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ABSTRACT Commercial flight control units used in unmanned aerial vehicles are typically delivered as closed, black-box platforms,
which restricts their utility for academic research and rapid prototyping. This study presents the design, fabrication, and multi-stage
evaluation of a modular and extensible flight control board for a four-rotor unmanned aerial vehicle. The board is built around a high-
performance microcontroller with a hardware floating-point unit and a real-time operating system that schedules sensor acquisition, signal
processing, and data transmission as concurrent tasks. A six-degree-of-freedom dynamic model of the vehicle is derived and used to
design a cascade proportional-integral-derivative controller, in which an outer loop regulates attitude and a faster inner loop regulates
angular rate. Raw inertial measurements are conditioned through a hybrid signal-processing chain combining an 81 Hz infinite impulse
response (IIR) Biquad low-pass filter with a recursive state estimator, suppressing vibration-induced noise while limiting phase lag. On
the fabricated hardware, the implemented IIR Biquad filter reduced the root-mean-square noise of the gyroscope signal by 60.2% (from
1.002◦/s to 0.399◦/s) while adding a 2.78 ms phase delay. In 6-DoF numerical simulations, the cascade controller achieved rise times
below 0.77 s for the roll and pitch axes and eliminated steady-state error. Comprehensive disturbance analyses demonstrated that the
controller maintains stable closed-loop behavior, restricting peak attitude deviation to under 1◦ during a 3.0 N·m external wind disturbance
torque. The telemetry subsystem sustained a stable 100 Hz communication link with a 0.18% packet loss rate and an 18 ms latency,
confirming its suitability as a transparent, modular, and reproducible platform for advanced avionics research.
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INTRODUCTION

Unmanned aerial vehicles (UAVs) have become increasingly impor-
tant across both civilian and military domains, performing tasks
such as observation, mapping, agricultural spraying, search-and-
rescue, logistics, and infrastructure inspection (Hua et al. 2013). The
autonomy, reliability, and dynamic performance of these platforms
are directly governed by the flight control computer (FCC) at their
core, which fuses sensor data, estimates the vehicle attitude, and
drives the actuators in real time (Hua et al. 2013). Despite rapid
technological advancements, the avionics ecosystems available
for agile academic research remain constrained (Boll et al. 2021).
Most commercial flight control units are delivered as closed, inte-
grated products. Although convenient for end users, this black-box
structure restricts academic research and rapid prototyping: the
firmware cannot be freely modified, additional sensors or periph-
erals cannot be readily integrated, and the internal control and esti-
mation algorithms cannot be inspected or replaced (Boll et al. 2021).
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Conversely, while popular open-source platforms (e.g., Pixhawk,
PX4, and ArduPilot) offer extensive functionality, their monolithic
codebases and highly complex architectures present a steep learn-
ing curve for researchers. The dense software structures of these
platforms complicate the isolation and modification of specific con-
trol loops, thereby hindering agile research and educational imple-
mentations. For research-oriented work, an open, transparent, and
modular avionics platform whose hardware, firmware, and control
algorithms are fully accessible is highly desirable. The proposed
Flight Control Board (FCB) features a layered software architec-
ture that was intentionally designed to simplify the modification
and isolation of individual control and filtering modules. Table 1
outlines the architectural advantages of the proposed flight control
platform over established commercial and monolithic open-source
alternatives, highlighting its suitability for rapid prototyping.

In this context, the present study introduces the design, fabrica-
tion, hardware-in-the-loop validation, and numerical simulation
of an extensible flight control board for a quadcopter UAV. Un-
like conventional flight control platforms that primarily focus on
either hardware implementation or control algorithm develop-
ment, the proposed framework provides an end-to-end solution
encompassing six-degree-of-freedom (6-DoF) dynamic modeling,
a custom four-layer printed circuit board (PCB), and a layered
FreeRTOS-based firmware architecture, thereby improving modu-

        Computer Science 111

ADBa
Computer Science

 Cutting-Edge Scientific Solutions

e-ISSN: 3023-8544
RESEARCH ARTICLE

Vol.3 / No.2 / 2026 / pp.111-116
https:/ /doi .org/10.69882/adba.cs.2026076

https://orcid.org/0009-0003-1757-5978
https://orcid.org/0009-0002-8487-7813
https://orcid.org/0009-0008-0410-5471
https://orcid.org/0009-0007-2696-0463


n Table 1 Comparison of Flight Control Platforms for Academic
Research

Feature Commercial Closed-
Source (e.g., DJI)

