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Abstract: In this paper, the conceptual design, modeling, and simulation are proposed for an octorotor
UAV with a manipulator arm. The conceptual design of the octorotor UAV with a manipulator arm
is developed, and for the study and analysis, the design is implemented and validated in Matlab
(Simulink-SimMechanics) software. The kinematics and dynamics models of the octorotor UAV
with a manipulator arm are obtained using the classical Denavit–Hartenberg convention and the
recursive Newton–Euler method, respectively. In this sense, a cascade PID controller for the attitude
and navigation of the UAV and a simple PID controller for the manipulator arm are proposed and
simulated in a closed-loop system in order to highlight the performance of the proposed design.
Finally, simulations show the feasibility and behavior of the mathematical model and the flight
controller in a closed-loop system.

Keywords: modeling; simulation; octorotor UAV; manipulator arm

1. Introduction

Recently, Unmanned Aerial Vehicles (UAVs) have been used more frequently in
industrial and commercial applications, such as in surveillance, rescue missions in disaster
zones, and travel through dangerous and biohazard environments considering one or more
vehicles cooperating to solve complex tasks with other robotic systems [1–4]. The most
popular multirotor in research is the quadrotor configuration powered by four rotors whose
limitations can be solved by adding more rotors, i.e., having more power to perform more
demanding tasks. In this sense, an octorotor configuration is used to solve some problems
where endurance and slow speed are required. In addition, the octorotor UAV provides
stability, maneuverability, total thrust force, and payload capacity to complete a mission.
Its configuration allows for redundancy during real-time flights since the redundant rotors
manage more than one rotor failure [5]. These multirotors can be used with robotic
systems such as manipulator arms, grippers, and end effectors through which the aerial
vehicle interacts with the environment in real applications such as aerial manipulation for
construction and load transportation.

Several scientific and technological research works on UAVs with integrated robotic
systems have been published; for instance, the authors in [6] used a low-cost quadrotor
with a gripper mounted under a vehicle for aerial manipulation. Indoor and outdoor
navigation was achieved using a visual Simultaneous Localization and Mapping algorithm
(SLAM). In [7], the authors proposed a quadrotor with an underactuated gripper to perform
perching on various surfaces. They presented experimental results in order to study the
ability of landing gear. Suarez et al. [8] presented the design and validation of a low-weight
compliant arm for aerial manipulation, in which the proposed arm design estimates the
payload mass and avoids obstacles in the forearm. Platform validation, the payload mass
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estimation, and obstacle detection were run in real time. A quadrotor with a 6-DOF parallel
manipulator with an eye-in-hand camera was proposed by the authors of [9], who included
real-time experiments in order to robustly maintain precise end-effector positions even in
the presence of perturbations. The authors of [10] presented a quadrotor UAV with a grip-
per to manipulate some objects. In addition, the authors proposed methods for identifying
the payload parameters during the flights in real time. In [11], a preliminary design of a
system to simulate an autonomous UAV with a mobile manipulator was proposed. In [12],
a methodology to design a manipulator 6-DOF lightweight manipulator for assembling
bar structures using a rotary-wing UAV was proposed. A manipulation analysis was
presented in order to maximize the manipulator dexterity, and experimental results were
executed by teleoperation. UAVs used for transportation were presented in [13], in which
the authors focused on the slung-load transportation using single and multiple UAVs with
real applications, and [14] presented the cooperative manipulation and transportation with
mini quadrotor UAVs. In fact, a quadrotor UAV with an integrated printing module was
proposed in [15] whose aerial vehicle can deposit polyurethane expanding foam. In [16],
an aerial manipulator control was presented based on a gain-scheduled controller with H∞
structure. The tuning procedure is based on multiple performance objectives considering
parameterized linearized models. Simulation results were obtained to validate the concep-
tual design. A control scheme for an aerial manipulator was proposed in [17] to perform
aerial operations. The control scheme consists of time-delay estimation, backstepping de-
sign, and nonsingular terminal sliding mode, which estimates complex dynamics ensuring
asymptotic stability and providing finite-time convergence. The scheme was validated in
numerical simulation and compared with a PID controller.

On the other hand, simulations of physical models allow for obtaining test system-level
performance and developing control systems. Some research works on virtual simulation
can be cited. The athors of [18] performed a 3D simulation based on a combination of
Simmechanics and Simulink, and this simulation showed the validation of the control
scheme for a quadrotor UAV. In [19], a quarter car suspension model along with a PID
controller was simulated by using the toolbox SimMechanics and Simulink of MATLAB
software, whereas in [20], a robot arm was modeled and simulated using SolidWorks
and SimMechanics software where the dynamic performance for the modified variables
was obtained. In [21], a mechanics model of a robot manipulator was designed using the
SimMechanics toolbox. The model and a PD controller with gravity compensation were
simulated to obtain the performance in the closed-loop system. In [22], a rotary pendulum
QUBE-Servo of Quanser was modeled and simulated using the SimMechanics toolbox in
MATLAB. The simulation involved different control techniques such as pole placement,
PD, and LQR control in a closed-loop system in order to analyze the performance of the
inverted pendulum in an upright position. In [23], the authors proposed the modeling and
simulation of an inverted pendulum based on SimMechanics showing highlighted results.

Main Contribution

The conceptual design and simulation of an octorotor UAV with manipulator arm
are proposed, whose kinematic equations and dynamic equations are obtained using the
Denavit–Hartenberg and Newton–Euler approaches, respectively. A cascade PID controller
for the attitude and navigation of UAV and a PID controller for the manipulator arm are
proposed and simulated in a closed-loop system to analyze the performance in a virtual
environment. The contribution of this paper is summarized as follows:

1. A conceptual design of the octorotor UAV with the manipulator arm is proposed;
2. The kinematic and dynamic equations are obtained using the Denavit–Hartenberg

and Newton–Euler approaches, and two controllers based on PID structure are pro-
posed,correspondingly;

3. A simulation of the octorotor UAV with the manipulator arm is executed to highlight
the navigation performance.
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The rest of this paper is organized as follows: Section 2 presents the conceptual
design and description of the octorotor with the manipulator arm. Section 3 describes
the mathematical model of the octorotor UAV with the manipulator arm. In this section,
the coupled equations of the UAV and manipulator arm systems are obtained. Section 4
describes the proposed controller of the octorotor UAV with the manipulator arm. These
controllers are designed separately to obtain the regulation and trajectory tracking for the
complete system of the octorotor UAV with the manipulator arm. Section 5 presents the
numerical simulation for the performance of the octorotor UAV with the manipulator arm.
In this section, a virtual simulation performed by SimMechanics is presented in order to
validate the proposed design. Finally, the conclusions are given in Section 6.

