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Abstract— This research presents a dynamic system modelling approach for predictive maintenance of ship auxiliary
engines using vibration variables. The model integrates key mechanical components—piston, crankshaft, camshaft, valve
train, and timing gear—based on the specifications of a Yanmar TF85 diesel engine. Each subsystem is modelled using a
multi-degree-of-freedom (MDOF) state-space framework to represent vibrational and structural dynamics. Simulations are
carried out in MATLAB/Simulink under various engine operating conditions, including normal operation at high, medium,
and low RPMs, as well as fault scenarios such as damping degradation in the piston and crankshaft. A fuzzy logic system is
employed to interpret the vibration data and determine the impact level for each condition. The results indicate that under
normal conditions, the engine maintains stable vibration levels, while faults lead to significant increases in velocity RMS
values and impact severity. Disturbances in the piston result in dominant amplitude changes, while crankshaft faults affect
the frequency propagation throughout the system. These findings confirm that the proposed model can effectively detect
early mechanical deviations and support the implementation of predictive maintenance strategies for marine diesel engines
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1. INTRODUCTION

Marine diesel engines are critical components in ship

propulsion  systems, responsible for converting
combustion energy into mechanical motion. These
engines consist of interconnected mechanical
subsystems, including pistons, crankshafts, valve trains,
and timing gears, all of which operate under continuous
cyclic loading and harsh marine environments.[1] Due to
the long operating hours and high reliability
requirements in maritime operations, it is essential to
understand the dynamic behavior and interactions
between these subsystems to ensure performance, safety,
and longevity.[2]

Vibrations and torsional oscillations in marine
diesel engines can lead to structural fatigue, reduced
propulsion efficiency, and even catastrophic failure if not
properly managed.[3] While prior research has explored
the dynamics of individual engine components, such as
crankshaft torsional modeling, valve train kinematics, or
gear transmission analysis, these approaches often
overlook the coupled effects between subsystems.[4] In
marine applications, disturbances such as piston
imbalance or gear misalignment can propagate
throughout the drivetrain, affecting overall engine
behavior and vessel performance.

This study proposes a unified dynamic modeling
approach for marine diesel engine systems using the
state-space method.[5] The model integrates the piston
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motion, crankshaft torsion, valve train operation, and
timing gear interaction into a single multi-degree-of-
freedom (MDOF) framework.[6] The simulation covers
five engine scenarios, including varying RPM conditions
and excessive vibration in selected components, to
evaluate how local disturbances affect system-wide
dynamics.

The simulation results show that vibration or
instability in one component may influence the entire
engine structure.[7] The model captures both steady-state
and transient behaviors, providing valuable insights into
dynamic coupling, critical operating frequencies, and
fault propagation paths.[8] This research supports the
development of vibration-based condition monitoring
and predictive maintenance systems for marine engines,
improving reliability and operational efficiency in
maritime engineering applications.[9]

The dynamic behavior of diesel engines has long
been a subject of interest due to its critical influence on
mechanical performance, energy efficiency, and
component lifespan.[10] Several studies have focused on
the development of mathematical models to simulate
piston motion and crankshaft torsional vibration, which
are key indicators of internal mechanical health.[4]
Multi-DOF  crankshaft model using torsional and
bending vibration analysis, highlighting the influence of
combustion torque and stiffness distribution along the
shaft. Their findings laid the foundation for crankshaft-
based monitoring systems in engine diagnostics.[11]

Vibration-based condition monitoring for gearboxes,
emphasizing the role of stiffness and damping in
predicting gear wear and failure patterns.[12] The study
underscored the importance of detecting early-stage
anomalies in marine propulsion systems, particularly
under fluctuating load and speed conditions.[13]
Meanwhile, dynamic modeling of valve train systems
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has also attracted significant attention, as shown in
works that analyze cam-follower mechanisms and valve
spring dynamics.[14] These studies reveal that valve
bounce, float, and stem oscillation are critical to
understanding timing irregularities and mechanical
wear.[15]

In the context of integrated engine modeling, recent
works have emphasized the need to unify subsystems
into a holistic simulation framework.[16] The use of
Simulink for modeling multi-body systems allows the
coupling of piston, crankshaft, camshaft, gear, and valve
dynamics into a single coherent state-space system.[17]
This approach enhances the ability to simulate real
engine conditions, including internal force transmission
and resonance behavior across components.[18]

