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Abstract: Quadrotors, commonly known as drones or unmanned aerial vehicles (UAVs), play an
important role in load transportation. The complex vehicles used for transporting loads and surveil-
lance purposes can be replaced through the ease of use and mechanical simplicity of the quadrotors.
This study aims to introduce a new way of controlling the slung load system of the quadrotor after
applying the fractional-order sliding mode control (FOSMC) method for performance enhancement.
This method in the presence of external disturbances is likely to help stabilize and track the quadrotor
with minimized swinging of the attached load. The results of this study prove the robustness of
FOSMC through analysis, outcomes, and graphical representations that show the effect with various
angles for a clear and conceptual understanding. The present study contributes to the literature by
designing a robust FOSMC for a quadrotor with the help of external disturbances. The results of this
study could be applied to the development of the design of upcoming drones which can increase the
efficiency as well as the accuracy of load transportation. Further applications in the fields of rescue,
agriculture, construction, research, and advancement of the fraction calculus-based control method
are recommended using the FOSMC method.

Keywords: external disturbance; drones; fractional-order sliding mode control; quadrotor; slung load

1. Introduction

In the past, the concept of drones and UAVs was obscure to the common man. Yet,
in just a few years, they became widely used instruments in the tech world for delivering
packages and in war zones for drone surveillance and drone strikes [1]. Quadrotors are
used for diverse applications like supervising, surveys, mapping, rescuing, transport, aerial
photography (drones), and mobile sensor networks [2]. The exceptional performance of
these quadrotors owes to their cost-effective manufacturing, agile maneuverability, and
ability to take off and land vertically [3]. Like drones, quadrotors are also capable of
facing dangerous and challenging missions in civilian and military fields. A connection
is developed between this application and the flight controller’s performance, commonly
known as telemetry control. In reality, one of the main problems is the path following of
the quadrotor’s control due to high nonlinear dynamics with multiple inputs and multiple
outputs (MIMO). Moreover, the quadrotor is presented with a robust coupled system,
underactuated. The main challenge is regarding the design of controllers to ensure stability
because there is a significant impact of environmental disturbances on the quadrotor’s
model [4]. The quadrotors are controlled by different methodologies of control design, such
as time-varying backstepping control [5], adaptive backstepping fast terminal sliding mode
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control (TSMC) [6], adaptive disturbance compensation [7], input-output linearization
and cascade control [8], parameter-varying decoupling-based control [9], hybrid finite-
time control [10], and robust generalized dynamic inversion [11]. A robust approach
using sliding mode control (SMC) used two significant phases: the reaching and sliding
phases [12]. The SMC possesses certain superiorities. The SMC has certain advantages,
such as providing robustness against external disturbances. The SMC methodology’s
performance is augmented by considering the design of more than one degree of freedom
provided by fractional-order SMC. The control system’s performance can be enhanced using
fractional-order sliding mode control (FOSMC). Similarly, a previous study by Yin et al. [13]
showed increased control accuracy, convergence speed, and fast-tracking by proposing an
FP derivative function. Another study by Vahdanipour and Khodabandeh [14] used the
uncertain mass parameter of quadrotors to address the problem of tracking. It is possible
to avoid disturbances and advance the path-following control by utilizing the switching
model predictive control approach, as suggested by Alexis et al. [15]. The combination of
the FOSMC approach and backstepping technique was used by Shi et al. [16] to solve the
problems associated with the path-following problem under external disturbances by the
uncertain quadrotor. Another study by Eliker and Zhang [17] presented the combination
of fast terminal SMC and the recursive control method to enhance the trajectory tracking
performance of the quadrotor. Eliker and Zhang [17] also estimated the mass of the
quadrotor and inertia moments by offering adaptive laws and designing a robust adaptive
controller that compensates for unidentified disturbances. The study by Islam et al. [18]
proposed that quadrotors experiencing modeling errors and other external disturbances
can be controlled by developing robust control algorithms and adaptive laws to modify
UAV designs. Roy and Roy [19] presented a comparison between fractional sliding mode
control and sliding mode control performance. The study found that FOSMC is more
efficient than SMC in terms of tracking accuracy, speed of response, control effort, and
energy and chattering reduction. Zhu et al. [20] established a servo system comprising
external disturbance with the help of a designed structure of FOSMC. MATLAB simulation
was used to test the designed structure, and the implementation was experimental. The
model was then compared with terminal sliding mode control, which resulted in a speedy
response of FOSMC which was then recorded with TSMC. The model provided a better
protocol to suppress disturbance by introducing parameter perturbations. Liu et al. [21]
formulated a tracking control strategy to investigate the proximity of spacecraft operation
with respect to kinematic couplings, modeling uncertainties, external disturbances, and
input saturation by employing and exploiting the non-singular integral terminal sliding
mode. A further adaptive technique was employed to avoid lumped uncertainty bounds.
Finally, Lyapunov theory was used to converge the rotational and translational tracking
errors within a finite time. The study’s results showed a fast convergence rate, strong
robustness, input saturation elimination, and most importantly chattering suppression [21].

