positions.
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FIGURE 12. The quadcopter attitude trajectory tracking.

uncertainty and then the performance under the presence of
uncertainty. The uncertainty is considered in the quadcopter
mass, owing to it is a crucial impact on the system’s dynamic.
Moreover, the proposed controller has been compared with
ASMC in terms of chattering reduction and trajectory track-
ing error. The simulation has been conducted on two levels.
Primarily, ASMC is implemented based on the control law in
(35) where the switching gain is calculated adaptively as in
(36). Then for further enhancement of the chattering attenu-
ation, the switching gains are recalculated based on (38), and
the sign function is approximated by the error function (37)
to get a smooth switching as depicted in Figure 9.

A. CONTROL SYSTEM PERFORMANCE UNDER IDEAL
CONDITIONS

In this scenario, the system is simulated, assuming the ideal
case in which the exact parameters’ values of the quad-
copter system are considered. Figure 10 demonstrates the
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FIGURE 13. The error in the quadcopter attitude.
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FIGURE 14. The control signals of the quadcopter with a constant
switching gain.

tracking performance of ASMC and IASMC, considering a
3D 8-shape as the desired trajectory. Figure 11 shows the
quadcopter position error in the x, y, and z axes. While
Figures 12 and 13 depict the quadcopter attitude (¢, 6, )
tracking and attitude error, respectively. Based on the posi-
tion and attitude tracking errors, both controllers provide
excellent performance. However, in terms of the chattering
attenuation in the quadcopter control signals, the proposed
IASMC, as presented in Figure 16, outperforms the ASMC
with a constant switching gain and an adaptive switching
gain, as shown in Figures 14 and 15, respectively. This signif-
icant reduction in chattering in the case of IASMC is due to
its switching mechanism. The gains are slightly higher when
the error is high and smaller when the system’s trajectories
are very close to the sliding manifold. In contrast, the ASMC
does not exhibit any reduction in switching gains, which
are either increasing or at a constant level, as displayed in
Figure 17.
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FIGURE 15. The control signals of the quadcopter with the ASMC
controller.
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FIGURE 16. The control signals of the quadcopter with the IASMC
controller.

B. THE CONTROL SYSTEM PERFORMANCE UNDER
UNCERTAINTY
In this scenario, the system is simulated in the presence
of uncertainty in the quadcopter’s mass and assumed to be
as presented in Figure 18. This may occur in real-world
quadcopter applications including but not limited to payload-
carrying, crop spraying and product delivery. Figure 19 visu-
alizes the 3-D 8-shape trajectory tracking for both ASMC
and TASMC. Figure 20 presents the quadcopter position error.
Whereas Figures 21 and 22 illustrate the quadcopter attitude
(¢, 0, ¥) tracking and its error, respectively. As stated in
the previous scenario, both controllers almost present similar
performance in terms of position and attitude tracking errors.
Still, in terms of the chattering attenuation in the
quadcopter control signals, the proposed IASMC, as pre-
sented in Figure 25, outperforms the ASMC with a constant
switching gain and an adaptive switching gain, as shown
in Figures 23 and 24. The switching gains for ASMC and
IASMC are illustrated in Figure 26, wherein the ASMC
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FIGURE 17. The switching gains for ASMC & IASMC.
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FIGURE 18. Injected Mass Uncertainty of the Quadcopter.
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FIGURE 19. 8-Shape trajectory tracking.

switching gains rapidly increase to cover a wide-range of the
unknown and unbounded uncertainty; as a result, the chatter-
ing is increased. While in the TASMC, the switching gains
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FIGURE 21. The quadcopter attitude trajectory tracking.
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FIGURE 22. The error in the quadcopter attitude.

only increased when the state trajectory is away from the
sliding surface (induced by the uncertainty) and decreased
when the state trajectory approached the sliding surface.
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FIGURE 23. The control signals of the quadcopter with a constant
switching gain.
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FIGURE 24. The control signals of the quadcopter with the ASMC
controller.
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FIGURE 25. The control signals of the quadcopter with the IASMC
controller.

This mechanism significantly contributed to the chattering
attenuation.
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FIGURE 26. The switching gains for ASMC & IASMC.

VI. CONCLUSION

In this paper, the dynamic of a quadcopter has been divided
into two subsystems, the attitude, and the position subsys-
tems. The IASMC control has been proposed as an inner loop
controller to control the quadcopter’s attitude. The IT2-FPID
controller has been proposed as an outer loop controller to
control the quadcopter’s position and generates the desired
attitude to the inner loop proposed controller. The major
drawback of the classical SMC control is the chattering
phenomena, which is induced by the parameter uncertain-
ties and unknown disturbance. The objective of this work
is to design IASMC as an inner loop controller in order
to attenuate the influence of the chattering in the presence
of unbounded unknown uncertainties and unknown distur-
bances. Finally, the proposed IASMC scheme is simulated
using a Matlab/Simulink platform and resulted in significant
performance enhancement in terms of chattering attenuation
and robust trajectory tracking. The proposed IASMC shows
a remarkable performance in terms of chattering attenuation
and trajectory tracking. However, there are many parameters
in the control law that need to be tuned. These parameters
can be optimized using a proper optimization algorithm with
a suitable performance metric which will be considered in the
future work.
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