Monolithic Open-
Source (e.g., Pix-
hawk, PX4)

Proposed Platform

Architecture Proprietary, black-box Monolithic, tightly cou-
pled

Modular, layered
(FreeRTOS)

Learning Curve Low (for end-users) Steep (for re-
searchers)

Moderate

Real-Time
Customization

Highly restricted Complex Direct via RTOS tasks

Target
Application

Consumer flight Advanced industry Academic prototyping

larity, scalability, and maintainability. Furthermore, a hybrid signal-
processing framework integrating an infinite-impulse-response
(IIR) Biquad low-pass filter with a recursive Kalman estimator is
implemented and experimentally validated to effectively suppress
vibration-induced sensor noise while minimizing phase delay, re-
sulting in more reliable attitude estimation.

To comprehensively evaluate the proposed system, a multi-
stage validation methodology combining hardware-in-the-loop
(HIL) sensor experiments with 6-DoF numerical simulations is
employed to investigate attitude control performance, responsive-
ness, and disturbance rejection under realistic aerodynamic per-
turbations. These contributions demonstrate the feasibility of the
proposed architecture as a flexible and extensible platform for the
development, validation, and future advancement of UAV flight
control systems.

QUADCOPTER DYNAMICS AND CONTROL BACKGROUND

Rigid-Body Dynamics and Six Degrees of Freedom
A quadcopter is an under-actuated rigid body with six degrees of
freedom: three translational (x, y, z) and three rotational, namely
roll (ϕ), pitch (θ), and yaw (ψ). Motion is produced solely by
varying the speeds of the four rotors. The thrust generated by a
propeller is proportional to the square of its angular speed ω, so
that the thrust of motor i is:

Fi = kω2
i (1)

where k is a thrust coefficient that depends on propeller geometry
and air density. The total upward thrust is the sum of the four
rotor contributions:

T =
4

∑
i=1

Fi = F1 + F2 + F3 + F4 (2)

The vertical acceleration follows from Newton’s second law, bal-
ancing total thrust against weight:

T − mg = ma (3)

As a propeller pushes air, it experiences a reaction drag torque. For
motor i, this torque is:

τi = bω2
i + Imω̇i (4)

where b is the drag coefficient and Im the rotor inertia. The vehicle
is modelled in a plus (’+’) configuration, in which the four rotors lie
directly on the body x and y axes. Roll and pitch are commanded
through differential thrust about the arm length L:

Mϕ = L(F4 − F2) (5)

Mθ = L(F1 − F3) (6)

Equations (5) and (6) are specific to this ’+’ layout. Although
most contemporary multirotors fly in an ’X’ configuration, the ’+’
arrangement is adopted here for the analytical model because it
maps each rotational moment onto a single opposing rotor pair, de-
coupling roll and pitch dynamics and yielding a clearer analytical
formulation (Abro et al. 2021; Marzouk 2025). These relations form
the basis on which the on-board controller computes the motor
commands. The full rotational dynamics are modelled using the
Newton-Euler formulation (Li et al. 2020; Praveen and Pillai 2016).

Cascade PID Control Structure
Attitude is regulated by a PID controller, whose output combines
proportional, integral, and derivative actions on the tracking error
e(t):

u(t) = Kpe(t) + Ki

∫
e(τ)dτ + Kd

de(t)
dt

(7)

For higher performance, the controller is arranged as a cascade
(dual-loop) structure: a slower outer loop compares the com-
manded and measured angles and produces a target angular rate,
while a faster inner loop compares this target with the gyroscope
rate (Mien et al. 2024; Åström and Hägglund 2006).

To ensure real-time responsiveness, the inner rate loop operates
at a frequency of 1000 Hz, while the outer attitude loop operates at
500 Hz (Suhail et al. 2022). This frequency separation ensures that
the inner loop responds rapidly to disturbances before they signifi-
cantly affect the vehicle’s attitude. To prevent integral windup and
ensure actuator safety, hard saturation limits (±50 for roll/pitch,
±30 for yaw) are applied to the motor commands, constraining
the output values.