2. The Octorotor UAV with Manipulator Arm
2.1. Problem Statement

Nowadays, there exist complex tasks where technological tools are required for moni-
toring and surveillance combined with the grasping and handling of objects in places that
are inaccessible or dangerous to humans. These tasks include inspection, maintenance,
and overhaul of wind farms. A solution for these complex tasks involves the drones or
UAVs combined with a manipulator arm and equipped with high-performance cameras
in order to detect structural incidents in wind turbines, buildings, gas pipelines, among
others. An application for the proposed vehicle is the inspection and maintenance of oil
pipelines for the energy industry, as shown in Figure 1. In fact, this application considers
a group of UAVs with manipulator arms performing several tasks for maintenance. In
this sense, this research work proposes a modeling and simulation of an octorotor UAV
with a manipulator arm. For control purposes, the vehicle flight controller consists of two
controllers connected to each other in a cascade. The inner layer controller has a PID-type
attitude controller, which calculates the moments applied to the aircraft center of mass as
control parameters, where the attitude angles are the desired input variables. The attitude
flight controller is tuned to reach a fast dynamic response. In effect, the outer layer flight
controller corresponds to the PID-type navigation controller that computes the thrust forces
generated by the aircraft rotors.

Figure 1. Application of octorotor with manipulator arm in pipelines.

2.2. Conceptual Model of the Multirotor Vehicle

A conceptual model of an octorotor UAV with a manipulator arm is developed, and
the arm is placed at the bottom of the center of mass of the vehicle managing three revolute
joints (see Figure 2).
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Figure 2. Octorotor UAV and manipulator arm assembly.

Figure 3 shows the octorotor UAV, in which the rotors in red color represent the front
of the vehicle and are on the positive X-axis. The rotors in green color represent the right
side in the top view of the multirotor and lie on the positive Y-axis. Using the right-hand
rule, the positive Z-axis is pointing downward.

Figure 3. Conceptual design of the octorotor UAV with manipulator arm.

2.3. Conceptual Model of the Manipulator Arm

Figure 4 depicts the manipulator arm with its three DOFs (degree of freedom) in a
position that maintains the manipulator arm safely at the bottom of the aerial vehicle.
This position is considered for simulation analysis in SimMechanics when the octorotor
UAV takes off and the arm is retracted [24,25]. In the same figure, the coordinate frame
from the Denavit–Hartenberg classical method is presented, where the coordinate frame is
represented with the right-hand rule. The frame (∑aB

) is the base of the manipulator arm,
the frames ∑a1

, ∑a2
, and ∑a3

are attached to the previous coordinate frames of the joint q1,
q2, and q3, respectively. The coordinate frame ∑a3

is considered as the end-effector frame
∑ee. The parameters d1, a2, and a3 are the distances of each link described by Denavit–
Hartenberg; additionally, q1, q2, and q3 are the rotational positions of each joint, respectively.
These variables are used to obtain a transformation matrix, and the circled numbers shown
in Figure 4 are explained below:

(1.) The base is attached to the multirotor vehicle; this base has no joint movement and is
considered a fixed base;

(2.) Link 1 is attached to the fixed base and performs the movement of the first joint. This
link has three servomotors;

(3.) Link 2 joins with link 1 and perforns the movement of the second joint;
(4.) Link 3 is the last and is attached to the end-effector whose motion is caused by a

servomotor attached between link 2 and link 3;
(5.) Servomotors move the first two joints;
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(6.) The end-effector of the manipulation arm.

Figure 4. Design and components of the manipulator arm.

Figure 2 illustrates the assembly between the multirotor and manipulator arm. This
integration is carried out at the center of mass of the UAV and the base of the manipula-
tion arm.

2.4. Description of the Octorotor UAV

The octorotor UAV possesses eight rotors with a maximum angular velocity of
3700 (rpm) and a maximum load capacity of 2 (kg). The eight rotors are used together as the
vehicle propulsion system providing a maximum load capacity of 16 (kg). For simulation
purposes, carbon fiber is selected as a high-strength material, obtaining a total mass of
8 (kg). Acrylonitrile butadiene styrene (ABS) polymer is used to develop the manipulation
arm as a light material with high resistance.

3. Mathematical Model of the Octorotor UAV with the Manipulator Arm
3.1. Kinematic Model

In this section, a kinematic model of the octorotor UAV with a manipulator arm is
presented to calculate the position of the end-effector of the manipulator. The octorotor UAV
has six DOFs to determine the Euclidean spaces, three DOFs are defined in the orientation
or attitude motion, and the remaining three DOFs for the translation motions.

Remark 1. The classical Denavit–Hartenberg convention is used as the robotic convention, North–
West–Up. In this analysis, the aerodynamic NED convention North–East–Down is applied to the
octorotor UAV and the North–West–Up convention for the manipulator arm is considered. Regard-
ing the aerodynamic convention, the kinematic model of the manipulator arm adds a transformation
matrix that converts the aerodynamic convention into the robotic convention.
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Figure 5 describes the roll, pitch, and yaw motions of the octorotor UAV. The rotation
matrix RI

B : B→ I, where RI
B ∈ SO(3), is the attitude of the vehicle from the body frame

(∑B) to the inertial frame (∑I). ξ = (x, y, z)T ∈ R3 is the translational position in ∑I . The
rotation matrix maps the attitude of the UAV from ∑B through ∑I . A rotation sequence
ZYX is used to determine the matrix.

RI
B =

 cos θ cos ψ sin φ sin θ cos ψ− cos φ sin ψ cos φ sin θ cos ψ + sin φ sin ψ
cos θ sin ψ sin φ sin θ sin ψ + cos φ cos ψ cos φ sin θ sin ψ− sin φ cos ψ
− sin θ sin φ cos θ cos φ cos θ

 (1)

The matrix relation between the UAV and the manipulator arm is given by a homoge-
neous matrix that describes the attitude and translation of the systems [26]. The rotation
matrix (1) and the position vector ξ are considered to calculate the homogeneous matrix of
the octorotor UAV.

T I
B =

[
RI

B ξ
0 1

]
(2)

(a) (b)

(c)
Figure 5. Euler angles of the octorotor UAV attitude; (a) Roll angle (φ); (b) Pitch angle (θ); (c) Yaw
angle (ψ).

The classical Denavit–Hartenberg convention is used to define the kinematic model of
the manipulator arm position, TB

3 .

TB
3 =


TB

3 11 TB
3 12 TB

3 13 TB
3 14

TB
3 21 TB

3 22 TB
3 23 TB

3 24
TB

3 31 TB
3 32 TB

3 33 TB
3 34

TB
3 41 TB

3 42 TB
3 43 TB

3 44

 (3)
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where

TB
3 11 = cos(q2 + q3) cos q1

TB
3 21 = − cos(q2 + q3) sin q1

TB
3 31 = sin(q2 + q3)

TB
3 41 = 0

TB
3 12 = − sin q1

TB
3 22 = − cos q1

TB
3 32 = 0

TB
3 42 = 0

TB
3 13 = sin(q2 + q3) cos q1

TB
3 23 = − sin(q2 + q3) sin q1

TB
3 33 = − cos(q2 + q3)

TB
3 43 = 0

TB
3 14 = cos q1(a3 cos(q2 + q3) + a2 cos q2)

T I
3 24 = − sin q1(a3 cos(q2 + q3) + a2 cos q2)

