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Abstract

The digital twin concept has emerged as a promising technology in various industries,
including maritime applications. This thesis is focused on the design and evaluation of a
ship and data model for a digital twin application. The primary thesis objective revolves
around the detailed design of a functional remote-controlled ship model equipped with various
sensors to gather real operational data which later will be utilized in creating a decision-
support framework with a focus on hybrid energy systems. Following this, to effectively
manage and analyze the generated data, the development of appropriate technology becomes
imperative. In pursuit of this objective, a data modeling approach capable of proficiently
storing, organizing, and retrieving data was proposed. Additionally, a data preprocessing
algorithm was developed and tested on the collected data, aiming to enhance the data quality.

To achieve these objectives, an electro-mechanical system integrated with multiple sensors
able to capture real operational data was designed for a scaled-down ship model. Although
the use of a scaled model posed challenges in acquiring suitable components, it proved cost-
effective, low-risk, and straightforward to design. The collected operational data effectively
represented a single operation scenario, demonstrating the potential to expand to multiple
scenarios for more extensive data analysis.

The research also emphasized that no one-size-fits-all data pre-processing technique exists,
and finding the most suitable algorithms requires experimentation and comparative analysis.
Various data pre-processing algorithms were explored, such as filtering outliers, noise reduc-
tion, data synchronization, and imputing missing data. These explorations aimed to elevate
the quality of the data.

The outcomes of this research provide substantial insights into the utilization of scaled-
down models to advance the development of digital twins, while also underscoring the various
challenges associated with this implementation. This approach not only minimizes risks but
also highlights the potential to establish a cost-effective testbed for decision-making support
platforms. Additionally, the results underscore the significance of utilizing a variety of data
pre-processing techniques to proficiently manage distinct data types and scenarios.

Ultimately, this study contributes to the advancement of digital twin applications in the
maritime domain, opening new opportunities for harnessing the advantages of scaled-down
models in creating and testing digital replicas. The data gathered from such models can sig-
nificantly contribute to providing crucial decision support for ship operations with minimal
risk compared to full-scale implementations.

Keywords: Digital twin, Data modeling, Data analysis, RC ship model
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Introduction

1.1 Background

The maritime industry had a steady increase in world trade share over the last century. Serv-
ing around 90% of global trade, the maritime industry remains the backbone of international
trade (Hasanspahié¢ et al., 2020). Marine transportation plays a crucial role in the global
economy, facilitating the movement of goods valued in billions of dollars on a daily basis.
In 2015, the estimated volume of seaborne trade exceeded 10 billion tons. However, it is
important to recognize that the enormous volume of global marine transportation also brings

negative environmental impacts on the marine ecosystem (Walker et al., 2019).

Global tendencies and political pressures for decarbonization have also affected the mar-
itime industry. International Maritime Organization (IMO) regulations are becoming stricter
to reduce ship emissions by the year 2100 (Jabary et al., 2023a). These regulations have driven
the industry to find more environmentally friendly power systems (Inal et al., 2022). It also
pushed the industry to harness new innovative technologies such as Digital Twin (DT) to
fulfil the decarbonization demand (Wei et al., 2023).

Currently, we are witnessing the new Industry 4.0 revolution, where the DT technology is
the cornerstone of it (Pang et al., 2021). This is reflected in the global ubiquitous trend toward
digitization, and DT implementation in various domains such as manufacturing (Negri et al.,
2017), aerospace (Rios et al., 2015), production science (Kritzinger et al., 2018), production
systems (Guerra-Zubiaga et al., 2021), and other general domains. This trend has long

reached the maritime industry as well (Giering and Dyck, 2021).

In the recent past, DT technology has emerged as a transformative force in various in-
dustries. By creating a virtual replicate of physical ships or ships systems, DT provide a
comprehensive and real-time understanding of ship performance, providing more capability

for efficient and effective decision-making through the ship’s life-cycle (Chen et al., 2021).
These DT applications have the potential to benefit shipbuilders, naval architects, ship op-

erators, maintenance service providers, regulatory bodies, classification societies, researchers,
and innovators. Thanks to the ongoing development and DT implementation in the maritime
sector (Mauro and Kana, 2023). These stakeholders gained many advantages such as design

improvement, optimized operation, and enhanced operational efficiency (Chen et al., 2021).

Furthermore, Hybrid vessels that is being powered by various types of energy sources
are considered reliable power sources for different ship operation conditions. Having multi-
energy sources onboard will compensate for the disadvantage of having a single power supply
(Yuan et al., 2020). This will significantly increase the complexity level of the onboard
powering system. With this increasing complexity, an appropriate energy management system

is required to safely and efficiently leverage these multi-energy sources onboard (Yuan et al.,



Design and Evaluation of a Ship and Data Model for Digital Twin Applications

2020; Inal et al., 2022). This is a result of the increase in the number of parameters that
need to be controlled and monitored for each power source as well as the need to have a good

balance between them for each operation mode.

1.2 Problem statement

With these convoluted processes concerning hybrid vessels’ energy management, several
strategies developed and are presently in practice. However, (Yuan et al., 2020) highlighted
the current energy management strategies are mainly to ensure the expected response of the
hybrid power system. He further appended that this is not enough since other requirements
should be taken into consideration such as ship operating conditions, engine emissions re-
quirements, the life of the energy storage system, reliability, cost of components, and ship

safety.

Considering these factors alongside the inherent complexity of the hybrid system, the in-
tegration of these elements will generate a substantial volume of input data representing
various parameters. Efficient analysis of this extensive data is essential to derive a mean-
ingful evaluation of such an intricate system. For this, the application of DT is considered
a potential solution since it can provide real-time monitoring for crucial parameters and

eventually accurate evaluation for the whole system.

The research institute of Maritime Energy Systems, as part of the German Aerospace
Center (Deutsches Zentrum fiir Luft- und Raumfahrt (DLR)) adopted the initiative to provide
the stakeholders with innovative solutions to monitor and evaluate complex hybrid energy
systems based on alternative fuel based on modern DT application. DLR aims also to provide
a foundation for an open source software that can utilize the captured data and provide
decision-making support that can help to monitor and evaluate the performance of modern

hybrid energy systems that might be used onboard.

Given the challenges discussed regarding the formulation of an energy management system
for a complex hybrid powering system that includes various requirements, it is also essential
to consider the hazardous nature of certain alternative fuels (Yuan et al., 2020). Additionally,
the high cost associated with such systems further adds to the complexity. Consequently,
developing a virtual replica (Digital Twin) of such a complex hybrid energy system that can
reliably provide decision-making support services to stakeholders is a highly challenging task,

especially for a full-scale vessel in operation.

1.3 Research Objective

e The first objective of this thesis is to provide and implement a system design for a
scaled-down ship model driven by a simple interchangeable hybrid system equipped
with various sensors that provide meaningful operational real data to be utilized in
future work to develop open-source software that provides services such as decision-

support for hybrid energy systems.

e The second objective of this thesis is to develop a coherent data model that offers
a structured representation of operating characteristics and the relationships between
various information objects. Additionally, To develop a data management system for

efficient processing and analysis of different sensors’ captured data.



State of the art

Gelernter (1993) provided an early anticipation of the DT concept in his book Mirror Worlds.
He represented the concept of Mirror Worlds as a virtual world that mirrors the physical
world, in which data from the physical world is continuously updated in real-time to provide
a more comprehensive and detailed view of reality. In this virtual world, users can interact
with digital representations of physical objects, places, and events, and explore and analyze

data in new ways.

In the early 2000s, Michael Grieves introduced the concept of the DT in a University of
Michigan presentation to the industry with a focus on Product Life-cycle Management (PLM)
(Liu et al., 2021). He defined the three main elements of the DT: real space, virtual space,

and the link for data flow between both spaces.