There is increased nonlinearity in the quadrotor’s slung load dynamics. Along with
the parametric uncertainties and unmodeled dynamics, there are increased chances of
experiencing various disturbances such as sensor spoofing and wind gusts. There is a
need to focus on problems associated with the stability and trajectory tracking control
of the quadrotors with external disturbances linked to aerodynamic torques. Proposing
a new fractional-order sliding mode control approach to control the quadrotor working
under a complex environment will likely increase the system’s control precision with high
robustness and accuracy. It is possible to enhance the transient and steady-state control
performance considering specific quadrotor dynamics because of fractional terms in the
sliding surfaces of altitude position. The present study focuses on FOSMC for a quadrotor
that follows a reference trajectory with an enhanced performance. This study contributes
to the literature as it designs robust FOSMC for a quadrotor in the presence of external
disturbances and proves its robustness through analysis and outcomes. Further, this study
contributes to the field of load transportation using drones and UAVs, introducing a new
method of controlling the slung load system of the quadrotor through the application of
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fractional-order sliding mode control (FOSMC). This method is expected to minimize the
swinging of the attached load and improve the stability and tracking of the quadrotor,
especially in the presence of external disturbances.

2. Literature Review

This study’s literature review is based on different controls and modeling implemented
on quadrotors. The study by Bolandi et al. [22] proposed an optimized Proportional-
Integral-Derivative (PID) control for maintaining the altitude of the quadrotor while en-
hancing the UAV platform and developing its mission capabilities. The Taylor method was
used to linearize the quadrotor’s dynamic model surrounding the hovering point. The
attitude elements were controlled through the single-input, single-output (SISO) approach
as the direct synthesis method tuned the PID controller. The study depicted the excellent
performance of the controller in response to disturbance and stabilization. Another study
by Lee et al. [23] designed a nonlinear feedback linearization controller for controlling the
quadrotor. The altitude and its angles were considered as the system outputs. Considering
the uneven linearization, system zero dynamics appeared in input-output linearization.
Zero dynamics were stabilized by choosing a slight yaw angle in the simulation; however,
high-order derivative terms increased controller sensitivity toward modeling uncertainty
and noise. The case of rotor failure was explained by Ghandour et al. [24] by designing a
feedback linearization controller for trajectory tracking. A similar way was used to create
switching controller rotor failures in different scenarios, which increased the quadrotor
surrounding its vertical axis with no angular velocities surrounding the other axis.

Dolatabadi and Yazdanpanah [25] designed a feedback linearization controller to
control the outer loop (position) and a nonlinear backstepping controller for stabilizing the
inner loop (altitude) to control the position and altitude of the UAV to form a quadrotor
with inner and outer loops. The simulation exhibited excellent performance and robust
nonlinear control with the help of backstepping-based nonlinear control. There is a need for
robust control to overcome these issues considering the external disturbances. Therefore,
Xu and Ozgiiner [26] considered the sliding mode controller of SMC for underactuated
systems on the quadrotor. The analysis showed that it is possible to apply SMC to these
systems; however, it exhibited insensitivity towards parametric uncertainties and external
disturbances which cannot allow a UAV to reach maximum altitude. For a small quadrotor,
a second-order sliding mode controller (SOSMC) was proposed by Zheng et al. [27]. The
design of the SOSMC was based on an underactuated system with a linear sliding manifold.
Two subsystems within a single system made up the underactuated and actuated parts of
the dynamics. The Lyapunov theory proved the stability of this design, which was tested
by simulation, exhibiting zero error convergence.

