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Abstract. The Proportional-Integral-Derivative (PID)-based ship rudder control system is an
effective method for maintaining a vessel’s heading automatically. This study aims to design and
evaluate a ship rudder control prototype in accordance with SOLAS safety standards. The
research method employed is Research and Development (R&D), which includes needs analysis,
system design, prototype development, and model testing. The cargo ship prototype is equipped
with an HMCS5883L compass sensor, an Arduino microcontroller, and a servo motor as the
rudder actuator. Data processing and PID algorithm implementation are carried out using Visual
Basic software. The PID parameters used are Kp = 0.001, Ki = 0.001, and Kd = 0.2, obtained
through a tuning process. Testing was conducted in a controlled pool under calm water
conditions. The results show that the system achieves a steady-state condition in an average time
of 21 seconds with minimal overshoot and small deviation from the setpoint, while complying
with the SOLAS requirement of a maximum rudder angle of 35°.
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1. Introduction

Ships are indeed a vital mode of transportation, and they are now increasingly equipped with automated
control systems that incorporate technologies such as navigation systems, sensors, and artificial
intelligence to enhance efficiency, safety, and autonomy. These systems monitor and regulate
parameters such as temperature, pressure, and fluid flow, while also providing precise navigation
capabilities to avoid obstacles and determine positioning. Automation contributes to reducing
operational costs, minimizing fuel consumption, and optimizing sailing routes [1]. One of the most
established and effective approaches for regulating a system’s response to input variations is the
Proportional-Integral-Derivative (PID) control system. PID control is widely used in automatic control
applications due to its robustness and simple implementation. The PID algorithm maintains the system
at a specified setpoint by adjusting the output variable based on the error value, defined as the difference
between the setpoint and the measured input [2].

This research involves testing a ship's rudder control system using a cargo-ship prototype [3].
According to SOLAS Regulation 29, Section 3.2 concerning steering gear requirements, the steering
system must be capable of “putting the rudder over from 35° on one side to 35° on the other side with
the ship at its deepest seagoing draught and running ahead at maximum ahead service speed and, under
the same conditions, from 35° on either side to 30° on the other side in not more than 28 seconds [4].
This study expands upon previous work conducted by the research team in 2022, which compared the
performance of potentiometer and rotary encoder sensors for rudder position measurement in a ship
steering simulation [5]. Further research in 2024 examined the mechanical capability of the MG995
servo motor to actuate the rudder under varying load conditions, confirming that the servo motor can
handle a rudder load of up to 9 kg, making it suitable for use in this study [6]. The ship steering control
system using the PID method has been investigated in previous studies, including mathematical
simulations of PID parameter calculations for ship autopilot control employing two PID controllers [7].
MATLAB/Simulink simulations were conducted to compare and verify the disturbance rejection and
harmonic suppression capabilities of the improved control strategy to address the control performance
and harmonic suppression issues in maritime vessel rudder permanent magnet servo systems, a
fractional-order PID controller was introduced into the existing improved repetitive control strategy [8].
The application of PID control to servo motors for heading control on Autonomous Surface Vehicles
(ASVs) for surveillance purposes [9], and the implementation of microcontrollers for zig-zag rudder
actuation during fast-boat testing [10]. The implementation of a PID controller in ship simulation
employs the Maneuvering Modeling Group (MMG) method based on hydrodynamic derivatives, as well
as autonomous navigation simulation using Computational Fluid Dynamics (CFD), to simulate ship
navigation under wave conditions [11]. Despite the extensive research on PID-based ship control
systems, there is still a need to incorporate SOLAS steering safety regulations to ensure compliance with
international maritime safety standards.

