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ABSTRACT: In recent years, flying robots have gained popularity in a new application known as aerial
robotic manipulation. This technology performs operations in dangerous and inaccessible environments,
significantly reducing costs. However, combining a flying robot with a robotic arm increases system
nonlinearity and coupling, leading to challenging control and path-tracking scenarios. There are two
main approaches to robotic manipulation control: centralized and decentralized. This paper focuses on
the decentralized approach, where the forces and torques from the robotic arm are treated as external
disturbances acting on the flying robot. A novel adaptive robust terminal sliding mode controller is
employed to implement this decentralized control. The adaptive component estimates the limits of
uncertainties and disturbances, ensuring finite-time convergence. Additionally, a backstepping sliding
mode controller with a Lyapunov stability guarantee is developed for the flying robot. Finally, a
simulation is presented for an unmanned aerial manipulator equipped with a two-degree-of-freedom
active robotic arm. The simulation considers mass uncertainties during an oil rig inspection mission.
The results demonstrate that the proposed controllers achieve optimal performance, enabling fast and

Keywords:

Unmanned Aerial Manipulation
Decentralize Method

Backstepping Sliding Mode Control
Adaptive Terminal Sliding Mode

Control

accurate path tracking within a limited time.

Modeling of Aerial Robot and Ro-

botic Arm

1- Introduction

In recent years, the use of aerial robotic arms has received
attention in academic research and industry. Applications of
flying robots equipped with robotic arms include transporting
objects, searching, and rescuing, visiting oil rigs, etc.[l,
2]. Likewise, in some application cases, manned aircraft,
especially helicopters with human operators, are used to
inspect suspension bridges and oil rigs; however, these
activities are dangerous and costly. On the other hand, the
simple structure of the flying robot for accessing high places
compared to a helicopter is its main advantage when used as
an aerial robotic arm [3].

In this paper, the adaptive terminal sliding mode controller
is used for the rigid robotic arm tracking problem. You will
see that with this controller, convergence is guaranteed in a
finite time and there is no need for prior knowledge of the
uncertainties and perturbations of the parameters because
the proposed controller can estimate the upper bound of
these uncertainties. Also, in this paper, based on the vector
model presented in [4], the modeling of the aerial robotic
arm is discussed, including the effects of the disturbance of
the robotic arm on the quadrotor during path tracking, the
effects of friction coefficients due to the aerodynamic torque

*Corresponding author’s email: Atashgah@ut.ac.ir

of the quadrotor blade, and the effect of drag in the three
directions x, y, and z. Among the methods for controlling
an aerial robotic arm, we can mention the centralized and
decentralized approaches. The control method used in this
article is based on the decentralized approach, in which the
forces and torques of the robotic arm are applied to the flying
robot as external disturbances.

The main advantage of using a decentralized approach is
practical implementation with minimal cost and complexity.
For the above approach, a new adaptive robust terminal
sliding mode controller is designed, which uses the adaptive
part to estimate the uncertainty and disturbance bounds
guarantees convergence in a limited time, and increases
the system’s robustness to disturbances for the robotic arm.
Correspondingly, a backstepping sliding mode controller for
a flying robot with guaranteed Lyapunov stability has been
developed.

2- Modeling

To derive the dynamic equations of the quadrotor, the
following assumptions are made: The quadrotor structure is
rigid and symmetrical; The center of mass coincides with the
center of the body coordinate system (0”); Thrust and drag are
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Fig. 1. Decentralized control structure of a UAM

proportional to the square of the propeller speed; The rigidity
of the blades is taken into account.

These assumptions establish a solid foundation for
modeling the quadrotor’s dynamic behavior, ensuring
accurate and reliable analysis. Based on these assumptions,
the dynamic equations are derived using the Newton-Euler
laws, as shown in Equation (1) [5].

S=v
m{=F, +F +F,
R =RS(Q)
JQ=-5(Q)JQ+T, -T -T,

()

Finally, the complete dynamic model of the quadrotor is
presented as equation (2) [5].

$=1/1(0yI ~1)-K, ¢ ~JQ0+dU,)
O=1/1 (I, —1)-K, 6 +JQp+dU,)
W =1/1.(6p(I —1)-K, v’ +dU,)
i=1/m((CPSOCy + SpSy)U, — K , %)
§ =1/ m(C#SOSy — SpCy)U, =K , )

£=1/m(CpCOU, - g)

()

Several methods can be used to derive the dynamic
model of a robotic arm. These include the Newton—Euler and
Euler—Lagrange approaches, with the latter being applied in
this context. For a rigid robotic arm with n links, the dynamic
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behavior is described by the following nonlinear second-
order differential equation [6].

M(q)g +C(q,q)+G(g) =u+d(0) (3)

Next, by substituting the uncertainty terms, the nonlinear
differential equations are reformulated to represent the system
in its uncertain state, as shown in Equation (4).

M (9)§+C,(q.9) +G,(q) =u+ p(t) “4)

p(t) =AM (q) = AC(q, q) — AG(q) +d(2) (5)

3- Controller Design

Using a decentralized approach, the controller design for
the combined robotic arm and quadrotor system is divided
into two independent control schemes: one for the quadrotor
and the other for the robotic arm. The control schematic of the
aerial robotic arm is illustrated in Figure 1. Building on the
method proposed in [6], a sliding mode controller based on
the backstepping technique is developed.

The path-tracking rule for a robotic arm is expressed in
Equation (6). The objective of this method is to determine a
control input u that ensures the robotic arm’s output q tracks
the desired value g, .

€ =94—4, (6)

S=e +Ce (7)

After selecting the slip surface, the control law is designed.

u=u_ + Au (8)
a 2
u, =M, (4)q, ~—Ce’ N+C(e-9)+G,(@) ©)
SEILD D sar, 6, 5 lall+ &, lal w57 m.0'| > 6
A = Is"a, )| (10)
D sl <, <l b s v, <5

In Equation (10), the coefficients bl, b0, and b2 are
variables defined within the adaptive control law, as
represented in Equation (11). The constants x0, x1, and x2
are arbitrary fixed values.
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Fig. 2. Trajectory tracking in oil rig inspection of UAM

= sl o |
b, =x |Isl|[a, @ | lal (11)

b, = x|Isl|m, (o) lalf

4- Results and Discussion

To evaluate the control performance and behavior of the
coupled robotic arm and quadrotor system, the force and
torque generated by the robotic arm are applied as external
disturbances to the quadrotor. Figure 2 depicts the desired
trajectory tracking during an oil rig inspection mission with
the aerial robotic arm. As shown, the quadrotor successfully
tracks the trajectory with high accuracy throughout the free-
flight scenario.

5- Conclusion

This paper presents the design of a backstepping sliding
mode controller for the quadrotor, followed by a robust
adaptive sliding mode controller for the robotic arm, with
stability proven through Lyapunov methods. The proposed
controllers ensure the stabilization of the aerial robotic arm
in the presence of disturbances, forces, and torques within a
finite time. To evaluate the system’s performance, a trajectory-
tracking mission was implemented, where the system follows
a circular path around an oil rig. The simulation results
demonstrate a significant improvement in trajectory tracking,
with both position and attitude errors reduced to nearly zero.
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