In this era, the DT concept was missing the supportive auxiliary informative technologies
for its complete implementation (Liu et al., 2021). However, almost a decade after (in 2012),
the concept was extended to the manufacturing industry derived by technological advance-
ment in fields such as cloud computing, the Internet of Things (IoT), and big data. Hence,
the DT became the primary derivation of the revolutionary development in the Industry 4.0
era (Sharma et al., 2022).

Throughout all of these development stages and implementation, the definition of the DT
has been evolving also. The most modern definition of the DT is mentioned by Mauro and
Kana (2023) as follows:

“The DT is a virtual representation of a physical entity or process, potentially during its
entire life-cycle. The virtual entity is capable of representing the actual status of the
physical entity including a relevant recording of historically collected data. Additionally, the
DT can evaluate the future behavior of the physical entity, modifying some control actions

up to optimizing a complete operation”

Coraddu et al. (2019) introduced The first ship operation decision support with a focus on
condition monitoring and calibrating numerical simulations with respect to real operational
data where a data-driven DT was used to estimate the speed loss caused by marine fouling.
Also in 2019, the DT is used to estimate the cumulative damage that the ship would encounter
Schirmann et al. (2018) by utilizing the DT to monitor the ship’s motion and potential
structure fatigue due to wave response.

Mauro and Kana (2023) published a review paper focusing on digital twins for the ship life
cycle and mentioned that the number of publications per year that include "digital twin" in

title or keywords between 2012 to August 2023 increased from 7 to 2083 publications according
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to the Scopus database. In 2022, 40 publications were focused on DT in the maritime field.
The research also discussed the DT collocation across the ship life cycle which is divided into
four main phases (Design, Production, Operation, and Retire), one of their findings is 38 out
of 58 studied publications are concerning about the operation phase with an expectation for
this number to grow constantly due to the main focus of the shipping industry in this area

specifically on power systems performance prediction.

These applications primarily remain confined to particular use cases. Therefore, there is
still a lack of generalized conceptualizations or definitions that enable broader interoperability

across different contexts Lag and Brathagen (2017).

A comprehensive Maritime Digital Twin Architecture concept, capable of offering complete
life cycle support for ships, was introduced by (Giering and Dyck, 2021). The proposed
concept aims to encompass all phases of a ship’s life cycle, starting with conceptual design

until decommissioning.

Moreover, utilizing the ship-scaled models in naval architecture has proven applications.
The first implementation of the ship-scaled model to predict the ship’s total resistance was by
(Froude, 1872). Model ships have also been employed to study the behavior of full-scale ships
in other domains such as maneuvering (Skjetne et al., 2005), dynamic positioning (Alfheim
et al., 2018), and sea keeping (Maury et al., 2003).

Working on a scaled-down model offers various advantages such as cost-effectiveness, lower
risk, a more controlled environment and conditions, as well as a significantly smaller amount
of data to be analyzed and a simpler system to handle. However, utilizing a scaled-down ship
model as a physical asset in the context of the digital twin is still in its infancy, and there

are very few cases that can be used as references.

By combining both aspects of using a scaled-down ship model and DT, Fonseca and Gaspar
(2020) applied the fundamental of a DT on a plastic floating toy, the physical experiment
consisted of a small aquarium and a plastic floating toy. The toy movement (surge, heave,
and pitch) was captured by a webcam then the captured video will be streamed to a client.
The client could then execute digital twin simulations in real-time using a web browser. The
system was coupled with automated reasoning based on the tracked parameters, enabling the
digital twin to emit a warning if the toy motion crosses the user-defined threshold. They also
used this as a simple example to present the elements of DT concepts and how they interact

with each other.

Fonseca and Gaspar (2020) introduced a more complex case in the same paper, another
digital twin aims to monitor and control a ship scale model which navigates in a wave basin.
The ship model was equipped with dynamic positioning (DP) system consisting of two az-
imuth propellers and a bow thruster. The digital twin visualization mirrored the scale model
behavior and monitored its motion response in 6-DOF. Additionally, the propulsion system

operation and waves incident were also monitored.

Zhang et al. (2022) presented the importance of data in the context of DT. He emphasized
how data is playing a vital role in the creation of digital assets, establishing digital-physical

connections, and enabling intelligent operations. He also added that the success of DT pri-
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marily hinges on the accessibility and availability of high-quality data sources. The reliability
and richness of the data influence the accuracy and effectiveness of the Digital Twin, mak-
ing data acquisition and management crucial aspects in achieving desired outcomes. Assani
et al. (2022) highlighted the potential challenges in data analysis since the gathered data
is required to undergo pre-processes such as filtering outliers, filtering noise, interpolation,
and synchronizing. To efficiently achieve such a task Rathore et al. (2021) pointed out the
positive influence of integrating big data analytics and artificial intelligence /machine learning
(AI-ML) techniques into the DT. This will enhance the DT potentials and help to maximize
its benefits. These fields were the main reason for evolving the DT applications in the first

place.

For DT application on ships, several methods are available for pre-processing the raw data.
ISO19030 (2016) has introduced guidelines for data acquisition, compilation, filtering, and

validation with the main focus on evaluating the hull and propeller performance.

The first objective of the presented thesis will be based on merging the classical concept
of utilizing a scaled-down ship model with the concept of DT with a main focus on studying
maritime hybrid energy systems. This will require providing a specialized design tailored to
this application. Unlike the standard models that are usually used in ship model tests, this
model is essentially a fully operational scaled-down vessel with self-propulsion and maneuver-
ing capabilities. The model also features a high degree of controllability with the potential for
autonomous functionality. The model is powered by a hybrid interchangeable power module,
enabling it to operate under various power configurations. Additionally, an array of sensors

is integrated throughout the model system to acquire operational metrics.

Subsequently, it was necessary to conceptualize a solution that can handle the data har-
vested by these sensors. For this purpose, an architecture for the data management system
was proposed. This system can be utilized to efficiently organize, store and retrieve the data.
Moreover, a data pre-processing system was developed to increase the quality of the harvested
data by mitigating its inherent potential flaws such as signal lag, noise, data outliers, and

missing data points.

This will provide access to a simplified use case of a scaled-down ship hybrid system that
will be employed to implement, evaluate and improve the first prototype of DT software
intended by DLR. Additionally, to provide a testbed for potential future services that can
leverage the DT.

After the software is tested and proven to provide reliable satisfactory outcomes, it will be

utilized for a full-scale vessel and be available for the stakeholders.
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Ship model characterization and evaluation

Characterizing the provided model was essential in order to obtain all the relevant information
required for sizing the propulsion system and the onboard powering system. Furthermore, this

characterization process serves as a valuable source of reference data for the DT application.

3.1 Main particulars

The model employed for digital twin demonstration is a scaled-down model derived from a
reference ship Ludwig Prandtl IT (LPII). LPII is a twin-screw vessel where each propeller is
powered by one main diesel engine with 360 kW power. Each propeller has a diameter of 1.1

m and has five blades. This research vessel is currently in the design stage.

The preliminary design of the scaled model was conceptualized in a thesis published by
the University of Duisburg-Essen (Husemann, 2022). The model was scaled down from the
reference ship based on Froude Number (Fn) similarity rule. In the mentioned thesis, one of
the focal points is the selection of the proper value of the scaling factor (\) which achieves a
good compromise between power demand and the resulting hull weight since both parameters
are highly affected by the model length which must not exceed 2 meters. The value chosen
for the scaling factor (\) was 16.61. Then, the theoretical model dimensions are driven from
the reference ship. Table 3.1 shows a comparative overview of the main particulars of both

the reference and the model ship.