2. Methods

In this research methodology section, the content includes needs analysis, product design, system and
model development, and product testing. The research method applied research and development
(R&D), which consisted of designing the product, developing the ship prototype and PID control system,
and conducting prototype testing to obtain research data. The first stage was the needs analysis, where
the cargo ship model was required to have an autopilot steering system that allowed the vessel to follow
a predetermined route. Therefore, research was needed to evaluate the PID control performance using a
cargo ship prototype while referring to the SOLAS regulations. To establish a strong theoretical
foundation for the PID-based ship steering control system, a literature review and analysis of previous
related studies were conducted. The second stage was product design. This stage involved analyzing and
designing the maneuvering control model using the PID method. It also served as the initial step in
determining the product design of the cargo ship steering control system using PID control.
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The third stage involves system and model design, in which the development of the ship maneuvering
model using the PID method consists of the Visual Basic and Arduino IDE software. The Visual Basic
software is utilized for the PID controller, while the Arduino IDE software is employed to program the
Arduino. The microcontroller used in this study to operate the servo for rudder actuation is an Arduino,
which can be easily programmed, erased, and reprogrammed, making it highly suitable for control
system development [12]. A servo motor is an electromechanical device commonly used in intelligent
industrial systems to push or rotate objects with high precision in terms of angular position, acceleration,
and speed capabilities that conventional motors do not possess. The servo motor used in this research is
a DC servo motor connected directly to the ship’s rudder [13]. The HMCS5883L compass sensor and the
Proportional-Integral-Derivative (PID) control method are utilized simultaneously to automatically
guide the vessel along a predefined route by using directional data for continuous course correction [14].
The software used to develop the control interface is Visual Basic. Visual Basic provides a graphical
interface that displays vessel movement, rudder position, and servo operation in real time [15]. The PID
algorithm is employed in this automatic steering system to maintain a stable heading based on compass
readings [16]. As a result, the ship’s rudder adjusts automatically toward the desired heading through
PID control executed via the Visual Basic interface [17].
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Figure 1. Ship Prototype

The prototype used in this study was a cargo ship model, representing a vessel designed to transport
goods and cargo from one port to another. The prototype was equipped with an autopilot system that
enables vessel operation with minimal human intervention. Several key components were integrated
into the prototype, including an Arduino microcontroller, a digital compass sensor, a 12-volt battery, a
12-volt DC motor for propeller actuation, and an MG995 servo motor to drive the rudder. The DC motor
used for propulsion operates at a rated speed of 12,000 rpm. The prototype has a length of approximately
250 c¢cm and a height of 60 cm, built at a 1:160 scale relative to the actual vessel size. The model is
designed to float and operate similarly to a real ship. The prototype operates at a moderate speed,
reflecting the characteristics of a cargo vessel, which typically travels at slow speeds due to cargo load,
with a maximum velocity of approximately 4 knots. The dimensions were adjusted to maintain
proportionality with a real cargo vessel while enabling experimental evaluation in a test basin. The use
of this ship prototype was essential for evaluating the autonomous steering system, allowing observation
of how the PID-based autopilot adjusts rudder movement according to compass readings. The prototype
enables real-world testing of the automatic steering mechanism using a scaled cargo ship model. The
final stage is the model testing phase, in which hhe data collection technique used in this research
involves recording and observing the test results of the ship maneuvering model using the PID method.
The testing was conducted in a towing tank, where data were collected from the prototype ship operating
under PID control along a predetermined path in calm water and wind conditions.
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3. Results and Discussion

The Proportional-Integral-Derivative (PID) controller implemented in this study processes data using
Visual Basic software. The controller continuously calculates an error value, which is defined as the
difference between the desired setpoint and the actual heading obtained from the compass sensor [18].
For the hardware configuration, the monitoring and control system consists of a computer that executes
the PID algorithm through Visual Basic, an Arduino microcontroller that functions as the interface
between the computer and the servo motor, and a servo motor that actuates the rudder automatically
based on control signals received from the computer according to compass sensor readings [19]. The
expected output of this system is a PID-based control model applied to the cargo ship prototype,
operating in compliance with SOLAS steering regulations. The conceptual model of the system can be
illustrated as follows:
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Figure 2. System Design and Model

The computer-based control system is developed using Visual Basic software, where the PID control
logic is designed based on heading data obtained from the HMC5883L compass sensor. The sensor data
is transmitted through an Arduino microcontroller to the computer via a USB connection. During testing,
data communication occurs bidirectionally: Visual Basic sends control signals to the Arduino to drive
the servo motor, and the Arduino sends real-time compass sensor data back to the Visual Basic interface.
The compass sensor produces an output value ranging from 0° to 360°, representing the vessel’s heading.
Prior to implementation, calibration is performed by comparing the digital compass reading with a
manual compass to ensure directional accuracy. Within the Visual Basic interface, parameter fields are
provided for displaying the compass heading, setpoint, PID constants (Kp, Ki, Kd), as well as calculated
values for error, error accumulation (integral), and error change rate (derivative) [20]. These parameters
are processed using the PID control formula to generate a final control output, which determines the
rudder angle. To comply with steering gear safety requirements, the rudder correction angle is
constrained to a maximum of 35°.
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Figure 3. Hardware Design
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The equipment testing was carried out by navigating the ship along a predetermined trajectory in a
testing pool [21]. This experiment aimed to ensure that the controller developed in the computer software
was capable of controlling the ship’s motion according to the predetermined set point using the PID
method, at a maximum ship speed of 4 knots and under the maximum depth condition. The term deepest
draught refers to the maximum depth of the ship, measured from the keel (the bottom of the ship) to the
water surface.
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Figure 4. Software Design

