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Abstract— In marine engineering, stabilizing boat roll motion under wave-induced disturbances is a crucial problem where
traditional approaches frequently have drawbacks in terms of responsiveness, energy efficiency, and adaptability. In this study,
a PID-controlled gyroscopic stabilization system for boat roll balancing is designed, simulated, and experimentally validated.
To capture the coupled dynamics of servo motor behavior, gyroscopic torque generation, and boat roll motion, a thorough
dynamic model was created. Four gain configurations—Low, Moderate, High, and Very High—were evaluated using the
model-guided PID parameter tuning that was implemented in Python. The mechanical system incorporates a gyroscopic
flywheel driven by BLDC and mounted on a servo-controlled cradle. An ESP32 microcontroller processes real-time roll angle
feedback from an MPU6050 sensor. According to simulation results, the ideal balance between rise time (~300 ms), overshoot
(~2°), and settling time (~1 s) was reached with moderate PID gains. While High and Very High gains displayed instability
because of unmodeled vibrations and sensor noise, a scaled physical prototype that was built and tested under controlled
disturbances demonstrated strong alignment with simulation trends for Low and Moderate gains. The results show that
moderate gains, which offer both quick stabilization and reliable performance, offer the most useful configuration for real-
world applications. This work contributes a validated methodology for optimizing PID-controlled systems in dynamic
environments by bridging the gap between theoretical modeling and practical implementation of marine gyroscopic
stabilization.
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1. INTRODUCTION

The ability to stabilize dynamic systems under external disturbances is a critical challenge in engineering,
particularly in marine environments where wave-induced oscillations can compromise safety and functionality [1],
[2]. Roll motion, a key destabilizing factor in boats, poses significant risks to stability, performance, and passenger
safety [3], [4]. Conventional stabilization methods, such as ballast systems or active fins, have limitations,
including response delays, high energy consumption, and inefficiency in varying environmental conditions [5],
[6]. To address these issues, this research proposes a gyroscopic stabilization system, employing a PID-controlled
gyroscopic flywheel integrated into a boat prototype [7], [8].

Gyroscopic stabilization relies on the principle of angular momentum, where a rotating flywheel generates
torque to counteract roll disturbances [9], [10]. Previous studies have explored gyroscopic stabilization in various
domains, including vehicle dynamics, drones, and marine systems. For instance, [11], [12], [13] developed
gyroscopic stabilization systems for satellites, rotor systems, and bridge supports, demonstrating effective roll
correction under turbulent conditions. In [14], a prototype boat roll stabilizer was developed using a gyroscope
sensor and a control loop to address roll motion with two motors as stabilizers, but it did not implement gyroscopic
stabilization. Similarly, [9] proposed a real-time roll motion control system using gyrostabilizers and a model
predictive control (MPC) algorithm, but it remains in the simulation stage and is expected to consume significant
memory. Likewise, [15] demonstrates the application of an Heo optimal control method for mitigating roll motion
in a combatant warship, which is also still in the simulation stage and would require substantial memory resources.
Despite these advancements, a robust solution that balances response time, energy efficiency, and stability across
varying gain configurations remains an open challenge.

The objective of this research is to develop and validate a gyroscopic stabilization system specifically
designed for roll balancing in boats. The study aims to address the primary limitations of existing methods,
including excessive oscillations, poor alignment between theoretical models and real-world performance, and
inefficiencies in tuning control parameters [16]. By integrating dynamic modeling, simulation, and physical
prototyping, the proposed system aims to provide an effective solution for stabilizing roll motion in boats exposed
to external disturbances [17].
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The novelty of this research lies in the development of a dynamic model that captures the coupled dynamics
of boat roll motion, gyroscopic torque generation, and servo dynamics. This research incorporates detailed
mathematical formulations to simulate real-world conditions. The dynamic model serves as the foundation for PID
tuning [18], [19], guiding the design of a physical prototype that demonstrates the practicality of the system.
Furthermore, the study explores the impact of various PID gain configurations—Low, Moderate, High, and Very
High—on the system's performance, providing valuable insights into the trade-offs between response time,
overshoot, and stability.

To achieve the research objectives, a systematic methodology was employed. The initial phase involved
mechanical design, focusing on the gyroscopic flywheel, servo cradle, and weight balancer bracket to ensure
structural stability. The electronics design integrated components such as the MPU6050 IMU sensor [20], BLDC
motor with an ESC [21], and ESP32 microcontroller [22] to facilitate real-time feedback and control. Software
design incorporated a PID control algorithm to dynamically adjust the servo motor's position based on roll angle
feedback [23]. A dynamic model was implemented in Python using the solve_ivp library, simulating system
behavior under varying gain configurations [24]. Following the simulation, a physical prototype was developed
and tested under controlled conditions to validate the dynamic model [25].