Table 3.1: Reference ship / Model ship parameters

Reference ship Ship Model

Parameter Symbol Value Value Unit
Length overall LOA 29.9 1.8 m
Length waterline LWL 29.9 1.8 m
Length between perpendiculars LBP 29.2 1.76 m
Breadth B 8 0.48 m
Design draft T 1.5 0.09 m
Volume of displacement \Y% 230.7 0.0503 m3
Displacement A 236.5 0.0516 t
Block coefficient Cp 0.639 ——
Speed v 12 2.94 kn
Froude Number Fn 0.36 ——
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In contrast to the theoretically estimated dimensions given in the table above, the dimen-
sions of the physical model are slightly different due to some manufacturing deviations. This
is an indication of potential discrepancies between the characterizations of the actual and
theoretical models. The dimension of the actual model is represented in Figure 3.1. Addi-
tionally, the figure also shows the principal axis orientation that will be used for any afterward

distance measuring.
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Figure 3.1: Actual model dimensions, in mm

3.2 Manufacture of the hull

The model hull was fabricated of 2 mm thickness Glass Fiber Reinforced Plastic (GFRP).
Using the GFRP material gave the model bare hull a lightweight advantage allowing for an
adequate margin of weight for internal components needed to fulfil the demonstrator mission.
Moreover, working with GFRP facilitated operations such as drilling and adhesive bonding

of other components into the hull.

3.3 Weight and center of gravity

It was necessary to measure the model bare hull weight and identify the three-dimensional
location of the center of gravity. This will help to have an appropriate distribution of internal
components throughout the hull. Additionally, it will help to precisely determine the location

of necessary additional weights to minimize the model trim and maintain the desired draft.

The bare hull weight was directly measured using a digital scale, while the location of the
center of gravity was determined by conducting an inclining experiment. Table 3.2 shows the

experiment results. The detailed inclining procedure is mentioned in Appendix A.

Having the bare hull Center of Gravity (COG) will also facilitate predicting the model
behavior by simulating potential loading conditions using any available naval architecture
software package (e.g., MAXSURF).

Table 3.2: Bare hull weight and COG

Parameter Value unit
Lightweight 10.68 kg
Longitudinal center of gravity (LCG)  81.8 Centimeters from AFT
Transverse center of gravity (TCG) 0.00 Centimeters from CL

Vertical center of gravity (VCG/KG) 6.02 Centimeters from Baseline
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3.4 Resistance calculation

To precisely determine the size of the propulsion system component, it is necessary to cal-
culate the power needed to propel the model up to a certain speed which requires calculating

the model’s total resistance through the water with range of operational speeds

Resistance calculations have been done first empirically and then experimentally by con-
ducting a towing test. In both cases, the model resistance was calculated for model speed up
to 2.94 knots (1.51 m/s) at a draft value of 9 em which are corresponding to 12 knots speed

and a 1.5 m draft of the reference ship.

3.4.1 Empirical Method (Holtrop and Mennen)

The proposed approach involves using a proven empirical method to predict the total re-
sistance (Rpg) of the reference ship, which is subsequently decomposed into ship residual
resistance (Rpg) and ship friction resistance (Rpg). The reference ship residual resistance is
then scaled down to the model level to get model residual resistance (Rras) (Using the scale
factor (A%)) while the model friction resistance (Rpps) is calculated separately. Then, the
model total resistance (Rrps) is simply the summation of both model friction and residual

resistance.

This approach is similar to the method employed in scaling up the model’s total resis-
tance to the reference ship, albeit in a reverse way. These calculations are governed by
Equation (3.1) (Carlton, 2007).

Ry = [Rry, = Ry (14 B]N (£2) 4 Ry 1+ 1 (3.1

(Holtrop and Mennen, 1982) method was found to be the nearest suitable method that can
be utilized since the ship particulars and form coefficients are near to the range of application
on this method. This method is also available in MAXSURF software package (Resistance
Module) which facilitates its employment on the provided 3D model of LPII. The model total

resistance is then calculated following the following procedure:

1. Calculate the total resistance for the mother ship (Rrg) using Holtrop & Mennen

method.

Calculate the friction resistance of the mother ship (Rpg).

Calculate the residual resistance of the mother ship (Rws = Rrs — Rrs).
Calculate the model residual resistance (Ry s = Ry s/\3).

Calculate the model friction resistance (Rpps).

Calculate the model total resistance (Rrar = Rwar + Rrar)-

S Uk N

As a result of applying the previously described approach, the reference ship and the model
resistance values at maximum speed and design draft are shown in Table 3.3. The detailed

calculations and results table are shown in Appendix B.
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Table 3.3: Reference and model ship empirical resistance values at maximum speed

Reference ship Model ship Unit

Parameter Symbol

value value
Speed v 12 2.94 kn
Total Resistance Rrs /| Rru 32025.02 9.20 N
Friction Resistance  Rpgs / Rpym 11219.73 4.13 N
Residual Resistance Rws / Rwu 20805.29 4.54 N

It is worth mentioning that the purpose of using an empirical equation for resistance
calculation was to gain a preliminary understanding of the power range required for the
model prior to conducting the towing test. This allows for an early insight into the available

commercial solutions that can fulfill the mission before executing the towing tank test.

3.4.2 Experimental Method (Towing test)

The previous method provided a first glance at the potential power demand to propel the
model. However, towing test was conducted to provide more solid results for the model
resistance at the same range of speeds. These values will be used later as reference data
while evaluating the propulsion system performance. The towing test was done by Technis-
che Universitdt Hamburg (TUHH) in Hamburgische Schiffbau-Versuchsanstalt (HSVA). The
recorded total resistance at the model speed of 1.51 m/s is 10.29 N which is corresponding

to a speed of 12 knots for the reference ship.

A dynamic draft (parallel sinkage) was also observed during the model test, the recorded
values were 12 and 16 mm corresponding to speeds of 1.51 and 1.63 m/s respectively. The

detailed towing test procedure is described in detail in Appendix C.

3.4.3 Resistance results comparison

The summary results of both approaches are shown in Figure 3.2. A good correlation can
be observed between both empirical and experimental results. However, at a certain point,
the experimental results showed higher values. For instance, the model maximum speed of
1.51 m/s, the experimental resistance value was 10.29 N which is almost 12% higher than the

empirical one (9.2 N). The rationale for this lies in the following factors:

e The chosen empirical equation was the nearest match but not a perfect match to re-
search the vessel type. As Holtrop & Mennen was basically developed for vessels with
L/B ratio between 3.9 to 9.5 and a B/T ratio between 2.1 to 4 (Hasan, 2014). The
current vessel has an L/B ratio of 3.73 and a B/T ratio of 5.3.

e The empirical equations used to drive the model resistance was applied on the provided
3D model of LPII and the actual model showed some deviations with respect to the

scaled-down model size of LPII.

e The experimental methods are more reliable since they capture the actual underwater
shape including any potential manufacturing deviation. While the regression analysis-
based empirical methods can not handle uncommon vessel types and hull forms (Bekhit
and Obreja, 2020).

10
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o Another reason is the presence of two mistakenly oversized bilge keels that are not

existing in the reference ship which surely has impacted the model’s resistance.

Nevertheless, this deviation in the resistance value does not pose any challenge since the

difference can be easily covered with the chosen propulsion motors.
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Figure 3.2: Empirical and experimental speed - resistance graphs for the ship model

11



This page intentionally left blank.



Requirement for the demonstrator

In this chapter, the desired requirements for the model are discussed, including the control
system, powering requirement, and the required parameters for measurement during the

operation.