T I
3 34 = d1 + a3 sin(q2 + q3) + a2 sin q2

T I
3 44 = 1

The kinematic relationship between the octorotor UAV and the manipulator arm is
calculated considering (2) with φ = 0 and θ = 0 as known variables, and (3):

T I
3 =


T I

3 11 T I
3 12 T I

3 13 T I
3 14

T I
3 21 T I

3 22 T I
3 23 T I

3 24
T I

3 31 T I
3 32 T I

3 33 T I
3 34

T I
3 41 T I

3 42 T I
3 43 T I

3 44

 (4)

where

T I
3 11 = cos(ψ + q1) cos(q2 + q3)

T I
3 21 = − sin(ψ + q1) cos(q2 + q3)

T I
3 31 = sin(q2 + q3)

T I
3 41 = 0

T I
3 12 = − sin(ψ + q1)

T I
3 22 = − cos(ψ + q1)

T I
3 32 = 0

T I
3 42 = 0

T I
3 13 = cos(ψ + q1) sin(q2 + q3)

T I
3 23 = − sin(ψ + q1) sin(q2 + q3)

T I
3 33 = − cos(q2 + q3)

T I
3 43 = 0

T I
3 14 = x + a3 cos(ψ + q1) cos(q2 + q3) + a2 cos(ψ + q1) cos q2

T I
3 24 = y− a3 sin(ψ + q1) cos(q2 + q3)− a2 sin(ψ + q1) cos q2

T I
3 34 = z + d1 + a3 sin(q2 + q3) + a2 sin q2

T I
3 44 = 1

3.2. Dynamic Model of the Octorotor UAV

The dynamic model of an octorotor UAV considers ∑I and ∑B, to describe the
motion equations of the octorotor UAV, the Newton–Euler formulation is presented as
follows [27,28]:
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ξ̇ = V (5)

mV̇ = RI
B(−FB) + mge3 (6)

η̇ = EΩ (7)

JΩ̇ = −Ω× JΩ + τa (8)

where vector FB = [0 0 fT ]
> ∈ R3 represents the total thrust force on ∑B. The gravita-

tional force is defined by Fg = mge3, where m is the mass of the octorotor UAV, g is the
gravity and vector e3 = [0 0 1]> ∈ R3 is a unit vector representing the Z-axis.

The attitude is given by three Euler angles η = [φ θ ψ]> ∈ R3 in ∑I . Ω =

[p q r]> ∈ R3 describes the attitude velocity in ∑B . η̇ = [φ̇ θ̇ ψ̇]> ∈ R3 repre-
sents the attitude velocities in ∑I (Euler rates). E ∈ R3×3 is the Euler matrix that describes
the relationship between the attitude velocity in ∑B and the Euler rates. J ∈ R3×3 is the
inertia matrix of the octorotor UAV. τa = [τφ τθ τψ]> ∈ R3 represents the applied mo-
ments to the octorotor UAV in ∑B, and it is also considered as the vector of the controller
inputs for the attitude dynamics of the octorotor UAV.

3.2.1. Thrust Force fT

The thrust forces of the octorotor UAV allow to lift the vehicle during flight and this
consist of a summation of all the thrust forces generated by the rotors fT = ∑8

k=1 fk.

fT = ( f1 + f2 + f3 + f4 + f5 + f6 + f7 + f8) (9)

The thrust force for each rotor is fi = cTw2
i , where wi is the attitude velocity of a i-th

rotor, and cT > 0 is the thrust coefficient of the propeller that depends on the aerodynamic
characteristics of the propeller such as span, chord distribution, and twisting angle.

3.2.2. Moments

The moments acting on the vehicle are represented by Figures 5 and 6 to describe the
behavior in forces and moments of each rotor.

Figure 6. Numbering and direction of rotation of the rotors in the Octorotor UAV.
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τa =

L(− f3 − f4 + f7 + f8) + l(− f2 − f5 + f1 + f6)
L( f1 + f2 − f5 − f6) + l( f3 + f8 − f4 − f7)
Q1 + Q2 −Q3 −Q4 + Q5 + Q6 −Q7 −Q8

 (10)

where L = d cos (π/8) and l = d sin (π/8) are the distance on the X and Y axes relative to
22.5 (deg) separations among each of the rotor axes, and d denotes the distance from center
of mass to rotor axis. Since the distance p is close to the coordinate axis, it is disregarded.
Qi = w2

i cQi is the reaction moment of the i-th rotor, cQi denotes the reactive moment
coefficient of the rotor.

Combining (9) and (10), an equation Γ = CAU is defined with Γ ∈ R4×1 as the vector
of total scalar thrust and moments, CA ∈ R4×8 as the matrix of the aerodynamic coefficients,
and U ∈ R8×1 as the vector of rotor speed with ω2

i = ui. The relation between the controller
inputs and the attitude velocities of the rotors is described through an inverse equation
U = C−1

A Γ using a pseudo-inverse method to obtain C−1
A . The result is expressed as follows

u1 = 1
8cT

fT + 1
4LcT

τθ +
1

8cQ
τψ

u2 = 1
8cT

fT + 1
4LcT

τθ +
1

8cQ
τψ

u3 = 1
8cT

fT − 1
4LcT

τφ − 1
8cQ

τψ

u4 = 1
8cT

fT − 1
4LcT

τφ − 1
8cQ

τψ

u5 = 1
8cT

fT − 1
4LcT

τθ +
1

8cQ
τψ

u6 = 1
8cT

fT − 1
4LcT

τθ +
1

8cQ
τψ

u7 = 1
8cT

fT + 1
4LcT

τφ − 1
8cQ

τψ

u8 = 1
8cT

fT + 1
4LcT

τφ − 1
8cQ

τψ

(11)

where ui = w2
i with i = 1, . . . , 8.

Remark 2. As the rotation of the eight propellers on the octorotor is balanced, gyroscopic moment
will essentially be zero. The only case in which gyroscopic moments will not be zero is if there is
a significant difference in the RPM of the eight motors and in the presence of a strong sideways
cross-wind.

3.3. Octorotor UAV and Manipulator Arm System

The recursive Newton–Euler method calculates the positions and velocities of the
translational and rotational motion of each link in terms of the previous link recursively.
The classical Denavit–Hartenberg convention starts at the base of the manipulator arm and
finishes at the end-effector. The base of the manipulator arm is defined by the link 0 when
it is a fixed base, the positions and velocities of the translational and rotational motion are
v0 = 0, v̇0 = 0, ω0 = 0, and ω̇0 = 0. In the case of the octorotor UAV with manipulator arm,
the initial conditions of the manipulator arm base are the positions and velocities of the
translational and attitude motion in the octorotor UAV v0 = [ẋ ẏ ż]>, v̇0 = [ẍ ÿ z̈]>,
ω0 = [p q r]> and ω̇0 = [ ṗ q̇ ṙ]>.

