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Abstract: This paper presents the design, implementation, and experimental validation of a low-
cost PID-based attitude control system for a single-tilt-rotor tricopter. The proposed platform
employs a Y-shaped frame configuration with a servo-driven tail-tilt mechanism and is implemented
using a low-cost ATmega328P microcontroller and GY-88A IMU sensor. A PID controller was
used for inner-loop attitude stabilization of roll, pitch, and yaw motions due to its low
computational complexity and suitability for resource-constrained embedded systems. The PID
gains were obtained through manual tuning using a tricopter test-bed rig under disturbance-free
conditions and experimentally evaluated under both static and dynamic wind disturbances. Under
a static wind disturbance of 7.2 m/s, the roll and pitch mean absolute error (MAE) values reached
0.977° and 4.826°, respectively, while dynamic disturbance testing produced MAE values of
0.823° for roll and 2.094° for pitch. Outdoor flight tests resulted in MAE values of 1.133° for roll
and 1.831° for pitch. The experimental results demonstrated that the proposed low-cost tricopter
platform can maintain stable attitude control under the evaluated disturbance conditions and
outdoor flight scenarios. The study highlights the feasibility of implementing reliable tricopter
stabilization using computationally lightweight PID control on inexpensive embedded hardware.

Keywords: low-cost UAV development; PID-based attitude control; single-tilt-rotor UAV;
tricopter

1. Introduction

Unmanned aerial vehicles (UAVs) are aircraft capable of remote piloting or autonomous operation,
and they have become essential tools in both civilian and military applications [1][2][3]. In recent
years, UAVs have played a significant role in the digital transformation of cities and in promoting
sustainable urban development. Their applications include disaster response [4], air quality
monitoring [5], global mapping [6], and chemical, biological, radiological, and nuclear (CBRN) areca
surveillance [7]. UAVs can generally be categorized into two main types: fixed-wing and rotary-
wing aircraft. Among rotary-wing configurations, vertical take-off and landing (VTOL) platforms
have attracted significant interest due to their ability to operate without runways [8][9]. These
aircraft, commonly known as multi-copters, include quadcopters, hexacopters, and tricopters,
which are classified according to the number of rotors [10][11]. A comprehensive overview of
multi-copter systems is presented in [12].

A tricopter employs three primary brushless motors, each driving a propeller. Key design
considerations include stability, mechanical simplicity, lightweight structure, and cost-
effectiveness. Compared to quadcopters, tricopters offer improved maneuverability, reduced
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weight, and simpler structural layout, making them suitable for low-cost UAV applications.
Tricopters offer greater maneuverability and lower cost than quadcopters [13]. They can also
achieve longer flight times due to reduced power demand and aerodynamic simplicity [14]. A T-
shaped tricopter stabilized using the Newton—Euler model and a nonlinear control [15] was
introduced; a hybrid tricopter design combining VTOL and fixed-wing features [16] was proposed
to enhance endurance. Papachristos et al. [17] applied an LQR-based optimal tracking controller to
a longitudinal thrust-vectoring tri-tilt-rotor UAV, demonstrating improvements in trajectory
precision. These studies highlight the growing scientific interest in tricopters and tilt-rotor variants
due to their maneuverability and mechanical efficiency.

To regulate tricopter stability, various control techniques, both linear and nonlinear, have been
investigated. The PID controller remains the most widely adopted approach due to its simplicity,
low computational burden, and reliable performance [18][19][20]. More advanced methods such as
fuzzy logic control [21][22], quaternion feedback control (QFB), and model predictive control
(MPC) [23][24] have also been explored to improve stability and dynamic response. In addition,
industrial balancing and correction algorithms have been adapted for UAV attitude stabilization
[25]. However, many of these approaches are primarily validated through simulations or
implemented using relatively high-performance embedded processors. Consequently, their
practical implementation on low-cost hardware platforms remains relatively limited.

