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Abstract—This work presents the control allocation and tun-
ing methodology for an over-actuated Hexacopter Tilt-Rotor
(HTR) designed for precision agriculture applications. The HTR’s
innovative design includes two independently tiltable rotors,
enhancing stability and forward velocity, making it suitable for
low-altitude maneuvers in agricultural environments. The study
focuses on the implementation of a cascade Proportional (P)-
Proportional, Integral and Derivative (PID) control structure
with Successive Loop Closure (SLC) and the application of an
extended Fast Control Allocation (FCA) method to optimize
actuator performance. The control gains were meticulously
tuned to ensure stability and robustness across six degrees
of freedom, achieving precise trajectory tracking and efficient
resource use. Validation was conducted through simulations using
Robot Operating System (ROS) and Gazebo, replicating realistic
precision agriculture scenarios. Results demonstrate the efficacy
of the proposed control strategies, highlighting their potential for
real-world applications in crop monitoring, pest detection, and
resource optimization. Future work includes physical implemen-
tation and integration with collaborative robotics.

Index Terms—Unmanned Aerial Vehicle, Hexacopter Tilt-
Rotor, UAV Controller, Fast Control Allocation
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I. INTRODUCTION

Described by their ability to operate without onboard human

presence, Unmanned Aerial Vehicles (UAVs) are a current

expanding technology. This expansion is attributed to the

advances in computational technologies, especially in aerial

reconnaissance and terrestrial mapping [1].

Throughout their history, most of the UAV applications have

been primarily driven by military purposes, particularly in

three main fields: intelligence, surveillance, and reconnais-

sance [2]. Designed to operate in dangerous environments,

these systems were initially developed to perform tasks re-

quiring high precision and maneuverability, such as geographic

mapping, communication intercept, and unmanned inspections

[3].

Consequently, their versatility and efficiency have facilitated

the expansion of UAVs into diverse civilian areas, such as

infrastructure inspection (e.g. power lines [4] and construction

sites [5]), environmental management (e.g., wildfire control

[6]), education [7], traffic monitoring [8], rescue operations

[9], health services [10], and agriculture [11].

In the agricultural field, one promising area is Precision

Agriculture (PA), which is a strategic approach that uses

data on time, location, and individual crop characteristics,

processing and analyzing this information alongside other

relevant factors to support decision-making. It aims to optimize

resource use efficiency, productivity, quality, profitability, and979-8-3315-0127-3/25/$31.00 ©2025 IEEE
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sustainability in agricultural production to improve produc-

tivity and reduce waste [12]. Using UAVs equipped with a

variety of sensors, cameras, and the ability to inspect large

areas quickly, they can perform a variety of tasks, including

weed mapping and control [13], vegetation growth monitoring

[14], vegetation health monitoring [15] and disease detection

[16].

Moreover, UAVs have revolutionized the PA field due to

their ability to perform different maneuvers and fly at low

elevations. Being a stable aircraft in these conditions makes

them suitable for remote sensing and capturing images with

high sharpness and resolution, making data processing more

assertive. Considering these aspects and choosing the best

UAV for application, it is necessary to consider mass, size,

battery, payload capacity, flight autonomy, acquisition cost,

and weather conditions, among others [17].

UAVs are classified into three primary categories: fixed-

wing, rotary-wing, and hybrid-wing systems. Fixed-wing

UAVs (e.g., airplanes) are characterized by their ability to

carry larger payloads over longer distances. Rotary-wing UAVs

(e.g., helicopters and multicopters) are more versatile, with

variations in weight and the number of rotors. Hybrid-wing

UAVs (e.g., tiltrotors and balloons) combine the advantages

of rotary-wing and fixed-wing systems, allowing vertical take-

off and landing while also achieving efficient and high-

speed horizontal flight, making them a promising solution for

complex operational scenarios [18].

Given this promising field, some works were explored

and can be highlighted. The study [19] described using a

hexacopter RGB, multispectral, and thermal images for weed

mapping in a corn field using multisource remote sensing data.

The research highlights that thermal measurements signifi-

cantly improve weed mapping accuracy. The results showed

that this fusion of data outperforms traditional models in weed

detection, and the use of the UAV plays a crucial role in

collecting high-resolution data, ensuring efficient monitoring.

Moreover, as discussed in [20], many UAVs are operated

manually to monitor crops and capture images. For PA, envi-

ronmental pollution caused by pesticides and agrochemicals

is a critical factor. Professional pilot’s operation of UAV

may present human error and be expensive. To improve this

spraying practice, the focus is on the project efficiency of the

basic manipulators to perform a necessary agricultural activity

and the path planning, navigation, and guidance algorithms

adapted to the desired scenarios. Studies on computational

fluid dynamics and numerical simulation of the spray drift

movement using UAV aim to mitigate problems of indirect

contamination to the environment. Furthermore, the develop-

ment of path planning, navigation, and guidance algorithms

adapted to different scenarios of open fields, greenhouses,

sheds, etc., eliminates the probability of human error. These

techniques improve production, economic and resource effi-

ciency, and environmental impact.