This parameter indicates how deeply the ship is submerged, which increases as the vessel carries
more cargo. The cargo ship prototype was tested in a towing tank using PID control parameters of Kp
= 0.001, Ki = 0.001, and Kd = 0.2, with reference to SOLAS Regulation 29, Section 3.2 regarding
steering gear performance, under maximum speed and maximum loading conditions. These PID values
were determined through iterative tuning, ensuring that when the maximum error of 360° occurs
(derived from the difference between the setpoint and the compass sensor reading), the resulting PID
output approaches 35°, which corresponds to the maximum allowable rudder angle based on SOLAS
requirements. Compared to previous studies, this research incorporates safety regulations into the PID
steering control test. Earlier works applied PID for ship steering simulation and introduced algorithms
to limit the rudder angle [22]. PID-based actuator control on an unmanned vessel prototype was also
tested under dynamic environmental conditions [23]. Mathematical simulation using Particle Swarm
Optimization (PSO) was applied to design an optimal PID controller while considering system
constraints such as rudder angle saturation [24]. Furthermore, intelligent rudder optimization using a
genetic algorithm has been implemented on a PID controller, with simulation results presented for
multiple ship speeds [25].
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Compass sensor testing was performed to compare the directional readings between a manual
magnetic compass and the HMC5883L digital compass sensor. The test was conducted using the serial
monitor feature in the Arduino IDE software by comparing the readings from the manual compass with
the numerical output generated by the HMC5883L sensor. In the Arduino IDE, the sensor outputs values
ranging from 0 to 360 degrees when rotated through a full 360 degree turn. These values were then
aligned with the manual compass readings to determine the correct angle for each cardinal direction.
After calibration, the compass sensor was connected to the Arduino and laptop for testing on the ship
prototype in the test basin. During the navigation test with a target heading toward the south, the PID
control parameters used were Kp =0.001, Ki=0.001, and Kd = 0.2. When the compass sensor indicated
a heading of 105 degrees (north), the set point was assigned with a value of 105 as the desired target
heading. This resulted in a heading error of 180 degrees, producing a PID rudder output of 72 degrees
from the proportional component (Kp). Since the maximum rudder angle is limited to 35 degrees in both
starboard (right) and port (left) directions, any PID output exceeding this value was constrained to the
maximum allowable rudder angle. A positive rudder output indicates motion toward the starboard side,
while a negative value indicates movement toward the port side. The servo motor (MG995, 9 kg torque)
requires approximately 1 second to move the rudder from the neutral position to the maximum angle of
35 degrees in either direction.
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Figure 6. Rudder Test Results

The actual heading value from the compass sensor initially shifts from 105° toward the desired
setpoint of 285°, resulting in a maximum overshoot of 7°. The vessel reaches a stable condition (steady
state) at 21 seconds. In the Visual Basic program, the control algorithm is designed to determine the
shortest rotation path: if the error value (setpoint minus the compass heading) is less than 180°, the
vessel turns to starboard; if the error value exceeds 180°, the vessel turns to port. Based on five
experimental trials, the system achieved an average time of 21 seconds to reach steady state with a small
error margin, even under the maximum error condition of 180°.
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Figure 7. Ship Direction Test Results

0260206-06




4. Conclusion

Based on the results and analysis of the rudder movement response using PID control with parameters
Kp =0.001, Ki=0.001, and Kd = 0.2, it can be concluded that the vessel is able to adjust its heading to
the designated setpoint using feedback from the compass sensor. The system reads the compass sensor
value and the vessel’s heading through the Visual Basic interface, achieving the desired heading at the
13th iteration step with an average time of 21 seconds. The PID steering test meets the requirements of
SOLAS Regulation 29, Section 3.2 regarding steering gear performance at a maximum speed of 4 knots
and under maximum load conditions, with the rudder deflection limited to 35 degrees and a maximum
actuation time of 1 second. The experiment was conducted in a controlled test basin with calm water
and minimal wind disturbance. Future experiments will include variations in current direction and wind
influence to evaluate the system’s performance under more dynamic environmental conditions.
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