Furthermore, existing tricopter studies often focus only on mechanical design, control algorithms,
or aerodynamic analysis in isolation. Only a limited number of studies integrate controller
implementation and full hardware development into a single experimentally validated low-cost
tricopter platform. In particular, experimental validation under real-world external disturbances,
such as wind effects, is still rarely discussed for single-tilt-rotor tricopter configurations operating
with inexpensive microcontrollers. Therefore, this study addresses the gap by integrating two main
aspects: attitude control and low-cost hardware development of a single-tilt-rotor tricopter. A PID-
based attitude control strategy is implemented to maintain roll, pitch, and yaw stability under
disturbance conditions. In addition, a compact and affordable tricopter platform is developed using
an ATmega328P microcontroller and GY-88A IMU to experimentally validate the proposed
approach under test-bed and outdoor flight conditions.

The main novelty of this work lies in the development of an experimentally validated low-cost
single-tilt-rotor tricopter that integrates embedded PID control and practical hardware
implementation on a resource-constrained microcontroller platform. Unlike many previous studies
that rely heavily on simulations or expensive flight controllers, the proposed system demonstrates
stable attitude control performance under controlled disturbances and in outdoor flight conditions
using inexpensive and widely accessible components. The contributions of this study are
summarized as follows:

1. Design and implementation of a computationally efficient PID-based attitude controller for
embedded real-time stabilization;

2. Development of a low-cost single-tilt-rotor tricopter platform using ATmega328P and GY-
88A IMU hardware;

3. Experimental validation under static and dynamic wind disturbances using a dedicated test-
bed rig;

4. Outdoor flight testing to evaluate practical attitude stabilization performance under real
operating conditions.
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2. Material and methods
2.1 Mechanical design

The mechanical design of the tricopter integrates multiple components into a unified structure,
including the upper and lower bases, and arms that accommodate the electronic elements. The
upper base houses the flight controller, receiver, and telemetry module. A vibration damper is
employed to mitigate disturbances that could affect the IMU sensor and to protect the flight
controller from excessive vibration. This is crucial for maintaining the accuracy of IMU readings
and minimizing the risk of overshooting in the tricopter’s attitude control. The lower base contains
the power distribution board, which distributes power from the battery to the electronic speed
controllers (ESCs), as well as the batteries and landing gear. Each arm incorporates ESCs, motor
mounts, and a servo-driven tail mechanism. The overall mechanical configuration of the tricopter
is shown in Figure 1.

Propeller 1045

Rotor Sunnysky
5 Flight Controller

Servomotor
MG966R

Battery

Figure 1. Tricopter mechanical design

The test rig shown in Figure 2 is designed to analyse the tricopter’s motion during roll, pitch, and
yaw maneuvers. This device enables PID gain tuning and the evaluation of stability improvements
without requiring direct flight tests. It also ensures that the tricopter remains stable when subjected
to disturbances across different orientations. It provides three degrees of freedom (DoF), allowing
manipulation of roll, pitch, and yaw. The test rig consists of two main components: the support
frame and the housing. The support frame is constructed from interconnected pipes for structural
stability, while the housing comprises simple pipes connected on both sides to accommodate the
tricopter. The overall dimensions of the rig are 102 cm in length, 68 cm in width, and 120 cm in

height.

—
PVC Pipes

Made by
Aluminium Alloy

120 cm

Figure 2. Test-bed rig
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2.2 Electronics design

To support reliable operation, the system uses two ATmega328P microcontrollers with clearly
separated responsibilities. The first ATmega328P is dedicated exclusively to real-time attitude
stabilization, executing IMU data acquisition, sensor filtering, handling serial communication, and
PID control at a fixed high update rate. These tasks require consistent timing and minimal CPU
interruptions to maintain flight stability. The second ATmega328P processes GPS data and manages
navigation-related tasks, which are computationally intermittent and can generate timing jitter due
to variable GPS parsing loads. Because each ATmega328P provides only 16 MHz of processing
speed and 2 KB of SRAM, combining both real-time control and GPS handling on a single unit
would lead to resource saturation and potential delays in the control loop. By distributing the
workload across two low-cost microcontrollers, the system ensures stable timing for attitude
control, prevents GPS-induced interruptions, and improves overall reliability without requiring a

more expensive high—performance processor.