ωi
i = Ri

i−1

(
ωi−1

i−1 + zi−1
i−1q̇i

)
(12)

ω̇i
i = Ri

i−1

(
ω̇i−1

i−1 + zi−1
i−1q̈i + ωi−1

i−1 × zi−1
i−1q̇i

)
(13)

vi
i = Ri

i−1vi−1
i−1 + ωi

i × ri
i (14)

v̇i
i = Ri

i−1v̇i−1
i−1 + ω̇i

i × ri
i + ωi

i ×
(

ωi
i × ri

i

)
(15)

v̇i
ci = v̇i

i + ω̇i
i × ri

ci + ωi
i ×
(

ωi
i × ri

ci

)
(16)



Drones 2023, 7, 168 10 of 27

where ωi
i and ω̇i

i are rotational positions and velocities circulating through the i-th link.
vi

i and v̇i
i propagate the translational positions and velocities along the link. Vector ri

i is
a constant position vector of the origin of i-th link. Vector ri

ci is the position vector of the
center of mass of the i-th link. Finally, v̇i

ci represents the translational velocities of the
center of mass in the link. Once the forward calculations of the recursive Newton–Euler
method are obtained, the backward calculations of the recursive Newton–Euler model are
performed to obtain the forces and moments induced in each link starting in the end-effector
and finishing in the base.

Fi
i = −mi v̇i

ci (17)

Ni
i = −Ii

i ω̇
i
i −ωi

i × Ii
i ω

i
i (18)

f i
i,i−1 = f i

i+1,i −migi − Fi
i (19)

ni
i,i−1 = ni

i+1,i +
(

ri
i + ri

ci

)
× f i

i,i−1 − ri
ci × f i

i+1,i − Ni
i (20)

f i−1
i,i−1 = Ri−1

i f i
i,i−1 (21)

ni−1
i,i−1 = Ri−1

i ni
i,i−1 (22)

τmi =
(

ni−1
i,i−1

)T
zi−1

i−1 + bi q̇i (23)

where Fi
i and Ni

i are inertia force and moment, respectively, presented at the center of mass
in the i-th link. Furthermore, f i

i,i−1 and ni
i,i−1 are the reactive force and moment in the i-th

link through the equilibrium in the center of mass, respectively. For the reactive force and
moment of the previous link f i−1

i,i−1 and ni−1
i,i−1, respectively, due to the recursive method, the

computation begins in the payload force f j
j,j+1, and payload moment nj

j,j+1 with j as the

end-effector. In the absence of a payload, f j
j,j+1 = 0 and nj

j,j+1 = 0. τmi is the moment of the
joint in the i-th link, and bi is the viscosity in the same link.

Equation (23) is replaced by the form τm = MQ̈ + A where M ∈ R3×3 contains
the inertia matrix of the links, A ∈ R3 represents centrifugal forces, Coriolis forces, and
disturbances. τm ∈ R3 is the vector containing the elements of the rotational moments of
the manipulator arm, and Q̈ ∈ R3 is the vector containing the elements of the rotational
accelerations of each joint. The direct mathematical model of the manipulator arm is
presented as follows

Q̈ = M−1[τm − A] (24)

Equations (21) and (22) at the base of the manipulator arm are considered to be the
disturbance forces and moments for the octorotor UAV in ∑B, which are expressed as

FB
m = f 0

1,0 (25)

NB
m = n0

1,0 (26)

where FB
m = [FB

mx , FB
my , FB

mz ]
> ∈ R3 is the vector of the forces on ∑B that affect the dynamic

of the octorotor UAV. NB
m = [NB

mφ
, NB

mθ
, NB

mψ ]
> ∈ R3 is the vector of the moments τa that

affect the dynamic of the octorotor UAV in ∑B, which is described in the following complete
mathematical model of the octorotor UAV with manipulator arm:
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ẋ = vx (27)

ẏ = vy (28)

ż = vz (29)

v̇x = − fT
m
(sin(φ) sin(ψ) + cos(φ) sin(θ) cos(ψ))−

FB
mx

m
(30)

v̇y = − fT
m
(cos(φ) sin(θ) sin(ψ)− sin(φ) cos(ψ))−

FB
my

m
(31)

v̇z = − fT
m
(cos(φ) cos(θ)) + g−

FB
mz

m
(32)

φ̇ = p + q sin(φ) tan(θ) + r cos(φ) tan(θ) (33)

θ̇ = q cos(φ)− r sin(φ) (34)

ψ̇ = sec(θ)(q sin(φ) + r cos(φ)) (35)

ṗ = qr
(

Jy − Jz

Jx

)
+

τφ

Jx
−

NB
mφ

Jx
(36)

q̇ = pr
(

Jz − Jx

Jy

)
+

τθ

Jy
−

NB
mθ

Jy
(37)

ṙ = pq
(

Jx − Jy

Jz

)
+

τψ

Jz
−

NB
mψ

Jz
(38)

Equations (27)–(29) and (33)–(35) are translational and attitude position equations in
∑I , while Equations (30)–(32) and (36)–(38) are velocity equations in ∑B.

4. Controller of the Octorotor UAV with Manipulator Arm

The controller system of the octorotor UAV with the manipulator arm is applied
independently for the octorotor UAV and the manipulator arm. The octorotor UAV uses
a two-layer saturated PID controller system. The first layer is the attitude, and the sec-
ond layer is the navigation. The altitude and navigation controllers include the desired
acceleration term.

4.1. Octorotor UAV Attitude Controller

For the formulation of the attitude controller problem of the first layer of the flight
controller, the vector of the desired attitude ηd = [φd θd ψd]

> is considered such that
η̃ = ηd− η. This is represented by η̃ = [φ̃ θ̃ ψ̃]> as the error vector of the attitude, which
is defined as φ̃ = φd − φ, θ̃ = θd − θ, and ψ̃ = ψd − ψ, where φd, θd, and ψd are the desired
Euler angles. φ, θ, and ψ are the measured roll, pitch, and yaw angles, respectively. The
controller problem is strictly proposed from the controller vector τad = [τφd τθd τψd ]

>,
such that limt→∞ η̃ = 0. A PID controller with a saturated moment is proposed for the
attitude controller of the octorotor UAV. Considering that the state Equation (10), the
external moments are rewritten to be expressed in terms of the attitude dynamics controller
law, which is proposed as shown belowτφd

τθd
τψd

 =

 kpφ φ̃ + kdφ
˙̃φ + kiφ

∫
φ̃dt

kpθ
θ̃ + kdθ

˙̃θ + kiθ

∫
θ̃dt

kpψ ψ̃ + kdψ
˙̃ψ + kiψ

∫
ψ̃dt

 (39)

where kpr , kir , kdr , with r = φ, θ, ψ being the proportional, derivative, and integral gains of
the attitude controller layer for the roll, pitch, and yaw angles, respectively. A saturation
function is added to the output of the attitude PID controller, as shown below.
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τsat
kd

= Sat
(
τkd

)
=


τkmax if τkd

≥ τkmax

τkd
if τkmin < τkd

< τkmax

τkmin if τkd
≤ τkmin

(40)

where k = φ, θ, ψ for each attitude controller corresponding to the desired Euler angles.
The developed equations of the PID controller with saturation for attitude are expressed as

τsat
φd = Sat

(
kpφ φ̃ + kdφ

˙̃φ + kiφ
∫

φ̃dt
)