Complementing physical models, fuzzy logic has
gained traction as a soft-computing method for
interpreting vibration signals and assigning risk
levels.[19] A number of studies have incorporated fuzzy-
based FMEA to assess severity, occurrence, and
detectability of faults in rotating machinery.[20] In such
systems, vibration RMS values are mapped into
linguistic terms (e.g., Low, Medium, High) and processed
through fuzzy rules to produce diagnostic decisions.[21]
This approach is particularly effective when signal
patterns are uncertain or noisy, making it suitable for
real-time marine engine health monitoring.[22]

In summary, existing literature demonstrates the
importance of both deterministic dynamic modeling and
fuzzy logic in engine condition analysis.[23] However,
few studies integrate these methods into a
comprehensive simulation and diagnostic framework
specifically tailored for marine diesel engines.[24] This
research aims to address that gap by combining multi-
DOF modeling with fuzzy-based risk evaluation under
various operational scenarios.[13]

II. METHOD

This study employs classical dynamics to model and
simulate the behavior of four major mechanical
subsystems in a Yanmar TF 85 MH diesel engine: piston,
crankshaft, gear timing system, and valve train. Each
subsystem is analyzed using force and torque balance
equations, incorporating mass, damping, stiffness, and
external excitation. The models are implemented in
MATLAB/Simulink for simulation under various
operating conditions.

A. Engine Modelling

1) The piston is subjected to combustion pressure
P.(t) generating a translational force:

By (t) = (). 4, (M)
myX, + cpip, + kyx, = F, (t) (2)

Where, x, is a piston displacement, m, is a
piston mass cp,k, are damping and stiffness
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coefficients, and A4, is a piston cross-sectional
area

2) The piston force is converted into torque on the
crankshaft through the crank radius r:

T.(t) = E,(t).7 3)
}rcep + Ccec + k0, = T.(t) 4)

Where 6, is angular displacement of crankshaft,
Jo is a crankshaft rotational inertia, and c., k.
are torsional damping and stiffness.

3) The timing gear transmits torque from the
crankshaft to the camshaft. The system is
modeled as a rotational stiffness-damping
element between two rotating bodies:

Tinesn (®) = kg (ecramk - ecam) + Cq (chank -

ecam)
(5)

To capture dynamic effects, backlash and
lubrication losses are introduced as nonlinear
stiffness variation in mesh engagement, based
on prior tribodynamic studies.

4) The wvalve train consists of multiple
components: camshaft, tappet, pushrod, rocker
arm, and valve. Each component is represented
by a lumped mass-spring-damper system. The
camshaft provides periodic excitation:

B. Fuzzy Logic for Vibration-Based Fault Evaluation

To complement the dynamic modeling of engine
components, a fuzzy logic system is developed to assist
in evaluating the condition of each mechanical
subsystem based on vibration signals. This method
provides a structured approach for fault diagnosis by
interpreting simulation results into qualitative health
indicators.

1) Fuzzy Logic Structure

The fuzzy system is built using a rule-based
Mamdani inference model with one input and one
output. The input variable is the measured RMS
vibration value for each engine component, while
the output is a linguistic fault level (e.g., Safe,
Caution, Warning, Critical). FEach major
component—piston, crankshaft, valve train, and
gear—has its own fuzzy system block in
Simulink, allowing for localized evaluation of
dynamic health status. This study utilizes two
fuzzy logic systems, the first is fuzzy standard
vibrations and the second is fuzzy risk matrix.
Both systems are interconnected; the first is used
to determine the impact value, while the second
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evaluates the risk level.
2) Membership Function and Ranges

a) Fuzzy Standard Vibration

The first fuzzy logic system is designed to
evaluate the vibration-based impact level of
engine components. The input variable is
categorized into four linguistic terms: Good,
Satisfactory, Unsatisfactory, and Unacceptable,
in accordance with ISO vibration severity
standards. The corresponding RMS vibration
ranges for each category are defined as follows:

Good: 0.0 — 2.3 mm/s
Satisfactory: 2.3 — 4.5 mm/s
Unsatisfactory: 4.5 — 7.1 mm/s
Unacceptable: >7.1 mm/s

Almost 5
Certain

Likely 4
Possible 3
Unlikely 2

Rare 1

1
Very Low
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These ranges reflect the general vibration
limits for small and medium-sized rotating
machinery as outlined in ISO 10816-3 for
operating  conditions.  Triangular  or
trapezoidal membership functions are used
to represent the transition between
categories.
b) Fuzzy Risk Matrix
The second fuzzy logic system adopts a
structure based on the risk assessment matrix
shown in Figure 1. It receives two inputs—
impact severity and failure probability—and
produces a single output representing the
overall risk level.