4.1 Control and communication system

The model is required to be remotely controlled by an onshore control station through dis-
tance. Additionally, all measured parameters are required to be stored onboard the model

with the capability to be transmitted to an onshore receiver for further analysis.

4.2 Energy generation module

The model is planned to be powered by one of two proposed different interchangeable Energy
Generating Module (EGM). The proposed EGMs is either powered by a Combustion Engine
(CE) or a fuel cell. Due to the time constraint of the thesis, the main focus will be on the
EGM based on the CE. This EGM consists of a CE driving a dynamo that will, in turn,
convert the rotation mechanical energy to electrical energy. This electrical energy will be
distributed to power all internal model components and charge the buffer battery. The EGM
should be designed in a way that facilities any potential future developments or changes to

the other proposed EGM when required.

4.3 Parameters to measure

The goal of this project is to use the generated data to create reliable decision-support
software for complex hybrid energy systems. Bal Begik¢i et al. (2016) specified the crucial
parameters needed to build a decision-support system for energy-efficient ship operation.
These parameters are ship speed, RPM, mean draft, trim, cargo quantity, wind effect, and
Sea condition. In a ship model scale, with a controlled environment, these parameters are
shortened into ship speed, RPM, mean draft, and trim only. However, since the intended
energy system for the model is a hybrid system, these parameters are extended to also include
other parameters related to the hybrid power train individual components. This will facilitate

the comprehensive capture of the overall system’s performance.

As discussed before, the propulsion system train has three energy conversion processes.
these processes are from chemical to mechanical energy in the CE, from mechanical to elec-

trical energy through the dynamo, and from electrical energy back to mechanical energy
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through the electrical motor. This will not only lead to energy losses but also it will increase
the number of parameters to measure to efficiently compute the overall system efficiency.

This will also lead to an increase in the number of equipped sensors.

Consequently, for the purpose of organization, the parameters of interest have been cate-

gorized into two main groups: internal parameters and external parameters.

4.3.1 Internal parameters

The internal parameters are those parameters that are directly tied to the input and output
measurement of the power train’s individual components. These parameters are directly
utilized to measure each component’s efficiency and eventually to assess the entire system’s
efficiency. These parameters, along with their interrelationships, their correlations to one

another, and their associated components, are illustrated in Figure 4.1.
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Figure 4.1: Internal parameters for evaluating the powering system performance

Starting from the fuel tank, measuring the tank fill percentage is needed since it can be
compared afterward with the accumulated fuel flow sensor readings. Tracking these readings
from two different sources will provide a quick evaluation of both sensors’ efficiency. Moreover,

it will also give a pre-alarm when the tank reaches a low level.

The fuel flow sensor also serves to measure the fuel input to the CE, these readings will be

used (together with the fuel energy content) to calculate the engine input power.

Multiple torque sensors that measure both torque and RPM are necessary to derive the

engine’s, dynamo’s, and electrical motors’ output power.

Concerning the backup energy system, it is essential to monitor and record several pa-
rameters. These parameters are battery State of charge (SOC) which helps to ensure that
sufficient energy is available if needed and determine the start/end of the onboard charging
process. The voltage, drawn current, and eventually output power are playing a similar role
to the dynamo output power in determining the input power to the motors. These parameters

collectively are to be utilized to monitor and evaluate the efficiency of the backup system.

As observed from the parameters described earlier, a consistent pattern exists in their
selection. This pattern revolves around capturing the input and output power of individual

power train components. This approach is essential to derive the efficiency of each component
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separately and ultimately the whole power train efficiency.

The last component of the illustrated power train is the model speed. The speed parameters
nature is quite different from other parameters that are mainly power components. However,
hull speed together with the ship resistance corresponding to that speed is representing the
effective power needed to drive the model. The power needed to propel the ship at a certain
speed is always representing the biggest share of the total power demand (almost 62% in the
current case). On top of that, the temperature has a huge impact on the EGM efficiency and
performance. For that reason, multiple heat sensors are to be fitted to monitor equipment
temperature during operation, except only for some equipment that can inherently have it is

own built-in temperature monitor system.

4.3.2 External parameters

As explained before, the biggest share of power demand is reserved by propulsion power
which in turn is highly influenced by the model resistance through water. The external
parameters are those that have a direct influence on hull resistance. These parameters are
ship hydrostatics and water temperature. Therefore, these parameters are required to be
captured during the operation. Especially when comparing different loading conditions in

different environments.

The rudder angle is also a crucial parameter to measure. During the model tests, the
model will be required to perform some necessary maneuverings. In evaluating the system’s
performance, it would be necessary to differentiate between free-running and maneuvering
cases. This is because of the obvious difference in the hydrodynamics of the model in both

cases. The summarized list of these parameters is shown in Table 4.1.

Table 4.1: Parameter of interest for each component

Component Parameters of interest
Position relative to a reference point to be defined in 2D plane
Hull Speed, Acceleration, DOF
Mean draft, Trim
Throttle servo signal
CE RPM/Torque
Fuel consumption (Fuel flow rate)
Operation duration
Dynamo RPM
Electrical Energy output (Voltage/Current)
SOC
Battery Start/End of onboard charging operation
Energy output (Voltage/Current/Power)
Electrical RPM / Torque
Propulsion motors Energy Consumption (Voltage/Current)
Fuel Tank Percentage filled
Rudders Rudder angle

15
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Component selection and sizing

The model is planned to be powered by one of two different EGM. Therefore the components
are categorized into two main groups. The permanent component group contains components
that are independent of EGM change. The interchangeable component group consists of the
EGM components with their auxiliary attachments. This will facilitate the EGM exchanging
process since the interchangeable components will be encapsulated together. In the following

sections, these components will be described in more detail.

5.1 Permanent component

The components that are not influenced by changing the EGM either the CE or the fuel cell

are described under this section.

5.1.1 Control component

The model was intended to be remote-controlled through a distance where the operator would
fully control all model functions while sailing through the water. This can be achieved by
using a remote control transmitter that is wirelessly connected via a radio signal to a receiver.

The latter is placed in the model.
The ground remote control chosen is Taranis x20s (MHM-Modellbau.de, a) which has an

operation range of up to 100kM with only 4 ms of latency. It provides a decent display screen
that can be utilized to monitor parameters during operation. It also offers up to 24 channels

that can be utilized to execute different commands to the model.

On the contrary part, A receiver is to be fitted in the model that will telemetry the Remote
control (RC) operator commands from the controller to the rest of the model. The selected
receiver is FrSky Archer (MHM-Modellbau.de, b) which is compatible to the previously se-

lected controller.

5.1.2 Autopilot

Within this subsection, a brief description is provided for both the autopilot software and

hardware components.

5.1.2.1 Autopilot Software

The software utilized for the current application is called ArduPilot. ArduPilot is a versa-

tile and trusted open-source autopilot system that supports various vehicle types, including
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multi-copters, helicopters, fixed-wing aircraft, boats, submarines, and rovers. ArduPilot ap-
plications are extended to the creation of reliable and autonomous unmanned vehicle systems
for peaceful purposes, offering a comprehensive suite of tools suitable for almost any vehicle
and application. Its firmware is compatible with a wide range of various control hardware.
With its advanced data logging and analysis capabilities, as well as reliable simulation tools,
ArduPilot remains at the forefront of technological development. Being open-source, it enjoys
widespread adoption by numerous companies, research institutions, and corporations such as
NASA and Intel (Luo et al., 2019), (ArduPilot.org, 2023).