τsat
θd = Sat

(
kpθ

θ̃ + kdθ

˙̃θ + kiθ

∫
θ̃ dt
)

τsat
ψd = Sat

(
kpψ ψ̃ + kdψ

˙̃ψ + kiψ
∫

ψ̃dt
) (41)

4.2. Octorotor UAV Altitude Controller

The altitude controller for the octorotor UAV is proposed as

Uzd = kpz z̃ + kdz
˙̃z + kiz

∫
z̃dt + z̈d (42)

in a closed-loop system with z̈

¨̃z = −kpz z̃− kdz
˙̃z− kiz

∫
z̃dt (43)

where z̃ = zd − z represents the translational position error of altitude, ˙̃z = żd − ż describes
the error of the translational velocity, and ¨̃z = z̈d − z̈ defines the acceleration error. The
variables with subscription d are the desired inputs. By considering the maximum and
minimum thrust of each rotor, a saturation function is added to the output of the altitude
PID controller, whose expression is shown as follows

Usat
z = Sat(Uz) =


Uzmax if Uz ≥ Uzmax

Uz if Uzmin < Uz < Uzmax

Uzmin if z ≤ Uzmin

(44)

The PID controller with thrust compensation is expressed as follows

f sat
Td

= − mUsat
z + mg

cos(φ) cos(θ)
(45)

where −π/2 < φ < π/2 (rad) and −π/2 < θ < π/2 (rad) are constrained to avoid a sin-
gularity. The thrust compensation is considered to be saturated by having a saturator in the
PID controller of the altitude. Considering Equation (11), the controller laws corresponding
to the rotors of the octorotor UAV are presented as follows

uc1 = Sat
(
ud1

)
= Sat

(
1

8cT
f sat
Td

+ 1
4LcT

τsat
θd

+ 1
8cQ

τsat
ψd

)
uc2 = Sat

(
ud2

)
= Sat

(
1

8cT
f sat
Td

+ 1
4LcT

τsat
θd

+ 1
8cQ

τsat
ψd

)
uc3 = Sat

(
ud3

)
= Sat

(
1

8cT
f sat
Td
− 1

4LcT
τsat

φd
− 1

8cQ
τsat

ψd

)
uc4 = Sat

(
ud4

)
= Sat

(
1

8cT
f sat
Td
− 1

4LcT
τsat

φd
− 1

8cQ
τsat

ψd

)
uc5 = Sat

(
ud5

)
= Sat

(
1

8cT
f sat
Td
− 1

4LcT
τsat

θd
+ 1

8cQ
τsat

ψd

)
uc6 = Sat

(
ud6

)
= Sat

(
1

8cT
f sat
Td
− 1

4LcT
τsat

θd
+ 1

8cQ
τsat

ψd

)
uc7 = Sat

(
ud7

)
= Sat

(
1

8cT
f sat
Td

+ 1
4LcT

τsat
φd
− 1

8cQ
τsat

ψd

)
uc8 = Sat

(
ud8

)
= Sat

(
1

8cT
f sat
Td

+ 1
4LcT

τsat
φd
− 1

8cQ
τsat

ψd

)

(46)
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4.3. Octorotor UAV Navigation Controller

The inner layer of the attitude controller is integrated with the outer layer of the
navigation flight controller of the octorotor UAV. In this sense, the desired variables of the
attitude vector ηd are computed through the navigation controller in the X−Y plane of ∑I ,
known as the navigation flight controller, where a virtual rotation matrix R(ψ) ∈ SO(2)
is used. To obtain a navigation controller for trajectory tracking in the X−Y plane, a PID
controller with desired acceleration is proposed as[

Ux
Uy

]
=

[
kpx x̃ + kdx

˙̃x + kix

∫
x̃dt + ẍd

kpy ỹ + kdy
˙̃y + kiy

∫
ỹdt + ÿd

]
(47)

where x̃ = xd − x and ỹ = yd − y represent the position error, while xd and yd represent the
desired position. Moreover, ˙̃x = ẋd − ẋ and ˙̃y = ẏd − ẏ define the errors in the translational
velocity in the X−Y plane of ∑I . The variables ẋd and ẏd describe the desired translational
velocities. Finally, ẍd and ÿd represent the desired accelerations. To limit the forces of
the octorotor UAV with the navigation controller, a saturation function is used, which is
connected to the output of the navigation PID controller, and it is shown as

Usat
k = Sat(Uk) =


Ukmax if Uk ≥ Ukmax

Uk if Ukmin < Uk < Ukmax

Ukmin if k ≤ Ukmin

(48)

where k = x, y corresponds to the translation controller in the e1 and e2 directions in ∑I .
The equations developed for the navigation controller in the X−Y plane are expressed
as follows:

Usat
x = Sat

(
kpx x̃ + kdx

˙̃x + kix

∫
x̃dt + ẍd

)
Usat

y = Sat
(

kpy ỹ + kdy
˙̃y + kiy

∫
ỹdt + ÿd

) (49)

The proposed PID controller with desired acceleration term for navigation represents
the external controller layer. The rotation matrix R(ψ) ∈ SO(2) has the purpose of
generating the desired angles through vector ηd(φ,θ)

= [φd θd]
> of the attitude controller

inner layer; hence, the connection between the attitude and translation controllers Usat
(x,y) =

[Usat
x Usat

y ]> is obtained using the following matrix expression

ηd(φ,θ)
= R(ψ)Usat

(x,y) (50)

where

R(ψ) =

[
sin ψ − cos ψ
cos ψ sin ψ

]
(51)

A complete scheme of the flight controller system of the octorotor UAV is shown in
Figure 7; the diagram illustrates the connection of the internal attitude controller layer
with the external navigation controller layer. Both layers of the controllers are inter-
connected to implement the complete flight controller system for trajectory tracking in
three-dimensional space.

4.4. Manipulator Arm Position Controller

The position controller, along with Equation (24), is considered to obtain the moments
of the manipulator arm. It results inτmc1

τmc2
τmc3

 =

kpq1
q̃1 + kdq1

˙̃q1 + kiq1

∫
q̃1dt

kpq2
q̃2 + kdq2

˙̃q2 + kiq2

∫
q̃2dt

kpq3
q̃3 + kdq3

˙̃q3 + kiq3

∫
q̃3dt

 (52)
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where q̃1 = q1d − q1, q̃2 = q2d − q2, and q̃3 = q3d − q3 describe the errors in the joint
positions of each link of the manipulator arm, while q1d , q2d and q3d are the variables of
the desired position of each of the joints. Moreover, ˙̃q1 = q̇1d − q̇1, ˙̃q2 = q̇2d − q̇2, and
˙̃q3 = q̇3d − q̇3 define the errors in the velocities of each link in the manipulator arm joints.
Figure 8 shows the feedback state scheme of the manipulator arm controlling the position
of the joints.

Figure 7. Controller diagram of the octorotor UAV with manipulator arm.

Figure 8. Diagram of the position controller system by calculating the moments applied to the
manipulator arm.