The propulsion system consists of three Sunnysky V2216 800 KV rotors and one MG966R
servomotor mounted on the tilt mechanism. Figure 3(a) presents the schematic diagram used for
the tricopter’s electronic system, while Figure 3(b) illustrates the graphical user interface (GUI)
employed with a serial connection to simulate real-time sensor readings.
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Figure 3. (a) Electronic system design, and (b) The GUI for tricopter sensor readings
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Table 1 summarizes the main mechanical and electronic specifications of the proposed single-tilt-
rotor tricopter platform. The system employs a lightweight Y-shaped carbon-fiber frame with a
total mass of 1.3 kg and 225 mm arm length to achieve stable and agile flight performance. The
propulsion system consists of three Sunnysky V2216 800 KV brushless motors equipped with
10X4.5-inch propellers and controlled by 40A ESCs, while yaw control is achieved using an
MG966R servo motor mounted on the rear tilt mechanism. The flight control system utilizes two
ATmega328P microcontrollers for real-time attitude stabilization and navigation, supported by a
GY-88A IMU, GPS module, RadioLink R9D receiver, and 433 MHz telemetry communication.
An 11.1 V, 5000 mAh battery powers the entire system, enabling low-cost, experimentally
validated tricopter operation.

Table 1. Mechanical and electronic specifications of the proposed tricopter
Parameter Specification Parameter Specification

UAV configuration Single—tilt—rotor tricopter  Servo motor MG966R
F

ra@e ) Y-shaped frame ESC 3 X ESC 40A
conflguratlon
Total mass 1.3 kg Battery 11.1 V 5000 mAh
Main platform Width: 120—160 mm Mi troll 2 X ATmega328P

icrocontroller

dimensions Length: 120—180 mm CrOCOnTroTe (8-bit, 16 MHz)
Arm length 225 mm IMU sensor GY-88A
Center of it G tri ter of th

er? ?r ot gravity cometrie center ot the GPS module GPS receiver module
position frame
Frame material Carbon fiber RC receiver RadioLink R9D
Propeller size Propeller 10 x 4.5 inches ~ Telemetry module 433 MHz telemetry

3 X ky V2216 800

Brushless motor SunnysK)\r] GPS module GPS receiver module

2.3  PID attitude control

Figure 4 illustrates the closed-loop attitude control architecture used to stabilize the tricopter
during flight. The desired roll, pitch, and yaw references are compared with the measured attitude
angles from the IMU sensor. The resulting attitude errors are processed by independent PID
controllers for each rotational axis. The controller outputs are then distributed to the propulsion
system through a motor-mixing mechanism that allocates control effort among the three BLDC
motors and the tail-tilt servo actuator. The control signal flow begins with IMU-based attitude
measurement, where the roll (), pitch (0), and yaw () angles are estimated and fed back to the
controller. The PID controller calculates the correction signal based on the error between the
desired and measured attitude. These correction signals are subsequently converted into differential
motor thrust commands to generate the required stabilization torques.

A PID controller was selected because of its low computational complexity, ease of
implementation, and suitability for low-cost embedded systems [26][27][28]. Compared to
advanced control strategies such as model predictive control (MPC), adaptive control, or nonlinear
control approaches, PID control can operate reliably on the ATmega328P microcontroller with
limited computational resources (16 MHz clock frequency and 2 KB SRAM), while still providing
stable real-time attitude regulation. A comprehensive survey by Lozano et al. emphasizes that
embedded aerospace platforms often prioritize computational simplicity and reliability over
algorithmic complexity [29].
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Figure 4. Control system block diagram for tricopter flight stability

For roll stabilization, the tricopter rotates about the longitudinal axis. To generate roll torque,
differential thrust must be produced between the left and right rotors. As shown in Figure 5, when
the tricopter tilts to the right, the controller increases the thrust of one motor while decreasing the
thrust of the opposite motor to create a restoring torque. This differential thrust mechanism
explains why the PID term is added to one motor and subtracted from the other. Assuming motors
M1 and M2 are positioned symmetrically relative to the center of gravity, the generated roll torque
can be approximated as in Equation (1).

where /is the arm length and F,, F,, are the thrusts generated by motors M1 and M2, respectively.
Therefore, the roll control allocation is given by Equation (2).

Throttley, = Throttle — PIDy
Throttley, = Throttle + PIDgy (2)
Throttley; = Throttle

Xp
A

\ f Error (+)
H . -
$ -\

Zp

»

A
\ Error (-) A
4 p

Figure 5. Tricopter attitude roll condition
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As shown in Figure 6(a), forward motion results in a positive pitch error, whereas backward motion
produces a negative pitch error. To stabilize the pitch angle, the PID controller adjusts the thrust
distribution between the front motors (M1 and M2) and the rear motor (M3). Pitch motion is
generated by creating a difference between the combined thrust of the front rotors and the thrust
of the rear rotor. The resulting pitch torque can be approximated as in Equation (3).