Based on previous studies, it is shown that a change in the mass of the quadrotor’s
payload, along with the vehicle’s fixed mass and payload, affects the stability and trajectory
of the entire system. For instance, an adaptive fractional-order sliding mode control was
proposed by Vahdanipour and Khodabandeh [14] for the quadrotor to handle various
loads in the vehicle. Since the desired pitch and roll angles are underactuated and coupled,
virtual inputs were designed for the x and y positions, and a linear sliding manifold was
implemented. The implementation of Lyapunov theory proved the stability of the designed
adaptive law that further ensured asymptotic convergence. Moreover, the system was
injected with wind disturbances, and the final results showed that the fractional-order
sliding mode performed better than SMC.

A previous study by Zhu et al. [20] designed FOSMC for servo systems with external
disturbance, tested with the experimental implementation of MATLAB simulation. Com-
parisons were made between the proposed controller and terminal sliding mode control.
The results showed that the speed response and disturbance suppression of FOSMC were
better and faster than those of TSMC. FOSCM also exhibited faster and smaller steady-state
errors than TSMC after some parameter perturbations and turned out to perform more
effectively to enhance the outcome of drones and UAVs.



Aerospace 2023, 10, 665 40of 16

3. Dynamics of Slung Load

The absolute velocity of the load (V1) in a rotating reference frame has two components.
One is related to the motion of the object itself, and the other is related to the frame’s rotation.
In addition to this, there is the velocity of the quadrotor center of mass [26-28].

Vi = Vg + Pp+ (QgXPr) )
where .
Qg = [pq7]
P; = Load Position Vector 3)

The absolute acceleration of the load (a1) in a rotating reference frame can be written as

ap = Vi + (QgXV1) @)

VL=V, +P+ (QqXPL) + (QqXPL) (5)

ap = Vq + pL + (QqXPL> + (QqXPL) + QqX |:Vq + PL + (QqXPL” 6)
aL = Vy+ Pr+ (QuXPL) + (QXVy) + (204XPL) + 0 (OgXPL) @)

Hence, the first force component exerted by the load can be written as
Fp = —mpar, 8)

where m] is the mass of the load.
Furthermore, the aerodynamic drag of this is expressed [28-31].

1
Fp = EPSL\VLWL )

where
p: air density;
Sp: load flat plate area;
V1: load velocity.
In addition, the gravity force (F¢) is added to the load forces (Fy) and is given as

Fo =mpg*kg (10)
where
kg: unit vector in the direction of gravity and can be obtained from the transformation
matrix;
my: mass of the load.
kg = [—sin8iy + sin pcos Oy + cos ¢pcos Ok ] (11)

Therefore, by applying Newton’s second law of motion and considering the rotating
reference frame, the load equations of motion are [9,24].

PLX [Fa+F,+Fp] =0 (12)

1
P, X (—mLaL) + (T}’ng*kg) + (2P5L|VL|VL>] =0 (13)
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PL:L*

The above equation can be used to find the load angles (6, and ¢; ) by using the load
acceleration equation.

Load Angles

To find the load angle dynamics, the load acceleration needs to be used by separating
the part containing the load dynamics from the other part and using the distributive
over-addition property of the cross-product as follows:

1
P X [(—mLaL) + (mrg *kg) + (2p5L|VL|VL>] =0 (14)
1
Py X [(—=mpar)] + P X {(ng xkg) + <ZPSL|VL|VL>] =0 (15)
knowing
aL = Pu+ Vg + (QXPL) + (QXPL) + (QgXVL) (16)

The first derivative of the load position vector is as follows:
Py is defined as a load position vector concerning the suspension point.