Preliminary results from the simulation indicate that moderate PID gains achieve the best balance between
response speed and stability, with rise times of approximately 300 ms, minimal overshoot (~2 degrees), and rapid
stabilization within 1 second. Experimental validation of the physical prototype showed good alignment with
simulation trends for Low and Moderate gains but revealed significant noise and prolonged settling times for High
and Very High gains due to unmodeled real-world factors such as vibrations from the BLDC motor and flywheel.
In summary, this research contributes to the advancement of gyroscopic stabilization technologies by bridging the
gap between theoretical modeling and practical implementation. The integration of a detailed dynamic model,
robust simulation framework, and physical validation provides a comprehensive approach to solving the challenges
of roll balancing in boats.
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2. RESEARCH METHODOLOGY

2.1 Research Overview

The research methodology stages in this study are presented as shown in Figure 1. The process begins with
the mechanical design, electronics design, and software design phases, where the system's structure, components,
and control algorithms are developed. The methodology incorporates two key approaches: simulation and physical
prototyping. These components are then assembled into a functional system, followed by comprehensive
validation to evaluate the effectiveness of both the simulation and the prototype in maintaining stability.

Mechanical Design > Electronics Design
Software Design
1
v v
Simulation: Physical Prototype:
1. Boat Dynamics 1. BLDC+ESC PWM
2. PID Controller Control
3. Servo Dynamics 2. MPU6050 Feedback
4. Gyroscopic 3. Servo PID
Torque Controller
1 |
v
Assembly

Validation

Figure 1. PID-Controlled Gyroscopic Stabilization for Boat Roll Balancing Research Methodology

2.2 Mechanical Design

The mechanical design presented in Figure 2 showcases a 3D CAD model of a gyroscopic stabilization
system integrated into a boat prototype. This design highlights the key components and their interactions, which
work together to maintain balance and stability under external disturbances such as waves. At the heart of the
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system is the gyroscopic flywheel, driven by a brushless DC (BLDC) motor. The flywheel generates gyroscopic
torque during rotation, which is essential for counteracting roll motions induced by external forces.

Mounted on a cradle structure supported by a weight balancer bracket, the flywheel operates with precise
alignment and structural stability. The servo motor plays a critical role by dynamically controlling the angular
orientation of the cradle. By adjusting its angular velocity, the servo motor directs the gyroscopic torque to stabilize
the boat effectively. The support frame, illustrated in red and blue, provides the necessary rigidity and stability to
the system, serving as the anchor for vital components such as the motor and cradle. The boat hull, serving as the
base structure, interacts with external forces, inducing roll oscillations that the stabilization system is specifically
designed to mitigate.

The blue circular arrows in the figure represent the rolling motion caused by external disturbances, while
the green arrow illustrates the corrective force applied by the gyroscopic system to counteract these motions and
restore the boat to a level position. The black curved arrows depict the rotational motion of the flywheel,
demonstrating how its angular velocity and moment of inertia generate stabilizing torque.
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2.3 Electronics Design

This stage focuses on designing the electronic components necessary for the system, such as the BLDC
motor with its electronic speed controller (ESC), the servo motor, and the MPU6050 sensor for roll angle feedback.
Figure 3 represents the electronics design phase of the gyroscopic stabilization system, highlighting the integration
of various components and their connections. The system is powered by two 12V batteries, with one supplying
energy to the ESC (Electronic Speed Controller) and BLDC (Brushless DC motor), while the other supports the
ESP32 microcontroller and servo motor. A step-down module converts 12V to 5V, ensuring safe and efficient
power delivery to the low-voltage components, including the ESP32. The MPU6050 IMU sensor provides real-
time feedback on the boat's roll angle, which is processed by the ESP32. The ESP32 serves as the central controller,
generating control signals based on the IMU feedback to dynamically adjust the servo motor's position and regulate
the BLDC motor through the ESC. The servo motor is responsible for directing the gyroscopic stabilization torque
by adjusting the cradle orientation of the flywheel system. Together, these components form a cohesive electronics
design, enabling precise control and effective stabilization during external disturbances.