5.1.2.2 Autopilot Hardware

Pixhawk 6 autopilot was selected as autopilot hardware for the current application. It is open-
source hardware that provides high-performance autopilots that have been used in fields like
hobby remote vehicle design, industrial-grade autopilot applications, and academia. It has
onboard Inertia Measurement Unit (IMU) that can measure parameters such as model DOF.
The Pixhawk serves as a central hub that receives data from other sensors and controllers
and sends control signals to Electronic speed controller (ESC), and servos (Luo et al., 2019),
(PIXHawk.org, 2023).

5.1.3 Raspberry PI

A Raspberry Pl is a a single board computer that acts as the technological brain of the ship
model. Generally, the Raspberry PI, like any other computer, is not limited to a single way
of use as stated by Richardson and Wallace (2012). It offers more capabilities than autopilot
(Pixhawk 6) in terms of data logging and data analysis. It also provides a high degree of

autopilot system customization.

The Raspberry PI features General Purpose Input/Output (GPIO) pins and USB 3.0
interface, which enable connectivity with external devices and components. These pins can
be used to interface with sensors, servos, motors, and other electronic components commonly
found in RC models (RaspberryPi.com, 2023). It also provides an extension in storage space

that can be utilized to store more log files, if needed.

The Raspberry Pi has built-in support for wireless communication protocols such as WiFi.
This capability enables the Raspberry Pi to establish wireless connections with other devices,
including telemetry modules allowing data transmission between the RC model and external

devices.

Because of the resemblance between the Raspberry Pi and the Autopilot in terms of flight
control functionality. Therefore, having both components onboard the model will add a
degree of redundancy to the system since the Raspberry Pi can perform some of the Autopilot

functions in case of Autopilot failure.

5.1.4 Rudder and rudder control

Following the same scaling concept, the model rudder dimensions were derived from the

reference ship’s rudder. Then, the nearest commercially available rudder was selected (MHM-
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Modellbau.de, c).

Rudder’s rotation is controlled by a servo which is an electro-mechanical device that receives
a signal from the autopilot depending on the operator’s commands, and by turn will rotate

its internal motor to the desired position.

The required torque for the servo was calculated to counter the potential lateral force acting
on the rudder center of pressure (the same concept used for full-scale ships). For this, the
formula from Lloyd register rules (Register, 2023). The force acting on the rudder and the
torque required to rotate the rudder are calculated using Equation (5.1) and Equation (5.2)

respectively. Rudder dimensions and configuration is shown in Figure 5.1.

Cr=132-K;-Ky-K3-A-¢* (5.1)
Qr=Cgr T (5.2)

Table 5.1: Rudder force and torque calculation

Parameter Note Value Unit
Rudder span (hpr) Rudder geometry Figure 5.1 0.067 m
Rudder area (A) From rudder geometry 0.00246 m?
A h3/a, 1.83

k1 (A +2)/3 1.28

k2 Coefficient (rudder profile) 1

k3 Coefficient (rudder location) 1

v (Vahead+20)/3 7.752 Knots
Rudder force (Cr) 132Ky - Ky K3-A-? 18.6 N
c Rudder geometry Figure 5.1 0.037

ol 0.33

ky P As/a 0.20

Ay Area forward rudder stock 6.4 x 1074 m?
r 3] cla — k) 0.00259 m
Rudder Torque Cr-r 0.06 N.m
Minimum required servo torque (Qr) 0.755 Kg.m

[1] Relative center of pressure along the chord length
[2] Ratio of the rudder blade area forward of the rudder stock centreline
[3] Distance from the center of pressure to the centreline of the rudder stock

Two servos (MHM-Modellbau.de, d) were selected (one per rudder). The specifications of

the selected servos are shown in Table 5.2.

Table 5.2: Rudder servo specifications

Parameter Value  Unit Parameter Value Unit
Manafacture Torcster Weight 20.0 g
Technology Digital Min. operating voltage [V]: 4.8 4.8 A%
Length 28.2 mm Max. operating voltage [V]: 6.0 6.0 A%
Width 12.8 mm | Operating time at 4.8V (4 cells) [sec/60°]  0.14

Height 26.9 mm Torque at 4.8V (4 cells) 25  Kg/em
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Figure 5.1: Ship model rudder dimensions , in mm

5.1.5 Telemetry module

The telemetry module is an essential component within RC models, allowing the RC oper-
ator to monitor various real-time operating parameters captured by the sensors through a
computer screen. The telemetry model onboard the ship model will transmit the data to the

stationery telemetry module onshore.

5.1.6 Propellers

The reference ship has twin-screw propellers with five blades. Following the scaling factor
of 16.61, the model propeller’s diameter is 65 mm. Obtaining a calibrated propeller with
this diameter was not feasible within the time frame of the thesis. Therefore, it was decided
to opt for the commercially available propellers that align with the required diameter and

number of blades.

The propeller open water characteristics curves, either obtained experimentally (open water
test) or numerically (CFD), will serve as a validation tool to ensure the quality of the obtained
operational data. The measured propeller torque and RPM can be used to derive the torque
coefficient with the help of the relative rotation efficiency and wake fraction. Then the
obtained coefficient with its corresponding advance coefficient (J) is to be plotted on the

open water characteristics curves to show how it correlates to the reference curve.

5.1.7 Propulsion electrical motors

The electrical motors used for the propulsion system are Brushless DC electric motor (BLDC).
The BLDC motors have been used widely in building Unmanned aerial vehicle (UAV)s (Gong
et al., 2018). Contrary to brushed motors, brushless motors have the rotor as a permanent
magnet and stator where the coils are arranged as illustrated in Figure 5.2. This configu-
ration will allow the winding of opposite coils as a single coil to generate opposite poles to
magnet poles which in turn will double the attraction force. Additionally, this configuration
also allows synchronizing the coil powering in a way that some of the rotor magnets will be at-

tracted and some magnets will be repelled (Yedamale, 2003). This will increase the brushless
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motor efficiency and degree of control, and since that, there are no brushes or commutator
to be worn and replaced - as in brushed motors - the BLDC lifetime in longer (Millet, 2022).

Drive Circuit

Current =

Magnet

Tru{ Trv{ Trw{

Stator

Magnetic Pole Sensor

Rotor

Figure 5.2: Simplified brushless motor diagram (Tang, 2021)

Electric motors were sized based on the resistance experimental results corresponding to

the maximum model speed. Since the available propellers were not provided with the corre-

sponding thrust coefficient (K7), torque coefficient Kg, and the open water efficiency (n,)

curves. Therefore, some efficiencies were conservatively assumed for the motor sizing. The

required motor characteristics are concluded in Table 5.3 and the detailed calculations are

shown in Appendix D.

Table 5.3: Electric motor required parameters

Parameter

Value Unit

Power

Revolutions per minute

Motor torque

14.43 Watt
1185-1975 RPM
0.111-0.137 Nm

The suitable commercially available motor from Faulhaber motor manufacturer which pro-
vides calibrated electric motors in this scale. The chosen model is (Model No.4490H024B)

(Faulhaber.com). Specifications are shown in Table 5.4.

Table 5.4: The proposed electrical motor specification

Parameter Value Unit | Parameter Value Unit
Nominal voltage 24 V' | Rotor inductance 73 uwH
Terminal resistance 220 m§2 | Slope of n-M curve 3,6  min~1/mNm
Torque constant 242 mNm/A | Rotor inertia 130 gem?
No load speed 9.700 min~1 | Mechanical time constant 4,9 ms
Stall torque 2,64 Nm | RTH2 Reduction 30 %
Speed constant 395 RPM/V | Efficiency max. 87 %

Due to the long delivery time expected from the motor supplier, it was decided to use
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another motor that has less delivery time to comply with the thesis time constraint. The
selected motor model is MAX Marine P359 (MHM-Modellbau.de, e). Full specifications are
shown in Table 5.5.