4.5. Controller of the Octorotor UAV with Manipulator Arm in SimMechanics

The controller system implemented in Simulink-SimMechanics considers a mathe-
matical form similar to that implemented in SimMechanics. The parameters of the gains
are different from those used in Matlab since SimMechanics considers the inertia tensors,
centers of masses, and the masses of each component designed in SolidWorks. Figure 9
illustrates the block diagram of SimMechanics.

Figure 9. Diagram of the complete controller of octorotor UAV with manipulator arm.
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5. Experimental Simulation of Flight Controller in SimMechanics

The proposed methodology for the design and implementation process of the octorotor
UAV with a manipulator arm is shown in the following flowchart, see Figure 10. The char-
acteristics of the UAV and the number of joints of the manipulator arm were defined. Once
the UAV and manipulator arm systems were proposed, the CAD design of both systems
was performed, defining the joining mechanisms. The kinematic and dynamic models of
both systems were obtained and described according to the modeling requirements. Then,
the CAD design was imported into SimMechanics, where the controllers were implemented
in sequence to achieve system stability. The joint position controller of the manipulating
arm is the first controller to perform the trajectory tracking of the joint positions which are
stabilized. Consequently, the UAV orientation control stabilizes the desired angles, and
the altitude of the aircraft is reached in order to obtain a stationary flight, and finally, the
navigation control performs the trajectory tracking of the UAV.

Start

UAV and 

manipulator arm 

selection

CAD design

CAD to 

SimMechanics

UAV and 

Manipulator Arm 

Kinematic Model

UAV and 

Manipulator Arm 

Dynamic Model

Position controller 

of manipulator 

arm joints

tuning gains of 

the controller

Are the joints tracking 

trajectory fulfilled?

Yes

No

Attitude controller 

of UAV

tuning gains of 

the controller

Yes

No

Altitude controller 

of UAV

tuning gains of 

the controller

Yes

No

Navigation 

controller of UAV

tuning gains of 

the controller

Yes

No

Results of 

simulation

End

Start

End

Is the attitude tracking 

trajectory fulfilled?

Is the altitude tracking 

trajectory fulfilled?

Is the navigation tracking 

trajectory fulfilled?

Figure 10. Flowchart for the design and implementation process of the octorotor UAV with a
manipulator arm.

The simulations were performed using a computer with Intel Core i7 10750 CPU @
2.6 GHz, a 16 GB memory RAM, and a Nvidia GTX 1650 Ti GPU, which were indispensable
to perform the simulations in MATLAB-Simulink 2019b with SimMechanics Toolbox. This
simulation involves the octorotor UAV with manipulator arm performing a trajectory
tracking of a helical shape that must reach a radius of three meters from the origin. In the
first fifteen seconds, it is performed an increasing spiral, then it starts a helical trajectory
toward the end of the simulation. At the same time, the octorotor UAV with the manipulator
arm takes off to reach an altitude of three meters. The octorotor UAV trajectory tracking is
performed with the retractable manipulator arm to avoid navigation and altitude controller
issues. The simulation of trajectory tracking of the octorotor UAV with the manipulator
arm is performed in SimMechanics.

The equations for the desired navigation trajectories are defined as follows:

xd = (Ax − Axe−αt) sin( 2πt
T )

yd = (Ay − Aye−αt) cos( 2πt
T )

(53)

where α = 0.2 is the damping coefficient of the desired trajectory that determines the time
to reach the desired radium of the circumference, Ax = 3 (m) and Ay = 3 (m) are the
amplitude coefficients of the circumference at X and Y axes, respectively. The coefficient
T = 8 (s) is the time period of the desired trajectory, and t is the time variable. From the
beginning of the simulation toward the period of two seconds, the manipulator arm is



Drones 2023, 7, 168 16 of 27

adjusted from the initial disabled position toward the retractable operational position. The
equation t = t∗ − 2 indicates the beginning of trajectory tracking, where variable t∗ is
the time period when the manipulator arm is secured. The parameters of the octorotor
UAV with manipulator arm used in the simulations of SimMechanics are shown in the
Tables 1–5.

Tables 1 and 2 present the physic parameters in SimMechanics© of the octorotor UAV
and the manipulator arm, respectively, obtained through Solidworks and a datasheet
of motors.

Table 1. Octorotor UAV physic parameters in SimMechanics.

Parameter Value Parameter Value Parameter Value

m 8.2672 (kg) cQ 0.3 Jy 0.8307 (kg–m2)

g 9.81 (m/s2) d 0.72125 (m) Jz 1.6585 (kg–m2)

cT 8.3394× 10−5 Jx 0.8307 (kg–m2)

Table 2. Manipulator arm physic parameters in SimMechanics.

Parameter Value Parameter Value Parameter Value

m1 0.15507 (kg) d1 0.0935 (m) b1 0.01 (N–m)

m2 0.02545 (kg) a2 0.12362 (m) b2 0.01 (N–m)

m3 0.10073 (kg) a3 0.28 (m) b3 0.01 (N–m)

Table 3 presents the tuning of gain parameters for the PID navigation and altitude
flight controller of the octorotor UAV, and Table 4 presents the tuning of gain parameters
for the PID attitude flight controllers of the octorotor UAV. Table 5 shows the tuning of gain
parameters for the PID joint moment controllers of the manipulator arm.

Table 3. Octorotor UAV altitude and navigation controller gains.

Gain Value Gain Value Gain Value

kpx 20 kpy 20 kpz 10,000

kix 0.1 kiy 0.1 kiz 3000

kdx 15 kdy 15 kdz 2000

Table 4. Octorotor UAV attitude controller gains.

Gain Value Gain Value Gain Value

kpφ 30 kpψ 1000 kpθ
30

kiφ 1 kiψ 800 kiθ 1

kdφ
20 kdψ

1200 kdθ
20

Table 5. Manipulator arm moment controller gains.

Gain Value Gain Value Gain Value

kpq1
5 kpq3

3 kpq2
5

kiq1
1 kiq3

4 kiq2
6

kdq1
0.01 kdq3

0.05 kdq2
0.001

5.1. Response of the Joint Positions of the Manipulator Arm

Responses of joint positions of the manipulator arm are presented in Figure 11a–c.
These figures show the behavior of the transient response of the three joints of the manip-
ulator arm when the simulation begins. The joints perform the motion from the initial
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disabled position to the retractable operational position in the first two seconds. Then, the
octorotor UAV takes off to perform the helical trajectory tracking with altitude ascending
from two seconds toward thirty seconds and maintaining a constant position in altitude
during the period from fifteen seconds to thirty seconds.

Figure 11a shows joint q1 with the actual value converging in desired value, and this
position is considered to be maintained through the simulation. During the motion from
the initial disabled position toward the retractable operational position of the manipulator
arm, the octorotor UAV performs disturbances that affect minimally joint q1, when the
octorotor UAV takes off to perform the trajectory tracking of helical shape with altitude
ascending and then maintain a constant altitude position. The position of joint q1 is affected
by a disturbance produced due to the octorotor UAV maneuvering to perform the trajectory
tracking of a helical shape in three-dimensional space.