2.4 Software Design

To achieve a robust gyroscopic stabilization system for a boat prototype, an integrated approach combining
sensor feedback, control algorithms, and dynamic modeling is essential. The core of this system lies in precise
feedback from the IMU sensor, which continuously measures the roll angle of the boat. This data, combined with
the desired target angle, enables the PID controller to calculate corrective actions based on proportional, integral,
and derivative gains. These corrections are applied through the servo motor to dynamically adjust the gyroscopic
flywheel's orientation, generating the necessary torque to counteract external disturbances. The underlying
dynamics of the boat, including roll motion, gyroscopic torque, and servo behavior, are captured mathematically
to ensure accurate simulation and control. The following sections provide a detailed explanation of the dynamic
model and control system used as the foundation for this research.

The IMU feedback process involves measuring the roll angle of the boat, denoted as 6, which is provided
in degrees or radians by the inertial measurement unit (IMU). The desired or target roll angle, referred to as 6,.,
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is typically set to 0° to ensure the boat remains level. The error, eee, is calculated as the difference between the
target roll angle and the measured roll angle, expressed as Equation 1 [26]. This error serves as the input for the
PID controller to determine the necessary corrective action.

The PID controller calculates the command angle, ¢4, Which dictates the position of the servo motor
cradle to generate the required gyroscopic torque for stabilization (Equation 2). The controller operates based on
three key gains: proportional (K),), integral (K;), and derivative (K;) (Figure 4). The proportional gain, K,
determines the controller’s response based on the magnitude of the error e, providing immediate correction. The
integral gain, K;, addresses accumulated error over time by integrating [ edt, helping to eliminate any steady state
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offset. The derivative gain, K,;, considers the rate of change of the error, %, predicting future behavior and adding
damping to reduce overshoot [27].

The boat dynamics describe the roll motion caused by wave-induced disturbances and the corrective torque
applied by the gyroscopic system (Equation 3). These dynamics are influenced by several factors, including I, the
moment of inertia of the boat about the roll axis (X-axis), c, the damping coefficient representing resistance from
water, and k, the stiffness coefficient corresponding to the restoring force from buoyancy. The corrective torque
generated by the gyroscopic system is denoted as t, while the roll angle of the boat is represented by 6 (in degrees
or radians). Additionally, & and & denote the angular velocity and angular acceleration of the roll, respectively,
capturing the boat's dynamic response to external disturbances and the stabilization efforts of the gyroscopic
system [28].

The gyroscopic torque generated by the rotating flywheel is mathematically expressed as Equation 4, where
J¢ represents the moment of inertia of the flywheel, w; is the angular velocity of the flywheel in radians per second,
and ¢ denotes the angular velocity of the flywheel cradle, which is controlled by the servo motor. The flywheel
provides both J¢ and w, while the servo-controlled cradle adjusts ¢ to direct the torque effectively [13].

The servo motor dynamics, which govern the motion of the cradle and its ability to adjust the flywheel
orientation, are described by the Equation 5. Here, ¢ is the cradle angle controlled by the servo motor, ¢4 is the
command angle provided by the PID controller, ¢ is the damping ratio of the servo system, and w,, is the natural
frequency of the servo system. Additionally, ¢» and ¢ represent the angular velocity and angular acceleration of
the cradle, respectively. The servo-controlled cradle implements these dynamics to adjust ¢, while the PID
controller supplies ¢..,q4 as the input, ensuring precise control of the stabilization process [29].

e =0 —0 @
Gema = Kpe + K, j edt + Kd% @)
10+cO+kf=1 €)

T = Jrwpd 4

¢ + {wnd + 0% (P~ Pema) = 0 ®)

After the dynamic model and control system calculations for the simulation were completed, the next step
was formulating the pseudocode to be implemented into the physical prototype. The hardware implementation
involves controlling the BLDC motor and servo via PWM signals, utilizing feedback from the MPUG6050 sensor
for roll angle measurements, and tuning the PID controller to achieve the desired stabilization.

2.5 Assembly
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The assembly phase integrates the mechanical, electronic, and software components into a unified system
designed for gyroscopic stabilization, as shown in Figure 5. Key components include the weight balancer bracket
for maintaining structural balance, the gyroscopic flywheel driven by a BLDC motor to generate stabilization
torque, and a servo motor that dynamically adjusts the cradle orientation to counteract disturbances. The MPU6050
sensor provides real-time roll angle feedback to the PID controller, while the ESC and power distribution modules
regulate energy for the BLDC motor, servo motor, and ESP32 microcontroller, which orchestrates the system's
operations. Dual 12V batteries supply power to ensure uninterrupted performance. After precise alignment and
calibration, the assembled prototype was tested under simulated conditions to validate its functionality and
effectiveness in stabilizing roll motion.

