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The object of this study is the control of quadrotor. Unmanned aerial vehi-
cles currently in use often encounter various challenges and limitations. When
operating in environments affected by external disturbances-particularly,
when carrying suspended loads via cables, the control problem becomes signifi-
cantly more complex. As a result, the quadrotor is unable to accurately follow
the predefined flight trajectory.

Problem that was solved is the synthesis of a new controller for the quadro-
tor with a cable-suspended load, ensuring that the quadrotor accurately fol-
lows the predefined flight trajectory. The proposed algorithm demonstrates a
significant improvement over existing methods by effectively suppressing the
oscillation angle of the suspended payload, treating the payload’s influence as
an external disturbance. Furthermore, it constrains the swing angle within an
acceptable range, thereby ensuring the stability and robustness of the overall
system during operation.

This study presents a novel control algorithm capable of guiding the
quadrotor precisely to the desired position, even under the condition of carry-
ing a cable-suspended load in a varying environment. The algorithm demon-
strates a significant advantage, enabling the quadrotor to reach the desired tra-
jectory within 2.6 seconds. The suspended load exhibits only small oscillations,
which gradually diminish as the quadrotor transitions to a stable state. With
its simple structure, high stability, and fast convergence, this robust solution
is essential for unmanned aerial vehicles, significantly enhancing their opera-
tional effectiveness under complex conditions.

A key strength of the proposed algorithm lies in its simple structure.
Furthermore, it demonstrates high convergence rates and exceptional stability,
crucial attributes for real-time applications. Its design also ensures ease of prac-
tical implementation, making it a viable solution for unmanned aerial vehicles.

The algorithm is developed based on modern control techniques, combin-
ing a sliding mode controller with an extended state observer. The SMC main-
tains system stability in the presence of disturbances and uncertainties, while
the ESO estimates unmeasured states and aggregated disturbances affecting the
system. This design ensures accurate positioning of the quadrotor with a sus-
pended load at the desired location

Keywords: sliding mode control, extended state observer, unmanned aerial
vehicle, trajectory
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Unmanned aerial vehicles (UAVs) are being increas-
ingly utilized in various sectors, including military opera-
tions, transportation, agriculture, and search and rescue [1].
Among the different configurations, the quadrotor is partic-
ularly popular due to its simple design, high maneuverability,
and ability to operate effectively in confined spaces [2]. When
equipped with a suspended payload, these systems can per-
form tasks in hard-to-reach areas that are inaccessible to con-
ventional transport vehicles [3]. However, controlling such a
system presents significant technical challenges.

Quadrotor systems with suspended payloads often face
complex problems such as payload oscillations [4], exter-
nal disturbances from factors like wind or environmental
changes, model uncertainties, and sensor errors [5]. The
additional degrees of freedom introduced by the suspended
cable further complicates the control problem [6]. Moreover,
in tropical monsoon environments, the electronic compo-
nents of the control system are prone to degradation, which
can compromise reliability and operational efficiency [7]. To
ensure stable quadrotor operation under these diverse and
challenging conditions, there is a critical need for advanced
control systems that exhibit high reliability, strong adaptabil-

ity, and sufficient robustness. Therefore, research on the de-
velopment of unmanned aerial vehicles for quadrotors with
suspended payloads is highly relevant.

2. Literature review and problem statement

One of the most significant capabilities of quadrotors is their
potential for transportation in various fields. To carry loads,
quadrotors can employ two primary methods [8]. Directly at-
taching the payload to the frame, or suspending it via a cable.

Direct attachment method usually employs mechanical
fixtures or electromagnets. These attachment mechanisms in-
crease the total system mass, rotational inertia, and energy con-
sumption [9]. Moreover, this method is limited in handling large
payloads since it must preserve the center-of-mass balance [10].

Cable suspension method offers a simpler design, reduces
system weight, avoids adding extra rotational inertia, and
is generally more cost-efficient than direct attachment [11].
However, its limitation lies in payload oscillations, which
may compromise quadrotor safety [12].