Tg X L(Fy3 — (Fy1 + Fuz)) 3)

where I denotes the distance between the rotor and the center of gravity, while Fy;, Fy,, and Fy;
represent the thrust generated by each motor, therefore, the PID controller modifies the motor
throttle values to generate the restoring pitch moment required for stabilization. The pitch control
allocation is expressed in Equation (4).

Throttley,; = Throttle — PIDg
Throttley, = Throttle — PIDgy 4)
Throttleys = Throttle + PIDy

As shown in Figure 6(b), yaw motion is generated by the tilt-servo mechanism mounted on the rear
rotor. Unlike roll and pitch stabilization, which are achieved through differential motor thrust, yaw
control is produced by changing the direction of the rear rotor thrust using the servo actuator.
When the servo tilts the rear rotor, a lateral thrust component is generated, producing a yaw torque
about the vertical axis of the tricopter.

Throttle - PID
M,

Throttle + PID
M

M
Throttle - PID

Throttle - PID
M,

Throttle + PID Error (+)

T)f”” g P 1D

MZ
Throttle - PID

(@)

Clockwise Ervor )
3

Error ()
L

Servo + PID

Counterclockwise

(b)

Figure 6. (a). Tricopter attitude pitch condition, and (b) Tricopter attitude yaw condition
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During clockwise yaw motion, the servo tilts the rear rotor in one direction to generate a restoring
yaw moment, whereas counterclockwise motion requires the opposite tilt direction. The generated
yaw torque can be approximated as in Equation (5).

Ty & [Fy3sin (a) ()

where [ is the distance from the rear rotor to the center of gravity, F,; is the rear rotor thrust, and
a is the servo tilt angle. Therefore, yaw stabilization is primarily achieved through servo angle
adjustment rather than differential motor speed control. The PID controller adjusts the servo
position based on the yaw error, as expressed in Equation (6).

Throttley,; = Throttle
Throttley, = Throttle
Throttleys; = Throttle
Servo = Servo + PIDy,

(6)

3. Results and discussion
3.1 Testing on the test-bed rig

Figure 7 shows the experimental setup used to test the tricopter attitude control. The PID control
gains were obtained through manual tuning using the same test-bed rig under disturbance-free
conditions, and the final gains are listed in Table 2. The controller was then validated
experimentally by introducing disturbances in the form of fan-generated airflow. Two types of
disturbances were applied: static noise and dynamic noise. The fan operated in three modes, and
wind velocity was measured using an anemometer.

Remote
Control

Figure 7. Tricopter test setup on a test-bed rig with wind noise. A video recording of the test
results can be found at https://youtu.be/D2QHPibhbRI?si=6e0miel vDKpjKDK]

Table 2. PID control parameters for tricopter attitude during test-bed rig experiments

Parameters Roll Pitch Yaw
Kp 2.2 1.8 4.4
Ki 0.203 0.203 0
Kd 7 6 14

For the static noise tests, three wind speeds were applied: 5 m/s, 6 m/s, and 7.2 m/s. Figure 8(a)
illustrates the response to a 5 m/s disturbance. The roll and pitch angles experienced sudden
deviations of about 2°, followed by oscillatory behavior before returning to their nominal
orientation within approximately 1 second, after which stability was maintained for 30 seconds.
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At6 m/s (Figure 8(b)), the roll angle oscillated between £2°, while the pitch angle decreased by roughly
4° before gradually increasing until the 1000th sampling point (= 30 s). At 7.2 m/s (Figure 8(c)), the
roll attitude experienced oscillatory deviations up to +3°, while the pitch angle increased rapidly to
about 7°. The mean absolute error (MAE) values for these tests are summarized in Table 3.
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Figure 8. (a), Tricopter attitude response during static noise testing at 5 m/s, (b) Tricopter
attitude response during static noise testing at 6 m/s, and (c) Tricopter attitude

response during static noise testing at 7.2 m/s
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Table 3. MAE of tricopter attitude during static noise testing