2 3 4 5

Low Moderate High VeryHigh

Figure. 1. Fuzzy Risk Matri

Failure Mode and Effects Analysis

The Failure Mode and Effects Analysis (FMEA)
process is conducted to analyze potential failures in the
main engine components, namely the piston, crankshaft,
camshaft, gear, and valve train. Each component is
systematically examined to identify possible failure
modes, their causes, and their impacts on the overall

engine system. Failure modes such as wear, material
fatigue, misalignment, and lubrication failure are the
primary focus. The objective of the FMEA design is to
link the identified vibration-based risk levels with
appropriate predictive maintenance actions, ensuring that
maintenance strategies are aligned with the severity of
each risk level.

TABLE 1.
FAILURE MODE AND EFFECTS ANALYSIS

Components Failure Mode End Effects Recommendations
Implement proper assembly
) Sla Increase procedures and torque
Piston P Vibrations specifications during
maintenance
Implement proper assembly
procedures and torque
Increase specifications during
Crankshaft Loosened Vibrations maintenance. Regularly inspect

crankshaft end play and bearing
condition
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Figure. 2. Block Diagram System in Simulink/ MATLAB
III. RESULTS & DISCUSSION A.  Simulation Scenario
) ) ) o ) ) e Scenario 1: Engine operating at high RPM
In this subsection, simulation is carried out using (normal condition)

the previously developed model in Simulink. The results e Scenario 2: Engine operating at medium RPM

include vibration response plots, RMS vibration values
for each component, and decision outputs indicating
whether corrective action is required for specific
components. Several simulation scenarios are defined to
evaluate engine behavior under various conditions:

(normal condition)

e Scenario 3: Engine operating at low RPM
(normal condition)

e  Scenario 4: Excessive vibration on the piston

e Scenario 5: Excessive vibration on the
crankshaft

1) Scenario 1

4 Scopel — o %

File Tools View Simulation Help >

G- COP® - QqQ-E-F-

Ready Samplebased [T=0800

Figure. 3. Output Vibration of Scenario 1 with High RPM

The figure above illustrates the output of the engine  converted into Root Mean Square (RMS) velocity values
model under ideal conditions without any disturbances. = (VRMS), and the corresponding graph is presented
Each sample from 0.1 to 0.8 corresponds sequentially to  below.

crankshaft angles of 45°, 90°, 135°, 180°, 225°, 270°,

315°, and 360°, respectively. The resulting vibrations are

4 Scope22 o x

File Tools View Simulation

MR ICLE

Ready Sample based  T=0.800

Figure. 3. Output VRMS of Scenario 1 with High RPM
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The figure above shows the RMS velocity (VRMS)
values obtained from the vibration simulation at low
engine RPM. It can be observed that the vibration
intensity increases progressively across each sample
point (0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8), where
each sample represents a sequential crankshaft angle
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input of 0°, 45°, 90°, 135°, 180°, 225°, 270°, 315°, and
360°, respectively. The full range from 0° to 360°
represents one complete combustion cycle. Within this
cycle, the intake valve opens between 0° and 45°, while
from 315° to 360° the piston approaches the Top Dead
Center (TDC) position.

4 Scoped

File Tools View Simulation Help

Q- O ® - Q- K- FL&A-

Sample based |T=0.800

Figure. 4.0Output Impact Value Of Scenario 1

As shown in Figure 4, the simulated vibration results
were classified according to standard categories, falling
within the "Good" and "Satisfactory" ranges. This
indicates that the system accurately detects vibrations
from the engine operating under normal or acceptable
conditions. From 0° to 135°, the vibration remains stable,
while from 135° to 360°, fluctuations are observed—
representing the engine dynamics as it exerts effort to
reach a certain RPM. In this case, the engine exhibits

increased vibration levels as it attempts to achieve higher
RPM. Once the vibration impact values are obtained,
they are processed through a fuzzy risk matrix to
determine the corresponding vibration risk level. This
evaluation uses the failure likelihood data of each
component as input parameters. The resulting risk level
assessment derived from the fuzzy risk matrix is shown
as follows.