2.5 Validation

The final step involves validating the system's performance by comparing simulation results with the
physical prototype's behavior under real-world conditions (Table 1). The validation process assesses the
gyroscopic stabilization system's performance under four PID gain configurations (Low, Moderate, High, and
Very High) in both simulation and physical prototype environments. Each configuration tests the system's response
to external disturbances, focusing on rise time, overshoot, and settling time. Low gains prioritize stability with
slower corrections, moderate gains balance stability and response speed, high gains emphasize rapid corrections
with increased overshoot, and very high gains test system limits with aggressive but unstable responses. This
comprehensive approach ensures the alignment of simulation results with real-world behavior, enabling refinement
of both the control algorithm and physical design for optimal stabilization performance.

Table 1. Experimental PID Gain Configurations and Parameter Values

Gain Config K, K; K,
Low 0.2 0.01 0.001
Moderate 0.6 0.03 0.001
High 1 0.1 0.05
Very High 10 1 0.5

3. RESULTS AND DISSCUSSION
3.1 Dynamic Model Implementation and Simulation Results

The dynamic model was implemented in Python using the solve ivp library to simulate the system’s
response under several paramaters configurations (Table 2). The simulation accurately replicates the coupled
dynamics of the boat, flywheel, and servo system. Key performance metrics, including rise time, overshoot, and
settling time, were evaluated. Simulation results informed the design and tuning of the physical prototype and
validate the prototype under real-world conditions.
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Table 2. Parameter Values for Gyroscopic Stabilization System Equations
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Parameter Value Unit
Orer 0 degrees
0 * degrees/radians
Dema * degrees/radians
e e= 0—6 degrees/radians
I 0.025 kg-m?
c 0.5 -
k 10.0 N-m/rad
T * N-m
Je 2.94x10°  kg-m?
wr 117.27 rad/s
¢ * rad/s
0 * degrees/radians
g 0.7 -
Wy, 10.0 rad/s

*Dynamic (from system)

The simulation results show how changing the PID tuning parameters affects system performance in terms
of rise time, overshoot, and settling time. Each configuration has its own set of trade-offs between response speed,
stability, and convergence. Low PID gains cause a slow rise time and little overshoot because corrections are made
carefully. However, they also take a long time to settle, so they are best for situations where stability is more
important than speed. Moderate PID gains give a well-balanced response that greatly speeds up rise time while
keeping overshoot under control and settling time shorter. This makes them perfect for real-world uses where both
speed and accuracy are important. Higher gains make rise time even shorter by making more aggressive
corrections, but they also make overshoot and oscillations worse. These changes may make settling time shorter,
but they could also make things less stable in dynamic environments. Very high gains make rise times very fast,
but they also cause too much overshoot and undershoot, which can lead to long or unpredictable settling times
and, in some cases, complete destabilisation. This shows how dangerous it can be to tune too aggressively. The
comparative study shows how important balanced tuning is. Moderate gains provide the best balance between rise
time, overshoot, and settling time, allowing the system to behave quickly but steadily. In the future, improvements
could include adaptive PID tuning methods that automatically adjust to changing conditions to make the system
work better.

Table 3. PID Simulation Configuration Performance Comparison Results

Rise Time Overshoot Settling

Gain Type Descriptions

(ms) (degrees) Time (ms)
Low Gains 400 -0 1800 Gradual response with no overshoot, prioritizing stability
over speed.
Moderate Balanced response with minimal overshoot and faster
. 300 ~2 1000 e .
Gains stabilization compared to Low Gains.
High Gains 200 - 800 Fastgr_response but |_ntrodu_c_es noticeable overshoot,
requiring trade-offs in stability.
Very High Rapid response but exhibits significant overshoot and
- 100 ~7 1500 — L o
Gains oscillations, compromising overall stability.

3.2 Physical Prototype Implementation and Experimental Results

A scaled prototype was made based on the best simulation setup, and outside forces were added to make
the system roll back and forth. This let us test how well it worked with different gain settings. Table 4 shows a
comparison of these scenarios that gives us information about how the stabilisation system works in the real world
and how it changes over time. When the gains are very high, the servo angle swings too much between positive
and negative extremes, and the roll angle shows uncontrolled high-frequency oscillations. This means that the
system isn't stabilising properly because of aggressive corrective actions and too much overshoot. This instability
not only makes things less efficient, but it also raises safety concerns, which shows how dangerous it is to use very

Copyright © 2025 Padma Nyoman Crisnapati, Page 554
This Journal is licensed under a Creative Commons Attribution 4.0 International License


https://creativecommons.org/licenses/by/4.0/

Jurnal Sigtowm Komputer dan Informatiga (JSON) Hal: 549-558
ON volume 7, Nomor 2, Desember 2025

e-ISSN 2685-998X

DOI 10.30865/json.v7i2.9001

high gains. High gains, on the other hand, make the servo work better and stabilise the roll better than very high
gains, but oscillations are still there. High gains make things happen faster than low gains, but the overshoot and
longer settling time that come with them make them less useful in real life. This shows how important it is to
carefully tune the system to find the right balance between speed and stability.