In this context, this study focuses on developing and con-

trolling an over-actuated HTR UAV prototype. Equipped with

six motors, two independently adjusted by servomotors, this

aircraft achieves excellent stability and faster flight, making

it ideal for PA applications. Simulated environments were

created using ROS and Gazebo software to evaluate its per-

formance. A cascade multilevel topology P-PID controller,

implemented with SLC, was applied. The experimental results

confirmed the UAV’s effectiveness.
Moreover, this study continues the research previously in-

troduced in [21] and substantially collaborates in international

cooperation, aiming to create an advanced cooperative system

that integrates robots and autonomous agents for field inspec-

tion.
Although previous work focused on the overall design of the

cooperative system, this study offers a more detailed analysis

of the control tuning process. It provides a deeper insight

into the configuration and performance of the control loops.

Furthermore, this research expands on the validation of the

system, testing it in a different scenario that demonstrates its

practical application and efficiency under varied conditions.
The key scientific contributions of this study include:

• Development and implementation of an HTR in a simu-

lated virtual environment;

• Simulations of the HTR in PA scenarios within ROS and

Gazebo software;

• Apply the extended FCA method, considering totally

coupled Control Effectiveness Matrixs (CEMs).

The remaining sections of this work are organized as

described below: Section II shows the kinematic and dynam-

ics modeling of the HTR, Section III describes the control

architecture designed for the proposed aircraft, and the control

allocation algorithm apply, Section IV shows the experimental

results obtained with flight simulations. Then, Section V

concludes the work presented here.

II. UAV KINEMATIC AND DYNAMIC MODELING

This section aims to present the modeling process, including

both the kinematic and dynamic definitions and concepts,

which outlines the mathematical model of the over-actuated

HTR. Subsequently, Fig. 1 presents a detailed view of the

aircraft:

Fig. 1. Illustration of the proposed HTR.

In this configuration, the two tiltrotors are positioned hori-

zontally by maintaining a 90-degree pitch angle, which consid-
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erably increases the forward and backward velocity of the HTR

without requiring changes to its pitch angle. This configuration

allows for a more energy-efficient flight by minimizing energy

consumption, as the HTR reduces drag force.

The HTR’s variables are measured relative to three reference

frames: Fv , which represents the vehicle frame; Fb, which

represents the fixed body frame, along with the inertial frame

F i. In addition, the aircraft has six Degrees of Freedom

(DoFs): translational movements along the x, y, and z axes,

and angular dynamics described by roll (φ), pitch (θ), and yaw

(ψ).

The HTR kinematic and dynamic behavior of a hexacopter

can be described according to the following state variables:

the vector η1 = [pn, pe, h]
T represents the north, east and

altitude position along axis îi, ĵi and -k̂i, respectively, in the

inertial frame (F i); the vector η2 = [φ, θ, ψ]T represents roll,

pitch, and yaw angles defined concerning vehicle frame (Fv).

The vectors v1 = [u, v, w]T and v1 = [p, q, r]T represent the

three-dimensional linear and angular velocities along the axis

îb, ĵb and k̂b, respectively, in the fixed body frame (Fb).

In general, the aircraft’s position is expressed by the vector

η1 ∈ R
3 within the inertial frame F i, and its orientation is

given by η2 ∈ R
3 in the vehicle frame Fv . Additionally,

the linear and the angular velocities denoted as v1 ∈ R
3 and

v2 ∈ R
3, are measured within the frame Fb. According to the

study [22], (3) establishes the default nomenclature:

η1 = [pn, pe, h]
T , (1)

η2 = [φ, θ, ψ]T , (2)

η = [η1,η2]
T , (3)

with velocities:

v1 = [u, v, w]T , (4)

v2 = [p, q, r]T , (5)

v = [v1,v2]
T , (6)

where v ∈ R
6 represents the velocity vector, with v1 ∈ R

3

denoting the linear velocity vector and v2 ∈ R
3 representing

the angular velocity vector, both expressed in the fixed body

frame Fb.

Moreover, the aircraft’s full model describing the kinematics

and dynamics is summarized in (7):

η̇ = Jv, (7)

where η ∈ R
6 is the velocity vector in the inertial frame F i,

and J ∈ R
6 is the Jacobian matrix, expressed as follows [23]:

J �

⎛
⎝

Jx −Jxy −Jxz
−Jxy Jy −Jyz
−Jxz −Jyz Jz

⎞
⎠ . (8)

Therefore, the HTR exhibits symmetry along the coordinate

axes, leading to the moments of inertia satisfying Jxz = Jxy =
Jyz = 0.