_
File Tools View Simu

@- 90 Fr@

Q-[T- F @-

Sample based | T=0 800

Figure. 5. Output Risk Level of Simulation Scenario 1

The graph above demonstrates that the system
successfully interprets the impact values derived from
the previous fuzzy output, taking into account the failure
probabilities of each component. The resulting risk level

2) Scenario 2

In Scenario 2, a simulation was conducted using the
designed system in Simulink with a medium RPM input
and without any disturbances. The simulation produced

is categorized as Level 1 or Low. Based on this
assessment, the recommended predictive maintenance
action is to monitor performance.

four key results: vibration output, conversion to VRMS,
standard or impact value, and risk level. These four
results are discussed in detail in the following sections.
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4 Scopel

File Tools View Simulation Help

@-BOP® =-a--F&-

Sample based | T=0.800

Figure. 6. Output of Vibration Scenario 2 with Medium RPM

The figure above illustrates the output of the engine
model operating at medium RPM under ideal conditions
without any disturbances. Each sample from 0.1 to 0.8
corresponds sequentially to crankshaft angles of 45°,
90°, 135°, 180°, 225°, 270°, 315° and 360°,
respectively. It can be observed that the harmonic

vibration output at medium RPM is similar to that at high
RPM. However, a key difference lies in the amplitude
spike, which does not reach a value of one. This
indicates that the input RPM significantly affects the
resulting engine vibration, even in the absence of any
component disturbances.

4 Scope22
File Tools View Simulation Help

@ 9wk O T

- F A-

Ready

Sample based  T=0.600

Figure. 7. Output of VRMS Scenario 2 with Medium RPM

In Figure 7, the resulting VRMS values are
approximately like those obtained from the vibration
simulation at medium RPM. Compared to the high RPM
simulation, the amplitude remains below a value of one,
and there are no significant vibration spikes across the

crankshaft angles. The VRMS graph appears more
stable, and this stability has a notable influence on the
resulting impact values, which are explained in more
detail in the following figure.

# Scope9
File Tools View Simulation Help

@- 0P - @ -|[3-

F -

Sample based |T=0 800

Figure. 8. Output of Impact Value Scenario 2 with Medium RPM
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The graph above presents the simulation results of
impact values at medium RPM. It can be observed that
from crankshaft angles 0° to 315°, the impact values
remain relatively stable, with no significant spikes and a
consistent value of 1. However, between 315° and 360°,
several spikes occur, with the highest value reaching 1.8.
This indicates that under medium RPM conditions,
vibration stability is improved, as evidenced by the
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limited number of spikes confined to a specific angular
range. The spike at 360° is considered normal, as it
corresponds to the piston approaching the Top Dead
Center (TDC) position. After analyzing the impact
values under medium RPM simulation, these values are
then input into the fuzzy risk matrix, with the resulting
fuzzy risk levels illustrated in the following figure.

Ready

Sample based  T=0.800

Figure. 9. Output of Risk Level Scenario 2 with Medium RPM

The graph above confirms that the system
successfully interprets the impact values obtained from
the previous fuzzy output, taking into account the failure
probability of each component. The resulting risk level is
categorized as Level 1, or Low. Based on this
assessment, the recommended predictive maintenance
action is to monitor performance.

3) Scenario 3
In Scenario 3, a simulation was conducted using the
designed system in Simulink with a low RPM input and
without any disturbances.

Sample based | T=0800

Figure. 10. Output of Vibration Scenario 3 with Low RPM

The figure above shows the output of the engine
model operating at medium RPM under ideal conditions,
without any disturbances. Each sample from 0.1 to 0.8

corresponds sequentially to crankshaft angles of 45°,
90°, 135°, 180°, 225°, 270°, 315°, and 360°,
respectively.
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4] Scope22

File Tools View Simulation Help

@ - ik -l Q- Ed-

Sample based  T=0.800

Figure. 11. Output of VRMS Scenario 3 with Low RPM

In Figure 11, the resulting VRMS values are
approximately similar to those obtained from the
vibration simulation at low RPM. Compared to the

simulations at medium and high RPM, the amplitude
remains below a value of one, and no significant
vibration spikes occur across the crankshaft angles.

4 Scoped
File Tools View Simulation Help

@- QP ® =-q-I-

Sample based  T=0800

Figure. 12. Output of Impact Value Scenario 3 with Low RPM

Figure 12 presents the vibration simulation results,
which have been classified according to standard criteria
and fall into the “Good” and “Satisfactory” categories.
This indicates that the system accurately detects engine

vibrations under normal conditions, within acceptable
standard limits. From 0° to 135°, the vibration remains
stable, while from 135° to 360°, several fluctuations
occur, reflecting the dynamic behavior of the engine.