A quadrotor-payload system with cable suspension sepa-
rates the payload from the frame, allowing transport of larger
objects compared to direct attachment. This mechanism is




advantageous in construction, where it facilitates the delivery
of materials and tools to elevated or hard-to-reach areas [13].
In rescue operations, the system can precisely drop supplies
to victims without landing, which is suitable for rugged
terrain or water surfaces. Additionally, in surveying and
measurement tasks, maintaining a fixed suspension length
ensures that sensors and measuring devices are unaffected
by rotor airflow or electromagnetic interference, thereby im-
proving measurement accuracy [14].

Nonetheless, payload oscillations are unavoidable in
cable-suspended systems and negatively impact stability. De-
termining the swing angle of the payload is thus essential for
providing feedback to the controller to suppress oscillations
and stabilize the quadrotor during operation. Methods for
determining payload swing angles can be classified into two
main groups [15]:

1. Estimation methods. These do not require direct mea-
surement. Instead, they employ dynamic models or fuse
available sensor data to compute the swing angle.

2. Direct measurement methods are divided into con-
tact-based and non-contact-based approaches:

- contact-based: sensors are mounted on the suspension
cable or directly on the payload. Cable-mounted sensors
may include potentiometers (simple but environmentally
sensitive) or rotary encoders (offering higher resolution and
accuracy). Payload-mounted sensors include inclinometers,
inertial sensors, or attitude and heading reference sensors;

- non-contact-based: these mainly involve two techniques.
The first uses laser displacement sensors and reflective targets
mounted on the cable to measure relative distance and calculate
swing angle. The second employs monocular or multi-camera
systems to determine payload position and swing angle. The
major advantage of non-contact methods is that they require no
modification of the mechanical suspension structure; however,
they are generally more complex and costly.

Typically, quadrotor controllers require multiple sensors
to compare reference and actual signals in order to generate
appropriate control actions, which increases system complex-
ity and cost.

The paper [15] It is shown that controllers designed using
Lyapunov functions ensure the stability of desired trajectories
along the (X, Z) axes and tilt angles. PID and LQR control-
lers are applied to stabilize altitude [16]. While DC actuators
combined with adaptive controllers are employed to stabilize
motion [17]. But there are still unresolved questions related to
disturbances. The reasons of it can be the state of the controller
has changed, and it is no longer linear, which makes the corre-
sponding researches inexpedient. Under strong disturbances,
these controllers lose linearity, and closed-loop stability can
only be maintained in a small region around equilibrium.

The paper [18] It is shown that other methods include fuzzy
logic control and neural networks, which aim to drive Euler
angles toward zero during motion. Sliding mode control (SMC)
and higher-order SMC [19, 20] have also been used to estimate
unmeasured state variables and reject external disturbances
such as wind or noise. But there are still unresolved questions re-
lated to estimate unmeasured state variables. Nonetheless, these
controllers often require extensive and complex computations.

From these considerations, this paper proposes a method
to design and simulate a quadrotor control system with a
suspended payload attached by a cable of fixed length. The
approach is based on combining SMC with an extended state
observer (ESO). The SMC maintains system stability in the
presence of disturbances and uncertainties, while the ESO

estimates unmeasured states and aggregated disturbances af-
fecting the system, thereby enhancing control performance.
This control structure is well-suited for quadrotor-payload
systems operating under real-world conditions.

All this allows to assert that it is expedient to conduct
a study on the synthesis of a new controller for a quadrotor
with a suspended load.

3. The aim and objectives of the study

The aim of this study is to develop a highly efficient,
robust, and adaptive control solution for UAVs carrying ca-
ble-suspended loads, thereby significantly enhancing their
performance, stability, and reliability to support critical ap-
plications such as cargo transportation, surveillance, rescue
operations, and missions in complex environments.