HARDWARE AND SOFTWARE ARCHITECTURE

Hardware Design
The proposed board is organized around an ARM Cortex-M4F
microcontroller (STM32F407VGT6) running at 168 MHz. Its hard-
ware floating-point unit (FPU) enables the real-time execution of
computation-heavy navigation algorithms such as the Kalman fil-
ter and the PID loops, while 1 MB of Flash and 192 KB of SRAM
provide sufficient memory for complex flight firmware. Inertial
data are read over SPI from an ICM-20602 IMU; barometric alti-
tude is obtained over an I2C bus from an MS5611 sensor; and a
NEO-M8N satellite-navigation module is connected over a dedi-
cated UART. Non-volatile parameters are stored in an AT24CS64
serial EEPROM. The physical architecture of the fabricated board
is illustrated in Figure 1, and its primary hardware components
and interfaces are listed in Table 2.

The PCB follows a four-layer stack-up designed to the IPC-2221
standard, with dedicated ground (Layer 2) and power (Layer 3)
planes for signal integrity and controlled-impedance routing for
high-speed lines. The board accepts a wide 5–24 V supply, which
is regulated to 5 V and then to a clean 3.3 V rail by a low-noise
TLV75533 low-dropout regulator feeding the sensitive analogue
sensors (Suri et al. 2017). The complete 3D surface models and
multi-layer copper routing traces of the custom PCB design are
depicted in Figure 2.

Software Architecture and RTOS
The firmware is structured as a layered architecture executed on
the FreeRTOS real-time operating system, which schedules con-
current tasks and guarantees deterministic timing (Oliveira and
Lima 2020). The layered organization, shown in Figure 3, cleanly
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Figure 1 The physical layout and component integration of the flight
control board

n Table 2 Main Components and Interfaces of the Flight Control
Board

Subsystem Component / Interface

Microcontroller STM32F407VGT6 (Cortex-M4F, 168 MHz, FPU)

Inertial unit (IMU) ICM-20602 (3-axis gyroscope + accelerometer, SPI)

Barometer MS5611 pressure sensor (I2C)

Positioning NEO-M8N GNSS module (UART / I2C)

Receiver RC receiver input (USART)

Memory AT24CS64 serial EEPROM (I2C)

Telemetry SX1278 LoRa wireless serial link

Outputs 4 × ESC + 4 × Servo PWM channels

Expansion User UART/SPI/I2C headers, 8 × GPIO

Power Wide-input (5–24 V) stage and TLV75533 LDO

PCB Four-layer stack-up (IPC-2221, GND/VCC planes)

separates concerns: a hardware abstraction layer (HAL) wraps the
MCU peripherals; a device-driver layer handles the sensors and
communication buses; a middleware layer performs sensor fusion
and IIR filtering; and a flight-control algorithms layer hosts the
cascade PID controller.

The FreeRTOS scheduler assigns strict priorities to ensure flight
stability: the sensor acquisition task executes at 1000 Hz, the con-
trol algorithm updates at 500 Hz, and telemetry transmission oper-
ates at 100 Hz. Peripheral drivers are interrupt-driven to preserve
real-time responsiveness and prevent the CPU from blocking dur-
ing data transfer. Figure 4 illustrates the end-to-end functional
data flow of the system.

SIGNAL PROCESSING AND SENSOR FUSION

IIR Biquad Low-Pass Filter
Raw IMU signals are corrupted by high-frequency, vibration-
induced noise from the motors. To suppress this noise before
fusion, a second-order IIR (Biquad) low-pass filter is applied to the
gyroscope data. Compared to finite-impulse-response (FIR) filters
of equal attenuation, an IIR section achieves similar performance at
a significantly lower order, saving precious memory and process-
ing cycles (Pal 2017). The transfer function of the Biquad section
is implemented in real time through the direct-form difference
equation (Duffy 2016):

y[n] = b0x[n] + b1x[n − 1] + b2x[n − 2] − a1y[n − 1] − a2y[n − 2]
(8)

Figure 2 3D rendering and layer routing of the custom flight control
board: top and bottom 3D component models (top), and bottom and
top layer copper routing traces (bottom)

Figure 3 Layered embedded software architecture executing on the
FreeRTOS kernel

        Computer Science 113