4] Scopell
File Tools View Simulation Help

- or® =-a-|E-

Sample based  T=0.800

Figure. 13. Output of Risk Level Scenario 3 with Low RPM

The graph above demonstrates that the system
effectively interprets the impact values generated from
the previous fuzzy logic output, while also considering
the probability of failure for each component. The
analysis indicates that the resulting risk level is
categorized as Level 1, or Low. Accordingly, the

recommended predictive maintenance

performance monitoring.

strategy  is

4) Scenario 4
In Scenario 4, a simulation was conducted by
introducing a disturbance in one of the components,
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specifically the piston. The simulation was
performed at medium RPM, which, in previous
scenarios  without disturbances, demonstrated
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relatively stable behavior compared to other RPM
variations.

4] Scopel

File Tools View Simulation Help

- BOP @ -

Q- - F&A-

Sample based  T=0.800

Figure. 14. Output of Vibration Simulation with Piston Disturbance

The vibration results from the simulation with an
added disturbance on the piston can be seen in Figure 14.
It is evident that the waveform becomes thicker across
all crankshaft angles. From 0° to 135°, the waveform
remains harmonic and consistent with the undisturbed
simulation, although it appears denser. However, from
135° to 360°, a significant amount of noise is observed,
while the waveform amplitude remains relatively

constant. This phenomenon occurs as the piston moves
from the Bottom Dead Center (BDC) at 135° toward the
Top Dead Center (TDC) at 360°, where rough contact
between the piston and the cylinder liner may take place.
This contact generates high levels of waveform noise,
although the vibration level still remains within the
acceptable standard

4] Scope22

File Tools View Simulation Help

Ready

- aQ-|E-FA-

Sample based | T=0.800

Figure. 15. Output of VRMS with Piston Disturbance

The results shown in the figure above present the
VRMS graph obtained from the simulation with a
disturbance on the piston. The interpretation of this
graph aligns with the vibration waveform results, where
significant noise is observed in the range of 135° to 360°

crankshaft angles. To provide a clearer understanding,
the impact values will be presented next, as they further
highlight the effects observed in the vibration and VRMS
graphs.

Sample based  T=0.800

Figure. 16. Output of VRMS with Piston Disturbance
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As explained in the previous figures, significant noise
was observed between crankshaft angles 135° and 360°.
However, the current graph clearly reveals that noise
also occurs between 0° and 45°. This may indicate that
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an anomaly has been present since the initial piston
movement from 0°. Possible causes include wear,
improper installation not in accordance with the
guidebook, or potential slap

4 Scopell

File Tools View Simulation Help

@ -

SOPr® 3-q-

HE

Sample based [T=0.800

Figure. 17. Output of Risk Level with Piston Disturbance

The graph above shows that the resulting risk level
remains constant at Level 1. Based on the analysis of the
previous three graphs, waveform noise indicates an
anomaly in the piston. However, the risk level output
remains at 1. This result is derived from the fuzzy risk
matrix, which takes the impact value and the probability
of failure as inputs. The probability of failure is obtained
from historical data; therefore, it is possible for
anomalies to occur in the piston while the engine
vibrations still fall within acceptable standards. This case

demonstrates the applicability of predictive maintenance.
As a result, the recommended action is to inspect and
recalibrate the piston installation.
5) Scenario 5
In Scenario 5, a simulation of the engine model
was performed by introducing a disturbance in the
crankshaft. Such disturbances may result from
misalignment or issues with the crankshaft bearing.
After running the simulation, the resulting vibration
graph is shown below.

4 Scope1

File Tools View Simulation

- - F A

Ready

Sample based | T=0.800

Figure. 18. Output of Risk Level with Crankshaft Disturbance

The vibration simulation results with a disturbance on
the crankshaft show a noticeable difference compared to
the undisturbed condition. Across the full crankshaft
rotation from 0° to 360°, an overall increase in vibration
is observed, which still appears relatively harmonic.
However, several sharp amplitude spikes occur at

specific crank angles, indicating the presence of minor
disturbances in the crankshaft. These disturbances cause
slight irregularities in the vibration pattern, but overall,
the engine is still considered to be operating normally,
without any visible performance issues.
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4] Scope22
File Tools View Simulation Help

MR IO =-la-

- F & -

Ready

sed |T=0.800

In the VRMS graph above, the output increases
steadily from 0° to 360°, similar to the undisturbed
condition. However, the key difference lies in several