Figure 11b illustrates the response position of joint q2 that perform 90 (deg) counter-
clockwise. This joint presents two disturbances that affect an approximate magnitude of
1 (deg) to the manipulator arm joint when the octorotor UAV takes off to perform the
trajectory tracking of helical shape and when the octorotor UAV maintains a constant
altitude position. For this reason, two close-up windows are presented inside Figure 11b to
show the transient response of these disturbances.

Figure 11c presents the response of the position of joint q3 of manipulator arm per-
forming a motion of 180 (deg) clockwise. The disturbances are shown in close-up windows
where the transient response is asymptotically vanishing to the desired value.

(a) (b)

(c)
Figure 11. Response joint positions of the manipulator arm; (a) Joint variable q1 (black line) and
desired variable q1d (red dotted line); (b) Joint variable q2 (black line) and desired variable q2d (red
dotted line); (c) Joint variable q3 (black line) and desired variable q3d (red dotted line).

5.2. Attitude Flight Controller Response

Figure 12a–c show the behavior of Euler angles when the octorotor UAV with manipu-
lator arm performs the trajectory tracking in X−Y plane, first with spiral shape and after,
with a circular shape, while the altitude performs the tracking trajectory with a ramp shape.
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Figure 12a presents the roll angle response, where it is possible to observe the roll
signal controller (red dotted line) computed by the Equation (50) considering the trajectory
tracking controller (Equation (49)) set to perform the navigation. Additionally, the roll angle
is disturbed by the trajectory tracking of the altitude. When the trajectory of the circular
shape reaches the radium of three meters, the roll angle is bounded by an amplitude peak
of 11 (deg).

Figure 12b illustrates the pitch angle sinusoidal response, as in the case of roll angle,
Equation (50) computes the pitch angle signal controller (red dotted line). During the
motion from the initial disabled position toward the retractable operational position of
the manipulator arm, joints q2 and q3 generate minimal disturbances in the pitch angle.
When the octorotor UAV takes off to perform the helical trajectory tracking with ascending
altitude at a constant velocity and when it maintains a constant altitude, these change
velocity actions generate disturbances to joints q2 and q3 (see Figure 12b).

Figure 12c shows the yaw angle response, which is set point to 0 (deg) as the desired
value (red dotted line) to maintain the nose of the octorotor UAV in the north direction. The
yaw angle response (black line) presents a sinusoidal motion bounded by an amplitude
peak of 0.1 (deg).

(a) (b)

(c)
Figure 12. Euler angles of the octorotor UAV: (a) Roll angle variable φ (black line) and desired variable
φd (red dotted line); (b) Pitch angle variable θ (black line) and desired variable θd (red dotted line);
(c) Yaw angle variable ψ (black line) and desired variable ψd (red dotted line).

5.3. Altitude and Navigation Flight Responses

Figure 13a–c presents the behavior of the altitude and navigation in X and Y axes of
the octorotor UAV with the manipulator arm.

Figure 13a shows the altitude response (black line) with respect to the desired tracking
(red dotted line). The octorotor UAV presents a failing effect at the beginning of the simula-
tion due to the take-off base, and the octorotor UAV base is not achieving contact in the
SimMechanics simulator. After the failing effect, the octorotor UAV with the manipulator
arm recovers altitude because rotors are turned on from the beginning of the simulation.
The octorotor UAV starts ascending for thirteen seconds, performing a constant velocity



Drones 2023, 7, 168 19 of 27

slope, then the ascending changes to a constant altitude, which generates an altitude distur-
bance caused by the manipulator arm due to this effect. The altitude of the octorotor UAV
is maintained constant during the remaining simulation.

Figure 13b presents the navigation response in X-axis considering that the desired
tracking is defined by Equation (53). The navigation in X is performed without disturbances.
Due to the pitch angle response, the response converges with the desired tracking.

In the case of Figure 13c, in the beginning, the octorotor UAV in the Y-axis deviated
from the initial position due to the manipulator arm performing the retractable position
and the effect of failing in the altitude. The remaining navigation is performed without
disturbances due to the roll angle response.

(a) (b)

(c)
Figure 13. Translational position responses: (a) Altitude variable z (black line), and desired variable
zd (red dotted line); (b) X-axis variable x (black line), and desired variable xd (red dotted line);
(c) Y-axis variable y (black line), and desired variable yd (red dotted line).

5.4. Speed Rotors, Disturbances, Forces, and Moments in the Octorotor UAV with
Manipulator Arm

Figure 14a–d present the thrust force of each rotor in the octorotor UAV with the
manipulator arm. The responses are compared between the rotors that are equal. The odd
numbers are represented by the black line and the even numbers by the red dotted line. It
can be seen that rotor 1 and rotor 2 (Figure 14a) are equal in force, and their counterparts
are rotor 5 and rotor 6 (Figure 14c) with similar force and different behavior in the response
due to disturbances. These four rotors increase the thrust force due to the manipulator arm
located in the X-axis. The opposites of rotor 3 and rotor 4 (Figure 14b) are rotor 7 and rotor
8 (Figure 14d), and these rotors are decreasing the thrust force to stabilize the total thrust to
flight the octorotor UAV. In the beginning, the octorotor UAV starts up rotors to avoid the
effect of falling, as is shown in Figure 13a. After two seconds, the rotors increase the force
to take off. At fifteen seconds, each rotor presents a disturbance due to the octorotor UAV
altitude ascending changes to a constant altitude. The total force of 84 (N) is required to
take off the full system. Each rotor is distributed to maintain the total force.
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(a) (b)

(c) (d)
Figure 14. Force of each pair of rotors: (a) Thrust force 1 (black line) and thrust force 2 (red dotted
line); (b) Thrust force 3 (black line) and thrust force 4 (red dotted line); (c) Thrust force 5 (black line)
and thrust force 6 (red dotted line); (d) Thrust force 7 (black line) and thrust force 8 (red dotted line).

Figure 15a–c presents the output forces in joint q1 of the manipulator arm, and these
forces are input disturbances to the center of mass of the octorotor UAV, where each force is
computed by the Newton–Euler method. The Newton–Euler method starts calculating the
translational forces produced in the end-effector. Since the end-effector does not grab an
object, the end-effector lacks forces. Hence, the forces produced by joint q3 are computed.
Then, the forces generated by joint q2 are calculated considering the forces produced by joint
q3. Once the forces calculated in joint q2 are obtained, the forces in joint q1 are computed
considering the forces in joint q2 and joint q3. In conclusion, the forces in Figure 15 are
propagated forces from the end-effector to joint q3, afterwards, joint q3 to joint q2, and
finally, joint q2 to joint q1.

Figure 15a shows the force that disturbs the X-axis of the octorotor UAV fuselage. The
X-axis is affected by joints q2 and q3, considering the retractable position of the manipulator
arm in Figure 4 with the location of the end-effector in the north position and the tracking
trajectory of the octorotor UAV.