To achieve this aim, the following three specific objec-
tives were accomplished:

- to design and develop a novel control algorithm by inte-
grating a SMC and an ESO capable of accurately controlling
a quadrotor with a suspended load to follow a predefined
flight trajectory;

- to implement and validate the model’s robustness,
demonstrating the algorithm’s capability to successfully
control the quadrotor and suspended load along complex tra-
jectories while maintaining stable operation under varying
environmental conditions;

-to quantify the performance of the developed algo-
rithm, specifically achieving near-zero steady-state error and
high convergence and to attribute this performance to the
algorithm’s simple structure and exceptional stability.

4. Materials and methods

4.1. The object and hypothesis of the study

The object of this study is the control of quadrotor.

The hypothesis suggests the possibility of finding a
solution for effective control of quadrotor equipped with a
suspended load using a fixed, inextensible cable.

Mathematical modeling was carried out using the MAT-
LAB software environment.

The cable-suspension method with fixed length is simple
in terms of mechanical design but poses significant challenges
in flight control. This is because quadrotors are affected by
payload oscillations during flight and by dynamic changes
when the cable transitions between taut and slack states. These
factors influence quadrotor stability and its ability to track
predefined flight trajectories. Therefore, developing effective
control methods to mitigate payload-induced oscillations is an
important issue in cable-suspended quadrotor applications.

In [21], a quadrotor-payload model was constructed using
the Lagrangian method, with eight degrees of freedom: six
corresponding to the basic quadrotor motion and two repre-
senting payload swing angles. A backstepping controller was
then proposed.

In this paper, the payload is modeled as a spherical pendu-
lum, with particular attention given to the forces exerted on
the quadrotor’s position due to payload motion. The controller
is designed to regulate quadrotor position under the influence
of payload swing, enabling it to follow predefined trajectories.

To analyze the dynamics of the cable-suspended quadro-
tor system, the following assumptions are adopted [22]:



Assumption 1: The suspension point is located at the cen-
ter of mass of the quadcopter.

Assumption 2: The suspension system is frictionless, and
air resistance is neglected.

Assumption 3: The cable is massless and inextensible.

To determine the payload position, a new coordinate sys-
tem {H} is introduced, with its origin at the

F-F,~F,+D,=m_ -P+m, B, @

where P and P; are the positions of the quadrotor and the
payload, m, is the quadrotor mass, m is the payload mass.

From (3), (4), the kinematic model of the quadrotor with
suspended payload is derived as

suspension point, as shown in Fig. 1. F -mL(BC —3S \—k %+D
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- k. and kg; are drag coefficients.
_ B _ According to model (5), the translational acceleration
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Z, /?S/,C +dC,S, + required, such that the system not only tracks the desired
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+,32Cﬁca +022CﬁCa 25,8, g?éi:tory but also minimizes payload oscillations during

Considering gravitational force acting on the suspended
payload

F, :[0 0 —(mq +ml)T.

The forces acting on the quadrotor, together with distur-
bances, can be written using the Newton-Euler formulation

Hanging point

Payload

The total energy of the system is derived from Hamil-
ton’s principle and the Lagrangian equations [23]

o|\T-P o\T-P

i ( . ) - ( ) = 0> (6)
dr| 9q, oq,

where T is the total kinetic energy, P is the potential energy,

and g, denotes generalized coordinates (here, o and f3).

Fig. 1. Dynamic model of a quadrotor with suspended payload



From (1) and (2), the kinetic and potential energies are In the presence of payload oscillations, the effects of

obtained as:

T:%mq(}'c2+yz+z'z)+

the suspended load are treated as external disturbances.
Accordingly, the dynamic model in (5) can be rewritten in a
similar form
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5. Results of development of the method of (I w1z ) Py ky ., D,
quadrotor with fixed-length cable suspension I 4 _T¢ +T

5.1. A new controller for quadrotor with fixed-
length cable suspension

The dynamic model of a quadrotor, considering
environmental disturbances, can be expressed as fol-
lows [15-20]

X=b F +d;

y=bF, +d;

Z=bF,+d;

v . an
¢=b,M,+d;

é:bHM9+d9;

y=bU, +d,

where Uy, U,, U, are translational control inputs, My, Mo,
Uy are rotational inputs, b; are system parameters, and d;
represent disturbances.