Figure. 19. Output of VRMS with Crankshaft Disturbance

insufficient lubrication or a reduction in stiffness
coefficient, which could suggest wear on the crankshaft.
For a clearer understanding, the impact value graph
shown below provides further insight.

noticeable VRMS spikes at specific crankshaft angles.
These spikes may indicate minor disturbances, such as
4 Scoped
File Tools View Simulation Help
@ - a® P =X -

Z- F & -

Ready

Sample based  T=0 80D

Figure. 20. Output of Impact Value with Crankshaft Disturbance

The graph above shows that between crankshaft
angles 135° and 360°, there are more noticeable spikes
compared to the impact values under undisturbed
conditions. This indicates that the crankshaft experiences
small-scale vibration surges within this angular range.
By analyzing the impact values, it is possible to identify

the type of disturbance affecting the crankshaft.
Consequently, appropriate predictive maintenance
actions can be planned based on the resulting risk level.
A more detailed explanation of the risk level is provided
in the graph below

Scopel1
File Tools View Simulation Help

- WP =Cl
1

eady

@[ F@-

Sample based  T=0.800

Figure. 21. Output of Risk Level with Crankshaft Disturbance

The risk level graph above shows a value of 1,
indicating that despite the presence of vibration spikes,
the overall risk remains low. This result supports the
implementation of predictive maintenance, as the system

can recommend appropriate future maintenance actions.
Based on the analysis of the previous three graphs, there
are indications of minor crankshaft wear, likely due to a
slight reduction in stiffness coefficient, which may be
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caused by inadequate lubrication. The recommended
maintenance action is to select a lubricant that matches
the engine's characteristics, in order to minimize
potential wear on the crankshaft.

IV. CONCLUSIONS

Following the research and the various processes
involved in designing a predictive maintenance system
for engine health monitoring, the following conclusions
can be drawn:

a) A vibration-based engine health monitoring
system using fuzzy logic has been successfully
developed. The model includes key components
of a ship’s auxiliary engines such as the piston,
crankshaft, valve train, camshaft, and timing
gear—structured in a state-space multi-degree-
of-freedom form and simulated using
MATLAB/Simulink. The system is capable of
processing vibration data into impact severity
levels through fuzzy inference, thereby
supporting real-time condition monitoring of
the engine.

e Under normal conditions, whether at high,
medium, or low RPM, the system exhibits
stable vibration levels within standard
thresholds. This demonstrates the model's
capability to represent engine performance
under healthy operating conditions.

e In the disturbance scenario applied to the
piston—such as reduced damping—a
significant increase in vibration amplitude
was observed. This indicates that the piston
is highly sensitive to damping changes and
has a major influence on overall system
stability.

e The disturbance scenario on the crankshaft
affected the propagation pattern of vibration
frequencies throughout the system. Although
the amplitude was not as high as that caused
by piston disturbances, it caused fluctuations
in energy distribution, which may serve as
early indicators of torque imbalance.

e The implemented fuzzy system successfully
classified engine conditions based on vibration
impact levels. Increased severity levels were
recorded when disturbances were introduced,
confirming the system's ability to distinguish
between healthy and abnormal states.

b) The fuzzy logic approach has proven to be
effective in detecting anomalies and changes in
engine  conditions when compared to
conventional monitoring methods. Through
various simulation scenarios under different

RPMs and  disturbances, the system
demonstrated the ability to accurately
distinguish between normal and abnormal

conditions and provided early warning
indications of potential failures—particularly in
critical components such as the piston and
crankshaft.
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Several aspects should be considered for future research
to improve and expand the current study:

a) Real Vibration Data Acquisition, the system's
accuracy and reliability can be enhanced by
incorporating real vibration data from actual
engine operations. This would allow for a more
detailed and realistic assessment of engine
performance.

b) Integration of Vibration Sensors, future
developments may involve integrating vibration
sensors to capture real-time data directly from
the engine. This real-time monitoring will
enable more precise diagnostics and timely
maintenance actions.

c¢) Experimental Validation, it is essential to
conduct experimental validation of the
simulation results to verify the accuracy and
reliability of the developed model against the
actual dynamic behavior of the engine in
operational settings.

d) Environmental Considerations, the influence of
operational conditions on ships, such as external
vibrations and noise from other onboard
systems, should be taken into account. This will
ensure that the predictive maintenance system
maintains its accuracy and robustness under
real-world maritime conditions.
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