P = Lsin ¢pcos0r + Lsin 6 + Lcos ¢ cos0r (17)

The load-based hook coordinate system is positioned by formulating three sides (B, D,
C). It can be summarized that the load position vector with regard to the suspension point
is PL.

@) cos @rcos b + —0;sin @rsinfr
—_———— —_————
#(PLX) %(pu)
. sin ¢rcos 6 0; cosOy
Pr=—| Lx sin 6, = Lx* e (18)
at cos 6 oy (Pry)
(pLCOS L aey Y
—¢sin ¢pcos 6y, + —6cos @rsin 6y
——— ———
L #(PLZ) %(PLZ) ]
The second derivative is taken of P L= % (P L):
(goLCgoLCGL — ¢, SgLCOL — qoLQLC(pLS@L) - (GLS(pLSGL + 0,9, CpLS0,+0, S¢LceL>
. 2
0:COr + <—9L SGL) (19)

.. .2 .o - - - 2
—(QDLS@LCQL + (pL CgOLCQL — (PLGLSQ)LSQL) — (GLCQULSBL _9L§0LS(PLSGL +9L CQULCGL)

where
C=Cosand S =Sin

It can be observed that the second derivative of the load angles (9 L® L) is simply
multiplied by the first derivative of the respective load position vector while concerning
the load angles [ﬁ (Pry), ﬁ(PLx)} .

To determine the matrix formation, it is important to consider the dimensions of the
vector-valued function P; and the variables w and 01. Let us assume that P is a vector of
length 3 (i.e., a 3-dimensional vector), and w; and 0; are scalar variables. Since we have
two scalar variables (w; and 01) and a vector with three components (P;), the resulting
matrix will have dimensions given by the number of components of the vector (3) as rows
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and the number of scalar variables (2) as columns. Hence, the resulting matrix will be a
3 X 2 matrix.
Hence, the second time derivative of the load position vector can be rewritten as

. o . .2
(_q)LZSq)LCGL — q)LQLCq)LSGL) — (9L§0LC§0LSOL+9L SQULCGL)
.2
+Lx* —6,°50, (20)

- J N oL
Pr=Lx [”"PL (PL) (PL)]%Z |:9L 2

.2 Lo P .
(q)L CorCO; — (pLGLS(pLSBL) - (—9L¢LS¢LSBL+9L c(ch9L>

2x1

. Lo P -2
(—(pLZS(pLCGL - (,;Lech;LseL) - <9L<chq)LseL+eL s(cheL>
.2
+Lx —8,"s6; (21)

. C(/)LCQL *S(/)LSQL -

PL =Lx* 0 CGL |:§0L
) o . .2

312 *(([JLZC(/)LCQL — gDLHLS(pLSGL) — (*GL(pLS(pLSGL + 61 C(pLC9L>

—S(pLCGL —C(pLSQL L 2x1

Pry

b

Back to the load acceleration equation (ar). It can be rewritten as follows:

ar = (Pry+Pro) 4+ Vo + (QgXPL) + (QgXPL) + (QXVL) (22)
N—
Py
Similarly, it can be rewritten as

a, =Py +ap- (23)

ar =P+ Vot (OgXPL) + (QuXPL) + (QuXV1) (24)

Therefore, the load equation of motion can be rearranged using the distributive over-
addition property of the cross-product as

(PLX(_mLPL+)) + <PLX[(—mLaL)] + PLX|:(ng*kg) + <§pSL|VLVL)]> =0 (25)
Using (20) and (21) to break (25), we obtain
PLX(=mp* L) * [&(PL) ﬁ(&)} ZLL + [PLX(—mp*a,- +Fg+Fp)] =0  (26)

Py X(mp * L) x [ﬁ(PL) ﬁ(&)} [?L = [PLX(—mp*aL_ +Fc+Fp)]  (27)

(mL * L) * {PLXﬁ(PL) pLXﬁ(PL)} [Z£‘| = [PLX(me xap_ + Fg + FD)} (28)