In this context, the HTR dynamics model is represented by

differential equations derived using the Newton–Euler method,

such as shown [22]:

Ibv̇ +Cb(v)v − τ b
a − τ b

g = τ b
p , (9)

where Ib ∈ R
6×6 is the system inertia matrix, Cb(v) ∈

R
6×6 is the Coriolis–centripetal matrix in the frame Fb,

τ b
a , τ

b
g , τ

b
p ∈ R

6 are the resultant vectors for Aerodynamics,

Gravitational, and Propulsion forces, respectively.

Because the UAV does not have support surfaces, the

aerodynamic torques can be disregarded, as the HTR’s Center

of Gravity (CG) aligns with the aerodynamic center.

III. CONTROLLER TOPOLOGY AND TUNING

This section focuses on the implemented control structure,

including the control loops developed for the HTR within the

specific control gains used. Following this, it is introduced the

control allocation algorithm used, an extension of the FCA

technique.

UAVs are controlled by a flight system consisting of two

main components: external and internal loops. The external

one generates position and altitude references, while the

internal loop (also implemented onboard) processes these

references to velocities [24]. Among the various control strate-

gies commonly utilized, P and PID controllers are widely

recognized for their effectiveness. The PID control is the most

common control approach used due to its value and intuition

in practical implementations.

In this context, this presented work employs a sophisticated

control structure, not only in the control allocation task:

the cascade P-PID topology. This configuration features two

cascade levels: an external level employing a P controller and

an internal level using a PID controller. The output from the

external controller acts as the input for the internal cascade

controller, enhancing the dynamic response to ensure precision

and robustness in control. The overall schematic representation

of the HTR control structure is depicted in Fig. 2:

Position 
Controller

Angular 
Position 

Controller

Fast
Control 

Allocation

Angular 
Velocity 

Controller

Inertial 
Velocity 

Controller

Altitude 
Controller

Fig. 2. Illustration of overall HTR control structure.

The control loops shown in Figs. 3 and 4 represents the

P-PID control of the HTR’s state variables, which are linked

to position, velocity, and orientation. Each state variable is
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controlled by a PID that has the gains Kp, Kd, and Ki,

acting on the difference between the desired and fundamental

error. The block FCA is the control allocation task extended

in this work. The “Kinematics and Dynamics of HTR” block

represents the UAV mathematical modeling.
In this context, the control tuning process was performed

using the aircraft linear model, based on the works [25] and

[23]. Table I presents the P-PID controller gains that were

adopted with a fine-tuning:

TABLE I
CONTROLLER GAINS UTILIZED IN THE SIMULATION.

Variable P

pn knp = 0.960
pe kep = 0.942

h khp = 2.050

φ kφp = 5.600
θ kθp = 6.450

ψ kψp = 5.300

P I D

u kup = 3.050 kui = 0.460 kud = 0.105
v kvp = 3.020 kvi = 0.450 kvd = 0.098
w kwp = 4.100 kwi = 2.050 kwd = 0.110
p kpp = 0.140 kpi = 0.185 kpd = 0.0025
q kqp = 0.145 kqi = 0.195 kqd = 0.0035
r krp = 0.185 kri = 0.190 krd = 0.0032

A. Extended Fast Control Allocation Algorithm
A major challenge in implementing nonlinear control strate-

gies for unmanned systems is the significant computational

cost. This issue becomes even more critical for compact,

lightweight devices requiring real-time processing. The FCA

method addresses this challenge by simplifying the nonlinear

control allocation problem into a computationally efficient lin-

ear process through two distinct steps: separation and mapping

[23].
This technique is built on a faster linear variant than the

traditional approach outlined in [23]. This technique (FCA)

divides the Real Control Action (RCA) into groups, separating

the complex nonlinear problem into simpler linear subprob-

lems. Mapping is then applied to associate each Virtual Con-

trol Action (VCA) with its corresponding linear subproblem.

Initially, the nonlinear system is described by:

τ̂ = M(u), (10)

where M is the UAV’s CEM, and τ̂ and u represent the VCA

and RCA vectors, respectively.
This method creates new linear spaces derived from the

nonlinear one, enabling the problem to be split into two

distinct subproblems [23]:

τ̂a = Ma(ub)u
′
a, (11)

= Xb
p, (12)

τ̂b = Mb(ua)ub, (13)

= (Xb
p, Z

b
p, L

b
p,M

b
p , N

b
p)

T . (14)

where ua ∈ R
q is the a subset of the system’s n actuators,

with q ∈ N
∗, and ub ∈ R

r denotes the remaining actuators,

with r ∈ N
∗. The terms τ̂a ∈ R

ma and τ̂b ∈ R
mb represent the

contributions to RCA, where m ∈ N
∗ is the number of DoFs.