Table 5.5: Alternative employed electric motor specifications.

Parameter Value Unit
Voltage range 6-14.4 A%
kV 350 RPM/V
Motor rated speed 5040 RPM
Case dimensions 35 x 36 mm
Shaft diameter 5 mm
Required ESC for 4S battery 120 A

5.1.8 Electronic speed controller

The ESC is a widely used device for electric vehicles, it holds the electric motor speed constant
in case of varying loads without any interface of the vehicle operator (Follmer, 1974; Gong
and Verstraete, 2017). Another application where ESC is utilized is UAVs which share some
similarity with this current application in term of employing an ESC and a link between the
power source and BLDC (Gong et al., 2018).

The ESC receives an input signal (generally from the autopilot) and converts it electron-
ically to a Pulse width modulation (PWM) signal which in turn regulates the motor speed
and output power. Additionally, the PWM signal can reverse or stop the motor (Follmer,
1974; Gong and Verstraete, 2017).

The ESC is sized with respect to the electric motor peak amperage. The compatible ESC
for the originally selected motor is (Faulhaber.com) with a current rating of up to 16 Amps.
However the provided ESC is (MHM-Modellbau.de, f) with a current rating of up to 120

Amps which is compatible with the alternative motor provided.

5.1.9 Buffer battery

A buffer battery is used onboard the model as a backup solution in case of failure of the EGM.
Battery sizing was based on the total required power demand within the model for a pre-
defined period of time. It was sized to keep the whole system running for 15 minutes (Sailing
mode) and to keep auxiliary components (eg. the other components except the motors) for an
additional 0.75 hours (Harbour mode). The reason behind allocating extra operating time for
auxiliary components, such as the control and telemetry module, is to ensure their continued
operation after each run for tasks such as system checks and data transfer. By allowing
additional time, these components can perform their intended functions without interruption

or time constraints, to maintain seamless communication and data management processes.

After summing up the maximum power demand from all components, the battery energy
(in Wh) and charge capacity (in mAh) are calculated using Equation (5.3) and Equation (5.4)

respectively.
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Battery energy, in Wh = Total power demand, in watts x Operating time, in hours (5.3)

1000 x Battery energy, in Wh

Battery capacity, in mAh = Battery voltage, in V (5.4)
The summary of the battery sizing calculation is shown in Table 5.6.
Table 5.6: Battery sizing calculation summary
Power demand, in watts
Component Sailing mode Harbour mode
Raspberry PI 15.3 15.3
Receiver 0.273 0.273
Autopilot 9 9
GPS module 0.75 0.75
Telemetry Module 0.5 0.5
2 X Speed controller 5.4 5.4
2 X Propulsion motor 50
Sum 81.225 31.225
Operation time, in hr 0.25 0.75
Battery energy, in Wh 20.31 23.42
Total required battery energy, Wh 43.73
Total required battery energy + 15% margin, Wh [ 50.28
LiPo 4S battery voltage 14.8
75%Required capacity, in mAh 2 3397.55
100%Battery capacity, in mAh 4246.94

[1] 15% margin was added to compensate for any uncertainty in load calculation
[2] The total required capacity was increased by 20% to keep battery depth of charge at 80% to
increase battery life

Lithium polymer (LiPo) batteries are commonly used in RC vehicles. It features several
advantages such as lightweight, high energy density, and small size (Mehendale, 2021). Con-
sidering the current application power demand and other equipment operation range, a 4S
battery was chosen which has a voltage range of up to 14.8 volts. For redundancy, two
batteries with (Y) connection were installed on board. This type of connection increases
the total capacity with the same voltage. Table 5.7 shows the chosen battery specifications
(MHM-Modellbau.de, g).
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Table 5.7: The chosen battery specification

Parameter Value | Parameter Value
Voltage [V] 14.8 | Discharge rate [C] 30
Number of cells 4 | Discharge current [A] 150
Capacity [mAh] 5000 | Charge rate [C] 4
Energy [Wh] 74 | Charging current [A] 20
Length [mm] 163 | Balancer connector XH
Width [mm] 46 | Connector XT90
Height [mm)] 30 | Manufacture SLS
Weight [g] 468

Power distribution through the various model component is achieved by the Power dis-
tribution board (PDB) which serves as a centralized hub for distributing electrical power
from the model’s battery to various subsystems, minimizing the complexity of wiring and

providing a clean and organized power supply.

5.1.10 Battery charger

Batteries are planned to be charged onboard by the dynamo only when required. Therefore,
the dynamo should alter its output power to prevent overcharging the batteries while powering
up the other component onboard. Also, the electricity generated from the dynamo should be

properly distributed between the battery and other loads.

This will increase the complexity level of the required charging system since the battery
charging process needs to be regulated. Additionally, the dynamo output voltage is required
to match the battery charging voltage. Information such as charging time, input and output

voltage as well as current, and battery SOC are required to be recorded as operational data.

On top of that, all these operations are required to be done autonomously with no manual
interference from the RC operator. This means that the system should decide what to do

according to the battery SOC and total required power.

A proposed solution that can achieve these requirements is to build a Printed circuit board
(PCB) that can be customized to achieve this task.

PCB is a cornerstone component in almost all electronic products (LaDou, 2006). It is
a board that can be used to assemble microelectronic components such as microcontrollers,
microprocessors, and programmable logic devices and provide an electrical interconnection
among them. The reason behind its widespread utilization is its advantages features such
as low cost and weight. Additionally, it provides a high degree of customization for specific

applications (Montrose et al., 1996).

In the current applications, the PCB will also play a central role in the Energy Management
System (EMS) which will be discussed in detail in Chapter 6.
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5.1.11 Permanent components parameters and measuring devices

The following list is showing how some parameters which are related to permanent com-

ponents will be recorded during the operation

5.2

Battery voltage, and current drawn parameters are measured using the Pixhawk
6 autopilot or the PCB.

Acceleration, Gyro, and DOF parameters are measured by the internal IMU in the

Pixhawk 6 autopilot.

Speed and location parameters are measured using the Holybro MON GPS module
attached to the Autopilot.

RPM and torque parameters for the electrical motors are planned to be measured
using a torque sensor with a measurement rating of 0.5 Nm and 7000 RPM (Futek.com,
a).

Rudder angle can also be captured through the servo signal recorded in the autopilot,

but it requires a prior calibration between the servo input and the rudder angle.

Draft usually does not significantly change during the runs. However, during the
towing test, a dynamic draft was noted at high speeds. This will acquire to measure
the draft continuously during operation. This can be achieved by using two static
pressure sensors at FORE, AFT, and midship locations at the outer surface of the
bottom. By this configuration, a real-time reading of the mean draft and trim will be
provided continuously. The proposed solution is (Conrad.de, a) which is compatible
with both the Raspberry PI and the Autopilot (Pixhawk 6).

Interchangeable component

Interchangeable components group encapsulate the EGM components that will be required

to be exchanged with other module in future development.

5.2.1 Dynamo

The dynamo (Amazon.de) sizing was determined by considering the aggregate power require-

ments outlined in Table 5.6. The total power demand including a 15% safety margin is 50.28

watts. The nearest commercially available dynamo has a power rating of 100 watts. However,

a dynamo with a capacity of 300 watts was chosen to ensure compatibility with the nearest

available fuel cell module. While the fuel cell module is not intended for utilization within

the scope of this thesis, it was selected with an equivalent capacity to facilitate meaningful

comparison between the two modules in the future. The dynamo parameters are mentioned
in Table 5.8.
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Table 5.8: The proposed dynamo parameters

Parameter Value Unit
Rated power 300 w
Voltage (DC with a rectifier) 12 \%
Number of revolutions 600 RPM
Start Torque 0.35 Nm

5.2.2 Combustion engine

A CE is used to drive the dynamo. The CE choosing criteria is based on the required
RPM and torque for the dynamo. The nearest commercially available engine was selected
(MHM-Modellbau.de, h). The engine parameters are shown in Table 5.9.