Now, the load angle dynamics can be obtained using the concept of Moore—-Penrose
Inverse as follows:

) 1 d d +
[921 = ) {PLXW(PL) PLXE(PL)} * [PLX(—ML xap_ + Fg + FD)] (29)

The symbol (+) represents the pseudoinverse of the matrix. This method is used
because the matrix that needed to be inverted is not a square matrix.
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4. Load Coupling Dynamics

The load introduced in the above section will be added to the quadrotor’s equations
of motion. The load force is presented as

FLoad:Fa+Fg+FD (30)

1
Froad = (—mpap) + (mpg*kg) + <2PSL|VLVL) (31)

There is an effect of this force on the translational motion of the quadrotor, without any
effect on the rotational dynamics. The following shows the overall model of the quadrotor
coupled with slung load:

L p + gsingtand + rcostand
qecosg — rsing

L [gsing + rcosg]

cosf

Il’i [—qr(L — 1)) — Krp — Q2 + Uy
E[_pr(lx — L) = Keq + JrpQ + Uy
_ 1 [=pa(ly = L) = Kir + Uy
V]/
V;

[(cosgsinBeosyp + singsin) (Uy + Froga,) — KiX]
[(cosqosin@simp — singcosip) (U1 + FLoady) - Kty}
=< L{(cosgcost) (U + Froaa,) — Kiz — mg]

1

m
1
m

N RN R DRy DR

The slung load model parameters are shown in Table 1.

Table 1. Load Parameters.

Parameter Name Symbol Value
Mass of the load my, 1kg
Cable length L 2m
Air density I 1.2kg/m™3
Load flat plate area SL 0.9 m?

5. Control Design

A nonlinear controller is needed to handle the nonlinear dynamics of the quadrotor
with a slung load system to ensure the system’s stability. The Taylor series method, known
as the traditional linearization, is ineffective in controlling such systems, although it can
handle some operating points while diverging at others. There are various nonlinear
controllers implemented for a quadrotor with slung load systems. Designing a feedback
linearization controller is possible when the nonlinear system as a whole is linearized and
the PI controller is applied to the linearization system [32]. The main weakness of these
controllers is that they increase the system’s sensitivity towards model uncertainty and
noise because of high-order derivative terms [33]. This problem can be overcome with the
help of a robust controller.

There are six outputs in the quadrotor system (x, y, z, ¢, 6, ) that are defined as six
degrees of freedom (DOF). However, there are four inputs within the system as manipulated
variables (U_1, U_¢, U_6, U_1p). Therefore, this system is termed an underactuated system
as the number of outputs that are the controlled variables is higher than the number of
outcomes that are the manipulated variables [28].

It is observed that there is no dependency of rotational dynamics on the translational
variables; therefore, it is possible to control the attitude (angular rotations) separately by
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designing three different controllers for three outputs. Designing such a system results
in forming the inner loop as a subsystem. As shown in Figure 1, linear translations of
the altitude and position result in the outer loop as the system’s position control with the
controlled angles.

X

Ul) x

y

¢ .

. y

o |mmp|

U, ( 2
Ug 6 @
Yo v <Z)

]

Figure 1. Control Structure.

6. Designing Robust FOSMC in the Presence of External Disturbances
The quadrotor system can be represented as

X = f(x.t) +bu(t) + d(t) (33)

where f(x, t) and b are known functions that are greater than zero, and d(t) is an unknown
disturbance but with a known bound such that |©5 d(t)| < D, where D is the upper bound
of the disturbance [34,35].

6.1. Altitude Control Design

The dynamics of the altitude are
.1 .
2= [(cosgeos®) Uy — Kiz — mg| + d-(t) (34)
where |©ﬁdz(t)] < D,.