Wind speed
Attitud
ttitude S5m/s 6m/s 7.2m/s
Roll 0.345 0.621 0.977
Pitch 0.349 2.972 4.826

The data show that the pitch MAE increases more significantly with wind speed than the roll MAE,
reflecting the asymmetric aerodynamic loading on the Y-frame structure. The yaw response is not
analyzed in detail because the applied lateral wind disturbance predominantly affects the roll and
pitch dynamics, while yaw motion is mainly governed by the tail-servo mechanism. In contrast to
the static noise tests, the dynamic noise test used an oscillating fan with a maximum velocity of 7.2
m/s. Figure 9 shows the response, while Table 4 summarizes the MAE values. Because the fan
oscillated, airflow was spread more widely, creating greater disturbances than in the static tests.

Pitch disturbances reached up to +9° while roll disturbances were also significant.

. Auimde (Degrees)

Noise from the fan starts

20 I I I I I 1 I 1
0 100 200 300 400 500 600 700 800 900 1000

Data Sampling 30ms
Figure 9. Tricopter attitude response during dynamic noise testing at 7.2 m/s

Table 4. MAE of tricopter attitude during dynamic noise testing at 7.2 m/s

Attitude Wind speed 7.2 m/s
Roll 0.823
Pitch 2.094

Across all wind speeds, the pitch MAE is consistently higher than the roll MAE. This behavior arises
from the inherent mechanical asymmetry of the single-tilt-rotor tricopter. Roll control is generated
by differential thrust between the two front rotors, providing high-bandwidth and symmetric
actuation. In contrast, pitch control depends on the rear tilt-servo mechanism, which introduces
mechanical lag, internal servo deadband, and nonlinear coupling between pitch and yaw.
Furthermore, the tricopter exhibits a slightly larger moment of inertia about the pitch axis due to
the rear boom and battery placement, resulting in slower angular acceleration in response to wind
disturbances.

3.2 Outdoor flight testing

Figure 10 shows the outdoor flight test setup, Figure 11 presents the roll and pitch responses, and
Table 5 summarizes the corresponding MAE values. The results indicate that the MAE values
obtained during outdoor flight are consistent with those measured using the test-bed rig. As
observed earlier, the MAE for pitch is higher than that for roll, confirming that maintaining pitch
stability at 0 is more challenging due to the asymmetric rear-tilt mechanism.
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Figure 10. Tricopter outdoor flight testing

Table 5. MAE of tricopter attitude during flight testing

Attitude Flight testing
Roll 1.133
Pitch 1.831

Attitude (Degrees)

1 1 | I | 1 1 1 1
0 100 200 300 400 500 600 700 800 900 1000
Data Sampling 30ms

Figure 11. Attitude roll and pitch response during outdoor tricopter ﬂight test

The outdoor MAE values fall between the static and dynamic-rig test results. This outcome is
expected because the static rig provides idealized conditions with minimal aerodynamic
interference. In contrast, the dynamic rig introduces combined rotational and translational airflow
from the propellers, resulting in higher error. During outdoor flight, wind disturbances are present;
however, the aircraft also benefits from acrodynamic damping and forward motion, which partially
mitigates the disturbances. Consequently, the outdoor MAE values naturally lie between the static
and dynamic rig performance.

3.3 Comparative discussion with existing controllers
Although the present work focuses on implementing a low-cost PID-based attitude controller on
an ATmega328P-based tricopter platform, it is important to contextualize the obtained

performance with respect to existing UAV control approaches reported in the literature. Table 6
summarizes representative control methods applied to tri-rotor and tri-tilt-rotor UAV systems.
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Table 6. Comparison with the previous study

UAV
Controller type Ref. Performance Notes
Type
Nonlinear Errors typically 5 5o Fir.st real-time
controller  (nested ) ) nonlinear control
) [30] Tri-rotor under wind . . .
saturation / . implementation for tri-
) ) perturbations
backstepping-like) rotor
Nonlinear Pitch/roll deviations
) o ] ] Strong robustness but
controller [15] Tri-rotor ~ 3—5° during aggressive i
e . computationally heavy
(stabilization) motion
) o . Requires full-state
. . L. Tracking error < 3 in
Linear Quadratlc (17] Tri-tilt- h e lati measurement; not
over/translation
Regulator (LQR) o rotor v ent suitable for ATmega-
expertents class MCUs
High computational
Model  Predictive . Tri-tilt- Hovering attitude demand; requires
Control (MPC) 311 rotor error < 2° embedded PC or
advanced MCU
Achieved using low-
P d PID (thi 1.133° roll, 1.831° &
ropose (this — Tricopter e, cost ATmega328P +

study) pitch (outdoor MAE)