A gearbox (OMC-Stepperonline.com) with a reduction ratio of 10:1 is employed to match
the engine output RPM with the dynamo input RPM.

Table 5.9: The proposed combustion engine parameters

Parameter Value Unit

Rated power 514 W
Number of revolution 5000-30000 RPM
Torque range  0.16-0.98 Nm

5.2.3 Engine auto-start system

The currently available engines are manually starting engines (eg. pull start mechanism)
which is not appropriate in the current context as will be explained in Chapter 6. Conse-
quently, an automatic electric start-up system is employed to fully automatize the system.
This automatic starting system consists of a separate battery powering a separate electric
motor that can be initiated remotely to start up the CE. The system chosen is an integrated
system (NitroRCS.com) than can be fixed in the model and be connected permanently to the

engine.

5.2.4 Fuel pump and fuel tank

The fuel pump (ErcMarket.com) is fitted to regulate the fuel flow between the fuel tank
and the CE. It serves also in shutting down the running engine by cutting off the fuel supply
to it. The pump specification used in this task is shown Table 5.10.

A 500 ml capacity nitro fuel (Conrad.de, b) tank was also chosen to ensure continuous
fuel supply for the engine. Usually, the tank should be sized with known data about engine
Specific Fuel Consumption (SFC) and the desired time for the run. The SFC for the chosen

engine is provided. Therefore the tank was chosen with respect to the available volume in
the model hull.
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Table 5.10: The proposed fuel pump specification

Parameter Value Unit
Voltage range 4.8-6 \Y
Flow rate 1000  cc/minute
Lift 0.8 m
Weight 175 grams

5.2.5 Interchangeable components parameters and measuring devices

o Fuel flow is to be measured using a flow meter (Conrad.de, c). It is a widely used
sensor in the field of RC models with a minimum sensitivity of 20 ml/min. Another
alternative solution with a sensitivity of 1 ml/min has different digital interface options

for data transmission (Digikey.de).

o Fuel level in the tank can be measured using (HobbyQueenltalia.com). it is compatible
with FrSky telemetry through FrSky FSH-01 Sensor Hub.

e Similarly to the electrical motors, the CE, and the dynamo will also require torque
sensors to measure the torque and RPM values. But with a higher range of torque
(Futek.com, b).

5.3 Component interconnection

After delineating each of these distinct components and explicating their individual functions,

the focus now shifts to comprehending the interactions among these components.

Figure 5.4 illustrates a diagrammatic scheme of components mentioned before, showing
their dependencies and how they are correlated to each other. Also, it gives some insight into
energy generation and distribution among various components. As well as the signals’ path
through the system. A breakdown explanation of this diagram is provided in the following

bullet points:

e The receiver is where the signal enters into the system after the RC operator sends a

command via the transmitter.

e The autopilot is acting as the central hub of the control system. It receives the control
signal from the receiver and transmits it to its corresponding components. It also can
transmit data and command signals from and to the Raspberry PI. Sensors that are
compatible with the ArduPilot will also record their reading into its internal storage
unit. In addition, it has its own IMU that also records all data in the same storage
unit. it also stores parameters from the battery.

e The PCB is the connecting link between both interchangeable and permanent compo-
nents. It is the core of the EMS since it regulated the power supplied by the dynamo and
the battery and transmits it to the PDB. It also power and control the engine throttle
servo to control the amount of energy input to the system. It has a data connection to

the Raspberry PI where it can store its captured readings.

o The PDB is also the central electrical energy hub in the system, it transfers the electrical
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power from the PCB to the rest of the components. With the increasing number of
components that demand separate power supply, a power distribution module can be

utilized.

¢ In the bottom right, the EGM system is illustrated its components and their correlation

with the other permanent components.

e Through the telemetry module, some operational data can be transmitted instanta-
neously to the Gounod station. The telemetry module can receive data from the au-

topilot or the Raspberry PI.
e As mentioned, the ESC is regulating the BLDC’s RPM under various loads. The latter

is deriving the propellers.

It is worth mentioning that due to some similarities between the Autopilot and Raspberry PI
functions, any decision to switch functionalities between the two components might require

minor modifications to the proposed diagram and correlation matrix.

To have a broader picture of the proposed system, a correlation matrix is shown in Fig-
ure 5.3. In this matrix, all components, sensors, and also parameters of interest were listed as
shown. Hence, the interaction between each pair of components is specified at the intersection

cell.

For instance, the intersection between the fuel pump row and the CE column is denoted
by the blue box which means "Feed" in the matrix legend. Another example for the BLDC
motor torque sensor, it interacts with the BLDC with a green box which means "Measure" and

intersects with the Raspberry PI with a green box with a blue circle which means "record".

Some components have two correlations or actions to an individual component. for in-
stance, the ESC row intersection with the BLDC motor column is donated with two different
symbols which means "Control" and "Electrical feed" since the ESC do both actions to the
BLDC motor.
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Figure 5.3: A correlation matrix of components illustrates the interconnection among in-
dividual components as well as the measuring parameters
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5.4 Miscellaneous component

In addition to the permanent and changeable components mentioned before, there are further-
more small components that were necessary to provide fixation and interconnection between
these main components. These components are such as connectors between the rotary parts,
cables with different adapters, and for sure plenty of various types of screws. Customized
3D-printed parts were also printed to fulfill specific needs where there are no commercial

solutions available.

In order to ensure watertightness where the rudder stock is penetrating the hull, and due
to the hull surface curvature at this area. Customized 3D printed fins were printed so one
of their sides will fit on the hull curvature from the outside and the other side will provide
a flat horizontal surface. This flat surface will offer a good contact area for the water-tight
seal of the rudder shaft. Additionally, a propeller holder was designed and 3D-printed with

respect to the stern tube size and hull shape. both parts are shown in Figure 5.5.

Intermediate deck ——

3D-Printed fins *\

Flat surface

3D-Printed propeller strut

Figure 5.5: 3D-Printed parts (Dimension in mm)

5.5 Model assembly planning

The above-mentioned components were distributed within the hull taking into account some
factors such as the available space within the model hull, each component function, as well

as considerations regarding accessibility and ease of interchangeability.

First of all, Medium-density fibreboard (MDF) plate was fixed on the model’s bottom. It
is used as a horizontal surface to facilitate aligning components. It also serves as a protective
layer to safely use bolts to fix the components in place.

An intermediate deck was fitted at the AFT of the model. It serves as a platform for fixing
the rudders’ servos. Figure 5.8, Figure 5.7 and Figure 5.6 shows the proposed arrangement

of the component inside the hull. Also, the components are listed in Table 5.11.
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With respect to the end of the propeller shaft inside the hull and the dimensions of the
coupling, motors were placed and eventually the ESC. The PDB is then placed to provide

the connection between the ESCs and the batteries.

As a general note, it should be acknowledged that the physical model’s layout could de-
viate from the layout provided. Such modifications are primarily aimed at improving cable
management. However, these adjustments do not pose significant challenges, as the majority
of components are situated along the model’s center line. Furthermore, the model’s draft is

intended to be attained using solid weights, which can also serve to adjust the trim.