A fractional-order sliding mode controller is designed to control the present altitude
(Z) by designing the sliding manifold of the quadrotor slung load system:

SZ - Q‘Bez + )\Zez (35)
The derivative of the surface can be expressed as
S: = DP6, + Azé: = —(42S: + kzsgn(S:)) (36)

6. = 0 (24— Z) + At = —(1:S: + Kasgn(5:) @)

S, =oFf (Zd — (T;CoscpCosG — EtZ -8+ dz(t)>) +Aze; = — (1S, + kzsgn(Sz)) (38)

The controller can be expressed as follows using the properties of the fractional-order
operator and solving for Uj:

u {zd + #z +g—do(t) + A0 Pe, + 1,97PS, + kD Psgn(S,)|  (39)

- Cos¢pCosb
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All the included terms must be known to increase the controller’s feasibility. However,
the disturbance d, (f) in the controller is unknown, causing the controller’s instability and
decreased robustness. The robust controller can then be designed considering the known
bound of the disturbance D, to compensate for the effects of d.(t) on the dynamics [34]. It
can be expressed as

m

. K; - . - B B
= CosgCosb Zd+jZ+g+Az© Pe. + 1.0 7PS. + k.0 Psgn(S.) + DD Psgn(S:) (40)

u,

Stability Analysis

A Lyapunov function is designed to prove the robustness of the above controller U;:
1

The Lyapunov function’s time derivative must be satisfied to prove the controller’s stability:

V., =5,5,<0 (42)

Using (38) and (39) in (42), the following equation is achieved:

V, = SZSZ =S, | —12S; — kzsgn(Sz) — ol d;(t) — Dysgn(S;) (43)

S
From (43), the following is obtained:

When S, > 0, then sgn (S;) = 1; therefore, SZ must be decreasing (negative sign).
Knowing that 7, and k; > 0 and from the assumption (@ﬁdz(t) + Dz) > 0, itis
implied that

Sz = _77252 —k; — (@ﬁdz(t) + DZ) <0 (44)
N——

Negative

So, this would satisfy the condition (48) VZ = SZSZ <0.

When S, < 0, then sgn (S,) = —1; therefore, S, must increase (positive sign).
This implies
S, = 1.8, +k,+ | D, —DPd,(t) | >0 (45)
—— —_——
Positive Positive

So, this would satisfy the condition (42), V, = SZSZ <.
Therefore, it is proved that VZ < 0is negative Vt.

6.2. Attitude Control Design

The attitude is controlled by designing three robust controllers for the three angles
(roll, pitch, yaw) with the following assumptions.

[DFdy| < Dy,

9%‘ < Dy, and ‘9%,‘ <Dy (46)
The fractional-order robust sliding mode controllers are

Up = Ly — [—qr(L: = Iy) = Krp = Q)] “7)
+1 [Aq,@_ﬁeq, + 114,33_/554) + kq,Q_ﬁsgn(S(P) + D¢£D_ﬁsgn(5¢)]
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Up = 1,05 — [—pr(Lx — L) — Kyq + J,pQ)] (48)
+1,[AeD Peg + 179D P Spo + kgD Psgn(Sg) + DyD Psgn(Sy)]

Uy = Ly, — [—pa(ly — L) — K] + L, [A¢©1—5é¢ + 11y PSy + kyD Psgn(Sy) + Dlp@—ﬁsgn(sw)} (49)

Stability Analysis
A Lyapunov function is designed to prove the robustness of the above controllers
(U¢/U9, and U¢):

1 2 1 2 1 2
The time derivative of (47) is
Vzp,G,lp = S¢S¢ + S@Sg + S¢S¢ (51)

The Lyapunov function’s time derivative is satisfied after substitutions and simplifications:

Voo < 19S5 —ko|Sp| — 165 — kol So| — 19S5 — ky| Sy (52)
which is negative Vt, since 11z, kz, 19, k¢, 179, ko, 79, ky > 0.