GY-88A IMU

Note: Performance values for previous methods were taken from the respective referenced studies and may not be

directly comparable due to differences in UAV configuration, operating conditions, disturbance profiles,

hardware platforms, and evaluation metrics.

Previous studies have investigated various advanced control strategies for tricopter stabilization.
Salazar-Cruz et al. [30] implemented a nonlinear controller for a tri-rotor UAV and demonstrated
stable attitude regulation under disturbances. In another study, Salazar-Cruz et al. [15] proposed a
nonlinear stabilization approach for a tri-rotor mini-aircraft and reported robust responses during
aggressive maneuvers. Papachristos et al. [17] applied a Linear Quadratic Regulator (LQR)-based
controller to a tri-tilt-rotor UAV to improve trajectory tracking performance, while Prach and
Kayacan [31] proposed a Model Predictive Control (MPC)-based controller capable of achieving
accurate hover stabilization and trajectory tracking.

As summarized in Table 6, the proposed PID controller achieves stable attitude control
performance with outdoor MAE values of 1.133° for roll and 1.831° for pitch. These results fall
within the performance range reported in previous tricopter and tilt-rotor UAV studies employing
nonlinear, LQR, and MPC-based controllers. However, it should be noted that the reported values
from the literature were obtained under different UAV platforms, hardware architectures,
operating conditions, disturbance scenarios, and evaluation metrics. Therefore, the comparison
presented in Table 6 is intended only as a qualitative contextual discussion, not a direct quantitative
benchmark. Nevertheless, the comparison indicates that acceptable stabilization performance can
still be achieved with a computationally lightweight PID controller implemented on a low-cost
ATmega328P microcontroller. This demonstrates the practicality of the proposed approach for
resource-constrained UAV systems where hardware simplicity, implementation cost, and real-time

embedded execution are important considerations.

While the proposed system demonstrates stable experimental performance, several limitations
should be acknowledged. The use of low-cost hardware introduces sensor noise, servo
nonlinearities, and limited computational capability, which may affect performance during
aggressive maneuvers or strong wind disturbances. The tail-tilt mechanism also introduces coupling
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effects between yaw and pitch motion due to servo response limitations. Future work may
investigate improved sensor fusion techniques, higher-performance embedded platforms, and
adaptive or gain-scheduled control methods to enhance robustness and flight stability further.
Overall, the experimental results demonstrate that the proposed low-cost PID-based tricopter
system maintains stable attitude control under both static and dynamic wind disturbances. Despite
the limited computational capability of the ATmega328P microcontroller, the controller achieved
reliable stabilization performance during test-bed and outdoor flight experiments, confirming the
feasibility of the proposed approach for low-cost UAV applications.

4. Conclusion

This study presented the design, implementation, and experimental validation of a low-cost single-
tilt-rotor tricopter with a Y-shaped frame configuration and a servo-driven tail-tilt mechanism,
controlled using a PID-based attitude controller implemented on an ATmega328P platform. The
controller performance was evaluated experimentally using a test-bed rig under static and dynamic
wind disturbances, as well as through outdoor flight testing. Under static wind disturbances up to
7.2 m/s, the roll and pitch MAE values reached 0.977° and 4.826°, respectively. Dynamic
disturbance testing produced MAE values of 0.823° for roll and 2.094° for pitch, while outdoor
flight tests resulted in MAE values of 1.133° for roll and 1.831° for pitch. The experimental results
demonstrate that the proposed tricopter platform can maintain stable attitude control under both
controlled disturbance conditions and real outdoor environments, despite being implemented on
low-cost embedded hardware. Overall, the results confirm the feasibility of using a computationally
lightweight PID controller to reliably stabilize resource-constrained tricopter systems. Future work
will focus on adaptive PID tuning, improved sensor fusion, and extended flight testing under more
complex real-world mission scenarios.
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