Boat Balancing Simulation (Low Gains) Boat Balancing Simulation (Moderate Gains)
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Figure 6. Dynamic Model Simulation Results with Different Gain Types: (a) Low (b) Moderate (c) High (d)
Very High.

Conversely, low gains prioritize stability over speed, resulting in a roll angle that stabilizes slowly along a
smoother trajectory without aggressive oscillations. The servo angle remains steady, with minimal oscillations,
indicating controlled and gradual corrections. While low gains achieve a highly stable system, the slower response
times make this configuration more appropriate for calm water conditions or applications where energy
conservation is critical.

Finally, moderate gains offer the best balance between response time and stability. The roll angle exhibits
a quick response with minimal oscillations, stabilizing effectively after some initial fluctuations. The servo angle
dynamically adjusts within reasonable bounds, avoiding excessive oscillations and maintaining system control.
Moderate gains emerge as the most practical configuration for real-world applications, where both quick
stabilization and system reliability are paramount.
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Table 4. PID Configuration Performance Comparison Results

Gain Rise Time Overshoot Settling Descriptions

Type (ms) (degrees) Time (ms)
L0\_N ~200 Minimal ~600 Gra(_jL_JaI response with minimal oscillations, prioritizing
Gains stability over speed.
Moderate Balanced response with minimal overshoot and faster
- ~150 ~3 ~500 i
Gains stabilization.
High Faster stabilization with noticeable overshoot and
? ~100 ~5 ~400 A g o
Gains oscillations, sacrificing some stability.
Very High Excessive overshoot and oscillations, failing to stabilize
Gains 50 >15 Unstable effectively, highlighting system instability.

3.3 Discussion

Comparing the results of the dynamic model simulation to the results of the physical prototype experiment
gives useful information about how the system works. The simulation does a good job of showing how the boat
stabilisation system would work in theory with different gain settings (Low, Moderate, High, Very High). The
experimental results, on the other hand, show that real-world factors like vibration and mechanical flaws make
things more complicated. One of the best things about this is that the behaviour trends are consistent. Both the
simulation and the prototype show that low gains lead to slower but stable responses, while high gains lead to
faster responses with more oscillations. There is a strong agreement between the simulation and the experiment in
the Moderate gain configuration, which shows that the model can reliably predict the best performance. The
simulation also accurately predicts trends in rise time and overshoot, which makes it a good tool for initial PID
tuning. The physical prototype, on the other hand, has a lot of noise and oscillations at High and Very High gains
because the BLDC motor and flywheel vibrate. This isn't shown in the model, which makes settling times longer
and damping lower. So, even though the dynamic model is a strong theoretical framework for Low and Moderate
gains, it becomes less accurate at higher gains because of real-world factors that aren't modelled, like vibration,
actuator delays, and sensor noise. Adding these factors to the model, along with more experimental validation and
the possible use of adaptive or machine learning-based methods for PID tuning, can make it more robust and make
the results of the simulation match the real-world performance better.

4. CONCLUSION

A PID-controlled gyroscopic stabilization system for reducing roll motion in boats exposed to outside
disturbances was effectively developed and validated in this study. The study showed that it is possible to bridge
the gap between theoretical modeling and practical implementation by combining physical prototyping with a
comprehensive dynamic model. A strong framework for PID tuning and performance prediction was offered by
the simulation phase, which was based on the coupled dynamics of roll motion, gyroscopic torque, and servo
behavior. Consistent patterns emerged from a comparison of simulation and experimental data, especially in the
Moderate gain configuration, which struck the best balance between stability, overshoot, and rise time. Moderate
gains provided the best performance for real-world applications, while low gains guaranteed high stability with a
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slower response and high or very high gains caused instability because of overshoot and vibrations. The study
emphasizes the significance of balanced PID tuning and the necessity of taking into consideration practical
elements like sensor noise, actuator delays, and mechanical vibrations. To further improve stabilization
effectiveness and resilience in a range of environmental circumstances, future research may investigate adaptive
or machine learning-based control strategies.
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