7. Results

The FOSMC was tested under the presence of external disturbances in a UAV design
model. The external disturbance was assumed to be bounded with an upper bound of
D = 11, such that D" d_i (t)| <D_i, where B is defined as the fractional order. The
fractional order significantly reduces the chattering issue of the controller. An increase in
the fractional order affects the transient performance of the altitude of the quadrotor, which
is the output. The fractional-order parameter () is also responsible for the good output
performance as well as better control inputs behavior. The disturbance effect was injected
into the quadrotor as a function of d(t) = 10 sin(nt). The response of the quadrotor when
the disturbance rejection is not considered in the control law has been illustrated in the
following figures: Figure 2 shows the 3D plot of the square trajectory, whereas Figure 3
shows the X-Y view of the trajectory. The different quadrotor angles, roll, pitch, and yaw
angles, have been illustrated in Figure 4. Figure 5 shows plots at different positions (X, Y,
and Z) with disturbance, whereas Figure 6 shows the impact of disturbances on the load.

——Reference
—Actual

-0.5 -05

Figure 2. 3D Plot of tracking with disturbance.
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N U o — Actual
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[é2]

0r . 1
-0.5 0 0.5 1 15
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Figure 3. X-Y Plot with disturbance.
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Figure 6. (a) Load angle (¢_L) with disturbance; (b) load angle (6_L) with disturbance.

The implementation of robust FOSMC in systems such as UAVs effectively eliminates
the significant impact of disturbance, as long as it satisfies |D*3 d_i (t)| < D_i, where
D_i = 11. Figures 7-9 illustrate a 3D plot of trajectory, the X-Y view plot, the angles, the
positions of the quadrotor, and the slung load angles.
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Figure 7. (a) 3D plot of tracking with disturbance rejection; (b) X-Y plot with disturbance rejection;
(c) roll angle (®) with disturbance rejection; (d) pitch angle () with disturbance rejection.
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Figure 8. (a) Yaw angle (1) with disturbance rejection; (b) Position X with disturbance rejection;
(c) Position Y with disturbance rejection; (d) Position Z with disturbance rejection.
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Figure 9. (a) Load angle (¢_L) with disturbance rejection; (b) load angle (6_L) with disturbance
rejection.

To deal with the disturbance commonly known as chattering, whilst the results of the
FOSMC structure formulated in this study are efficient enough to deal with suppressing
external disturbance, there are other efficient ways to achieve the successful suppression
of chattering. Liu et al. [36] investigated a composite control system for mobile robots
to examine external disturbance. The system was presented with an adaptive sliding
mode dynamic controller to evaluate disturbance, adjust control automatically, and most
importantly eliminate chattering issues. The study resulted in providing a developed
control law that was useful in estimating the ultimate boundedness of entire signals with
arbitrarily small tracking errors [36]. This method has been suggested for the successful
implementation of UAVs in the presence of an external disturbance.

8. Conclusions

This study has presented a mathematical model of a quadrotor and slung load. The
modeling of each system was conducted separately, and then the coupling model of the
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entire system was presented. This study selected FOSMC to control the altitude and attitude
of the quadrotor, considering the nature of sliding mode control like its robustness and
efficiency. FOSMC is likely to exhibit increased efficiency to reduce the impact of chattering
phenomena because of better performance and discontinuous switching control. This
performance is based on higher convergence and the elimination of steady-state value error.
The results showed the increased robustness of FOSMC in an external disturbance as it
can eliminate the impact of a disturbance if bounded. This suggests designing an adaptive
FOSMC to control the systems of drones and UAVs when there are no known bounds
of system uncertainties. This study could contribute to the advancement of fractional
calculus-based control methods, which could have applications beyond the field of load
transportation using quadrotors; thus, future researchers are encouraged to shed light on
this matter and develop a strategy built on this suggestion.

9. Implications

The use of quadrotors in load transportation is gaining significant attention, and this
study provides an innovative approach to improve the performance of the quadrotor by
introducing a new control method. The use of fractional calculus-based control methods for
modeling and controlling unmanned aerial vehicle (UAV) and unmanned ground vehicle
(UGV) systems is also a growing area of research, and this study contributes to this field by
applying a specific control method to the quadrotor slung load system.

The results of this study could have practical implications for the design and devel-
opment of quadrotors for load transportation applications. If successful, the proposed
control method could help increase the accuracy and efficiency of load transportation using
quadrotors, which could have important applications in various fields, such as search and
rescue, construction, and agriculture.
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