Figure 15b presents the force that disturbs the Y-axis of the octorotor UAV fuselage.
Due to the retractable position of joints q2 and q3 can affect the Y-axis only if joint q1 is
affected by the tracking trajectory of the octorotor UAV; this can perform a direction change
of the manipulator arm from X-axis to Y-axis.

Figure 15c illustrates the force that disturbs the altitude of the octorotor UAV fuselage.
The joints q2 and q3 are the only ones that disturb the octorotor UAV. When the octorotor
UAV takes off, this generates a jerk that affects joints q2 and q3. These reactions generate
forces in the Z-axis due to the control moments of joints q2 and q3. The same action occurs
when the octorotor UAV changes the response from ascending altitude to constant altitude.
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(a) (b)

(c)
Figure 15. Disturbance forces of the octorotor UAV: (a) Disturbance force in X-axis; (b) Disturbance
force in Y-axis; (c) Disturbance force in Z-axis.

In the case of the forces generated by the manipulator arm that affect the UAV octorotor,
the moments that disturb the octorotor UAV are computed by the Newton–Euler method
that propagates the accumulated moments from end-effect toward joint q1.

Figure 16a illustrates the roll moment disturbed by the altitude tracking of the octorotor
UAV. The octorotor UAV generates sinusoidal movements over the X-axis due to the inertial
moment of the octorotor UAV and the mass of the manipulator arm.

Figure 16b shows the moment that disturbs the pitch moment of the octorotor UAV.
The pitch moment is affected by the sinusoidal of the octorotor UAV fuselage due to control
moment responses of joints q2 and q3.

Figure 16c presents the yaw moment that disturbs the octorotor UAV. Yaw moment is
affected by the response of joint q1 and the trajectory tracking of the octorotor UAV. Due
to the yaw position being bounded in the amplitude of 0.1 (deg) (see Figure 12c), this
disturbance is minimal for the octorotor UAV.

Figure 17a–c presents the reactive responses that control the moment of each joint
of the manipulator arm. In the first two seconds, the control moment of each joint in
the manipulator arm presents responses due to the tracking position from the initial
position to the retractable position. When the octorotor UAV starts ascending trajectory, the
control moment applied to joints presents a reactive response due to the octorotor UAV
ascending trajectory. Then, at fifteen seconds, the octorotor UAV changes from ascending
trajectory to a constant altitude, and the control moment applied to joints performs a second
reactive response.

Figure 17a illustrates the reactive response of control moment applied to joint q1. The
control moment of joint q1 presents a lower magnitude in the time periods where the
disturbances occur than the control moments of joints q2 and q3, which is because joint q1
is located closer to the center of mass of the UAV octorotor.

Figure 17b shows the reactive response of control moment applied to joint q2. The
control moment of joint q2 performs a damped sinusoidal response when joint q2 tracks
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the desired position. The control moment has an initial negative peak response when the
octorotor UAV starts ascending trajectory.

Figure 17c presents the reactive response of control moment applied to joint q3. When
the simulation starts, the joint q3 performs the tracking position from the initial position to
the retractable position. The control moment presents a positive peak response due to the
desired tracking altitude of the octorotor UAV in the period of two seconds in which the
take-off was performed.

(a) (b)

(c)
Figure 16. Disturbance moments of the octorotor UAV: (a) Disturbance roll moment; (b) Disturbance
pitch moment; (c) Disturbance yaw moment.

(a) (b)
Figure 17. Cont.
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(c)
Figure 17. Control moment of each joint in manipulator arm: (a) Joint q1; (b) Joint q2;
(c) Joint q3.

5.5. Simulation with a Disturbance

In the simulation, a wind gust disturbance on the Y-axis was added, which is rep-
resented by a train of Gaussian pulses on small time lapses. The wind gust disturbance
consists of two pulses with 0.5 (m/s) amplitude, and one pulse of 1 (m/s) amplitude. The
three pulses have an approximate duration of 2 (s) so that the wind gust occurs in a total
time of 10 (s), see Figure 18.

Figure 18. Disturbance of Wing gust.

Figure 19 shows the top view where it is observed that the wind gust produces a
deviation in the Y-axis of the trajectory with respect to the desired trajectory, in the time
interval between 17 and 27 (s). From second 27, the aircraft returns, following the desired
trajectory. The vehicle in the X- and Z-axes tracks the desired trajectory without presenting
a deviation. The saturated PID control of the vehicle roll moment acts on the rejection of
disturbances to conduct the trajectory tracking of the desired angle. On the other hand,
the saturated PID control of the pitch angle produces the decoupling of the roll angle to
produce a rejection of disturbances. However, in the case of the saturated PID control
for the yaw angle, according to the Figure 20, for the link 1 joint (q1), it is observed that
a coupling occurs in the yaw disturbance. In effect, the yaw angle control rejects the
coupled disturbances maintaining a stable yaw system. Finally, the joints q2 and q3 of the
manipulator arm present an almost imperceptible disturbance with a small magnitude so
that it does not affect the trajectory of the vehicle.
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Figure 19. Trajectory response with disturbance.

Figure 20. Response joint q1 position of the manipulator arm with disturbance.

5.6. 3D Navigation Flight Controller

Figure 21 illustrates a sequence of motions with frames in the same scenery of the 3D
navigation of the octorotor UAV with the manipulator arm that is implemented in SimMe-
chanics. Figure 22 represents the trajectory of the octorotor UAV with the manipulator arm
concerning Figure 21. The black line represents the trajectory tracking of the octorotor UAV,
the blue line is the trajectory tracking of the end-effector position in the manipulator arm,
and the red dotted line represents the desired trajectory tracking. The octorotor UAV with
the manipulator arm response is presented by a timeline of sixty seconds and a maximum
altitude of five meters.

Figure 21. Sequence of motions of the octorotor UAV with the manipulator arm in SimMechan-
ics simulation.
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Figure 22. Trajectory tracking of the octorotor UAV with manipulator arm in SimMechanics.

A virtual simulation was performed and is available on the following link https:
//youtu.be/WGZ4zA7avsw (accessed on 15 July 2022).

6. Conclusions

The octorotor UAV with manipulator arm model was designed and implemented in
Simulink-SimMechanics, which allows us to evaluate and analyze the coupling of forces and
moments performed by the manipulator arm inducing disturbance effects on the navigation
tracking trajectory of the octorotor UAV. In this sense, it was observed that the translational
and orientation movements of the octorotor UAV induce disturbances that affect the joint
position control of the manipulator arm. Furthermore, the forces and moments produced by
the joint motions of the manipulator arm also induce disturbances that affect the behavior
of the dynamics during the flight of the octorotor UAV. For the purpose of navigation, the
kinematics equation was obtained using the classical Denavit–Hartenberg convention, and
the Newton–Euler approach was used to obtain the dynamic equations. Then, the closed-
loop system was simulated using SimMechanics running in the Simulink environment. Our
design was validated in numerical simulation, obtaining promising results which show a
complete performance of the octorotor UAV with a manipulator arm in trajectory tracking.

For future works, the manipulator arm will be developed and integrated into the
experimental platform in order to perform real-time tasks. The platforms will be equipped
with high-performance sensors in order to execute real-time applications.
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