Since the dynamic models (11), (12) share a similar struc-
ture, the trajectory-tracking controller for the quadrotor with
suspended payload can be designed in the same way as for a
system subjected to external disturbances. In other words,
the payload oscillations are treated as external disturbances
acting on the system.



Similarly, the ESO is designed as
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;22=bu+c§'+%(;(1 ;21); (14)

where ;3 = {x, . 2, ®, 6, ¥}, a = {a,, a, a, as as ay},
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d= {d’ d' d, d;, d,d } The ESO aims to ensure that the
est1mated values converge to actual ¥, »1, 7, > 7,, d—>d
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To guarantee trajectory tracking {x4, y4, 24, P4} €ven under
payload-induced disturbances, a SMC is designed for position

and attitude loops
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where ¢; are tracking errors; s; are sliding surfaces; c¢;, ki,
n; are control gains, d, are disturbance estimates provided
by the ESO, Iy, Iy, I, are the inertia moments.

The total thrust and the desired attitude angles 6, ¢4 are
then determined by

The psi angle is set as P4 = 0 (rad), and the initial position
of the quadrotor is (0.5; 0.5).

System parameters of the quadrotor:

1. Mass: m =1.776 (kg).

2. Gravitational acceleration: g = 9.81(m/s?).

3. Thrust coefficient: ky= 0.0087 (N-s?).

4. Drag torque coefficient: kg = 55-107° (N-m-s?).

5. Arm length: L = 0.225 (m).

6. Moment of inertia about x-axis: I, = 0.0035 (kg-m?).

7. Moment of inertia about y-axis: I, = 0.0035 (kg-m?).

8. Moment of inertia about z-axis: I; = 0.0055 (kg-m?).

9. Rotor inertia: J = 2.8.10° (kg-m?).

10. Drag coefficients: ke = key = ke, = 5.567-10* (N-s/m);
kao = kqg = kdzp = 5.567-10"* (N-m'SZ).

11. The parameters of the controller: ¢, = ¢, = ¢; = 1.55;
Cp = Co = ¢y = 10; kx = k, = k; = 0.75; kg = kg = ky = 100;
ny=n,=n,=1npg=ng=ny=1.

5. 3. Simulation results with a spiral-shaped refer-
ence trajectory

The simulation results of trajectory tracking along the
coordinate axes are presented in Fig. 2, a—c.

The simulation results of payload swing angles are shown
in Fig. 3, a, b.

When following the spiral reference trajectory, due to dif-
ferences in initial states, it takes a short time for the quadrotor
to converge to the desired trajectory. Specifically, the x-axis con-
verges in about 2.6 seconds, the y-axis in about 1.5 seconds, and
the z-axis in about 2.5 seconds. During this initial period, the
payload exhibits larger oscillations, as illustrated in Fig. 3, a, b.
Afterward, the system becomes more stable. However, due to
the nature of the spiral trajectory, the suspended payload con-
tinues to oscillate in accordance with the quadrotor’s motion.

The simulation results of the quadrotor trajectory with a
suspended load using a cable are presented in Fig. 4.

U =.JU*+U?+U?; In Fig. 4, the quadrotor trajectory and suspended payload
gm: o motion are depicted more clearly. At the beginning, the pay-
d ) load oscillates significantly, but these oscillations gradually
— arct an[U" cosy,+U, smy/]_ decrease as the quadrotor reaches steady-state flight.
Uz (16) X
= - R
= arctan(Ux siny, ~U, cosy cos 0]. x
U, S0 10 20 30 40 50 60 70 80
Time (seconds)
This control scheme ensures that the
quadrotor follows the desired trajectory while a
actively compensating for payload oscillations 5 Y
considered as external disturbances. = Eﬁg{g;?"ce
S0
5.2.Simulation parameters ” =
In this section, simulations are conducted for 0 10 20 0 40 50 60 70 80
a quadrotor carrying a suspended payload with Time (seconds)
a fixed cable length of 0.25 (m) and a payload b
mass of 0.5 (kg). Since the rotational dynamics 2 z
remain unchanged, the focus here is on position 5
tracking and payload swing angles. 5 12 — = — Reforonce
The reference trajectory is defined as a spiral: o LM
0 10 20 30 40 50 60 70 80
Xg= Ssin(0.25t) (m), Time (seconds)
c