In addition, Ma(ua) ∈ R
ma×q and Mb(ub) ∈ R

mb×r define

the corresponding mapping matrices.

The term Xb
p was chosen for the first VCA subgroup

because it is driven by ua. In other words, the servomotors

(γi) are driven by the VCA Xb
p. The others VCA variables are

assigned to ub (propulsion motors δi), as shown below:

u′
a = [sγ1, sγ2, 1]

T , (15)

ua = [s−γ1, s−γ2]T , (16)

ub = [δ1, δ2, δ3, δ4, δ5, δ6]
T . (17)

Additionally, Ma(ua) ∈ R
1×6 and Mb(ub) ∈ R

5×6 are

denoted by (18) and (19), respectively:

IV. EXPERIMENTAL RESULTS

The experiments were derived from simulations of the ve-

hicle using ROS and Gazebo software, which offers a flexible

virtual environment for testing. The simulations focused on a

real-world PA application.

The location of the simulated flight was selected on an open

field at the Polytechnic Institute of Bragança due to its safe

and controlled environment to validate the use of the HTR in a

PA scenario where accurate navigation over crops is essential.

Fig. 5 provides an aerial view:

Fig. 5. flight path planned in the PA scenario.

The controlled variables of altitude, linear velocity, and atti-

tude angles were analyzed to assess the aircraft’s performance.

Fig. 6(a) presents the five controlled responses.

The results indicate that the aircraft successfully achieved

the intended altitude profile, stabilizing at the target level.

This demonstrates its ability to maintain precise navigation

throughout the designated area.

Regarding the attitude variables, the roll angles remained

closely aligned with the SetPoint (SP). As expected, the pitch

remained near zero, given that the tiltrotors are responsible

for managing this control aspect. Meanwhile, yaw exhibited

more variations due to nose adjustments required for trajectory

tracking, confirming the system’s effectiveness.

Fig. 6(b) illustrates the RCA responses of the HTR along the

flight. The propulsion motors behaved as anticipated, follow-

ing the simulated trajectory. The expected variations occurred

Authorized licensed use limited to: b-on: Instituto Politecnico de Braganca. Downloaded on March 16,2026 at 16:03:24 UTC from IEEE Xplore.  Restrictions apply. 



Fig. 3. HTR’s high level structure. Fig. 4. HTR’s low level control structure.

Xb
p =

(
k1δ1 k1δ2 0

)
⎛
⎝
sγ1
sγ2
1

⎞
⎠, (18)

⎛
⎜⎜⎜⎜⎝

Xb
p

Zb
p

Lb
p

M b
p

N b
p

⎞
⎟⎟⎟⎟⎠

=

⎛
⎜⎜⎜⎜⎝

k1sγ1 k1sγ2 0 0 0 0
k1cγ1 k1cγ2 k1 k1 k1 k1

k1cγ1l − k2sγ1 −k1cγ2l + k2sγ2 k1l
1
2 −k1l

1
2 −k1l

1
2 k1l

1
2

0 0 k1l
√
3
2 −k1l

√
3
2 k1l

√
3
2 −k1l

√
3
2−k1sγ1l − k2cγ1 +k1sγ2l + k2cγ2 −k2 k2 k2 −k2

⎞
⎟⎟⎟⎟⎠

⎛
⎜⎜⎜⎜⎜⎜⎝

δ1
δ2
δ3
δ4
δ5
δ6

⎞
⎟⎟⎟⎟⎟⎟⎠
. (19)

mainly during turns and tiltrotor adjustments. Additionally,

when motors 1 and 2 tilted, a temporary reduction in total

lift was observed, requiring compensation from the remaining

RCA. Consequently, the other motors increased their thrust to

counterbalance the lift loss.

Moreover, during straight-line segments, the tiltrotors main-

tained a positive angle to ensure the HTR sustained a zero-

pitch position for stable forward motion.

V. CONCLUSIONS

This paper was divided into four main stages: Kinematic

and dynamic modeling of the proposed HTR; Implementation

of the HTR in a simulated virtual environment in Gazebo;

Implementation and tuning of the control loops; Experimental

simulations for validations.

Based on the results of this work, a stable and functional

HTR effectively followed the proposed trajectories, proving to

be a promising innovative approach for areas such as PA. With

the growing demand for automated solutions and collaborative

robots for complex tasks, the HTR offers a highly adaptable

platform. The modular architecture of the aircraft allows the

integration of computer vision techniques, enabling detailed

crop monitoring, disease detection, and highly efficient harvest

optimization.

Alternative control allocation techniques and investigating

the aircraft’s performance with a more varied set of subsystems

can be studied for future work.
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