V4 = 5c0s(0.25¢) (m);

Fig. 2. Trajectories of the quadrotor along the coordinate axes:

a — quadrotor trajectory along the x-axis; b — quadrotor trajectory

24 = 0.25¢ +0.5 (m).

along the y-axis; ¢ — quadrotor trajectory along the z-axis
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Fig. 4. Trajectories of the quadrotor and the payload

6. Discussion of study results of quadrotor with fixed-
length cable suspension

The proposed algorithm, which integrates a SMC with an
ESO. In contrast to [5, 6], where often struggle with controlling
quadrotors under continuous load oscillations, this result syn-
ergistic approach effectively overcomes these limitations and
accurately guides the quadrotor along its desired trajectory.

A key advantage of our algorithm is its ability to almost
entirely suppress load oscillations (Fig. 3), while the load oscil-
lation error in [15, 16] remains relatively large. The quadrotor
accurately tracks its path with near-zero error, converging in
approximately 2.6 seconds (Fig.2), whereas the stabilization
time reported in [16] is 3.0 seconds, in [18] is 3.5 seconds, and
in [19] is 3.9 seconds. This indicates that the quadrotor employ-
ing the proposed algorithm achieves stabilization 13.33% faster
compared to [16]. This is made possible by the SMC, which
maintains system stability against disturbances, and the ESO,
which estimates unknown states. In contrast to a standalone
SMC (Fig. 2, 4), which often fails to ensure the Euler angles
converge to zero during motion (as in documents [15-17]), our
combined solution effectively mitigates this common issue.

The accuracy of our algorithm is further highlighted by the
negligible trajectory deviations shown in Fig. 4, all converging
to near zero in just 2.6 seconds. While prior studies have often
failed to achieve this level of precision. In contrast, previous
studies did not achieve this level of precision. The convergence
times to zero reported in[18-21] are 3.2 seconds, 3.4 sec-

onds, 3.6 seconds, and 3.5 seconds, respectively. Our algorithm
provides a robust solution for quadrotors carrying suspended
loads, enabling effective operation under varying conditions.

Despite these strengths, studying has certain limitations.
The suspended load is modeled as a pendulum, and a complete
elimination of load oscillations has not been achieved. While the
algorithm ensures stable operation by keeping oscillation angles
within acceptable limits, this research has only been validated
through simulations. A crucial next step is to conduct experi-
mental testing, a process that requires significant resources and
presents substantial engineering challenges.

Future research will focus on developing a controller for a
quadrotor with a suspended load of variable cable length, an
endeavor that will require specialized hardware and is expected
to have high implementation costs.

7. Conclusions

1. This study successfully developed a novel control algorithm
by combining a sliding mode controller with an extended state
observer. The algorithm directly addresses a significant gap in
existing research by enabling accurate control of a quadrotor with
a cable-suspended load to follow a predefined flight trajectory.

2. The proposed model allows the implementation of the
algorithm to control a quadrotor with a cable-suspended load
flying along a spiral trajectory while operating under varying
environmental conditions.

3. A key achievement is the algorithm’s capability to accu-
rately control a quadrotor with a fixed cable-suspended load,
achieving near-zero error. Quantitative results show that the
error becomes negligible within only 2,6 seconds of control, rep-
resenting a considerable improvement over previous methods,
which failed to suppress load oscillations during quadrotor op-
eration. The superior performance of the algorithm is attributed
to its simple structure, high convergence rate, and exceptional
stability. These features not only ensure its practicality for re-
al-world implementation but also enable it to meet the stringent
requirements of unmanned aerial vehicles operating in diverse
and complex environments.
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