350 1045
445 ‘ 600

100 —~

Figure 5.6: Arrangement of components in a two-dimensional layout, with dimensions spec-
ified in millimeters.
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Figure 5.7: Arrangement of components in a two-dimensional layout
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Table 5.11: List of major components

Figure 5.8: Arrangement of components in 3D perspective views

No. Item Description Quantity
1 Hull GFRP 16.61:1 scaled-down model 1
2 Propeller 5 blades, 65 mm diameter, 6.5 mm pitch 2
3 Battery 4S LiPo 5000 mAh battery 2
4 Dynamo 300 watts. 12 volt DC with rectifier 1
5 Rudder 67x45mm 2
6 Combustion engine 0.S. Max-12TG-X 12E Pull-start 1
7 Electric starter E-Starter with 2S LiPo 1800 mAh battery 1
8 Autopilot Pixhawk 6 1
9 One-board computer Raspberry PI 4 1
10 Rudder Servo Torcster Mini Servo NR-85 MG Digital 20g 2
11 PDB Pixhawk PX4 Mini PM06 V2 1
12 Fuel tank Nitro fuel tank 500 ml 1
13 ESC EzRun MAX10 G2, 140A 2
14  Brushless DC electric motor MAX Marine P359 350KV 2
15 Gearbox Nema 17 Gear Reducer Ratio 10:1 2
16 Fuel pump 4.8-6v,Flow rate: 1000cc/minute 1
17 Interchangeable plate MDF plate with handle 1
18 Telemetry module FrSky 1
19 Receiver ARCHER-RS8 Pro Receiver 1
20 PCB Printed Circuit Board 1

As explained before, the interchangeable components containing the EGM are assembled

into one unit that can be easily dismounted from the model and replaced with any other

EGM for future analysis. Figure 5.10 demonstrates this idea.
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Figure 5.9: Proposed design of the interchangeable plate intended to enclose the EGM com-

ponents, with dimension specific in millimeters

300.0 CTC

Figure 5.10: A 3D illustration of interchangeability feature for the EGM components
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5.6 Components weight list and price

In the detailed design phase, it was necessary to have a general figure about the expected
total cost of the model and also the approximated weights of the intended components with
the hull. This will serve as a reference point for future comparisons and reflections. The
list shown in Table 5.12 comprises the components’ designations, quantity, price, weight, and

acquisition status.

The acquired components’ prices were directly listed when purchased. However, the prices
of the proposed components were obtained from different online stores. These prices might
be subjected to fluctuations upon actual procurement or alternations suppliers. Similarly,
the weights obtained from these stores (if available) might slightly deviate from the actual

supplied component weight.

Furthermore, elements utilized for fixation and interconnection among all components pose
a challenge in terms of weight tracking, so the proposed procedure is to weigh the entire
model when all the installation work is done. This measured weight is then compared with
the theoretically calculated displacement at a draft of 9 cm. The difference will represent
the needed solid weight to maintain that draft. This will cover any uncertainty in the weight

calculation.

Nevertheless, this list is a first iteration and will be anticipated to expand progressively as

the project advances.
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Energy management system

In the detailed design of the model, it is required to have one interchangeable EGM along with
other permanent components such as the propulsion system and control unit. The current

scoop is including the EGM configurations based on the CE

As discussed before, the architecture of the current EGM consists of one CE driving a
dynamo. This architecture also includes a buffer battery which can provide a temporary
backup power source for the system for a short period of time. Having two or more power

sources onboard will categorize the EGM as a hybrid system (Nguyen et al., 2021).

In full-scale marine vessels batteries are commonly used with the generators for various
purposes such as: adding a degree of freedom to the system to control and optimize the
onboard power. Batteries can provide the needed power when the generators are shut down
to prevent operating in low-efficient regions. When the generated energy is higher than the
demand, the excess energy can be unitized by charging the batteries. Batteries can boost the

generator to drive the system in case of high energy demands (Bui et al., 2018).

Therefore, with all these processes in a hybrid powering system - generator with batteries
in this case - it is essential to develop an EMS to adequately distribute the power among
various components onboard and obtain the maximum efficiency from these different power
sources. (Bui et al., 2018).

Autopilot | o o Electrical Battery
auto start
Diesel Power Propulsion
Fuel Tank Feed Pump Feed Engine Run Dynamo PCB dlStrlI?uthH syslem,&'
Board other loads
Signal
Mechanical power
Throttle RPI P
Servo Electrical power
Fluid flow

Figure 6.1: The diagrammatic representation of energy generation module based on a com-
bustion engine

Returning to the power train configuration for model scale, the dynamo is been driven by
a CE to generate the necessary power to charge the batteries besides fulfilling the system
power demand. When the battery is fully charged, the dynamo will only generate the power

to fulfill the other components’ power demand. In emergency cases when the EGM is out of
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service for any reason, batteries can provide a backup solution to ensure continuous sailing
for the model to reach a nearby service area. The described EGM with all its components

and auxiliaries is diagrammatically presented in Figure 6.1.

The EGM start-up, power control, and shutdown processes are regulated through different
components which are mainly controlled by signals from the control module (eg. the autopilot,

the Raspberry PI or the PDB). These processes are described as follows:

o System start-up: This is done through the electrical auto start-up system (described

before) which is triggered by a servo pushing its button.

e« Dynamo power alter: This is done by controlling the CE output power by controlling
its throttle which eventually will control the dynamo-generated power. The throttle is

also controlled by a separate servo which is a common practice for RC models.

¢ Engine shutdown: This is done by cutting off the fuel supply to the engine which

can be executed by shutting down the fuel pump.

These crucial processes can be executed via control signals. However, these processes are still
manual and require the RC input signal to be triggered. It is obvious now that it would be
beyond the operator’s capabilities to manually synchronize all these processes besides the safe
operation on the model. Therefore, it is necessary to automate their occurrence according to

the operational needs.

The suggested method for utilization is a PCB, offering a high level of flexibility for cus-
tomization to meet the energy management system requirements. The PCB board is expected

to regulate the following processes:
o Start/Stop battery charging according to battery SOC.
e Provide a control signal to the engine throttle servo to alter the dynamo output.

o Alternate between the battery or the dynamo as the main source of power according

to the operational needs.

o Provide operational data about battery voltage, SOC, and charging start/end time and
charging period.

With more information known about the CE efficiency graphs, this proposed EMS can be

extended to engage the batteries while the power demand is low where the CE is expected

to operate in a low-efficiency region.

The correlation between these processes and their occurrence is illustrated in Figure 6.2,

which can be considered as the bases for programming the PCB.

To conclude these processes in a practical way, assuming the RC operator is sailing the
model at low speed where the power demand is relatively low, then the model will use only
batteries in this case. If the RC operator pushed the throttle to achieve higher speed, the
PCB will automatically trigger the CE which in turn will operate the dynamo. The latter
will be then the main power source as long as the required power is in range with the CE
high-efficiency operation region.

Another practical scenario assumes that the model runs on low power demand where the

battery SOC reaches a critical level. Then, and automatically without the interference of
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the RC operator, the CE will be started up to assign the dynamo as the main power source.
The latter will continue sailing the model even if it is operating in a low-efficiency region but

additionally, it will charge the empty batteries.

I
Measure Power Demand Measure
(Pp) and Battery SOC Battery SOC
Engine RPM Switch to
No Battery : Battery
SOC <= 10%
Yes Yes
Operation. >N
< att ou
Pr=Pp + Ppy Region e
Yes No
Adjust Engine Keep engine
Power
running
Battery No
SOC>=90% — = End
Yes
Ppb —— Power demand for all components
Pr=Pp Pr —— Total power demand
Pgaw  — Battery charging power
Pgait our— Battery output power
Adjust Engine
Power

Figure 6.2: The proposed energy management system flow chart
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Data model development

After harvesting the data from multiple sources, it became necessary to organize and store
it in a manner that retrieval and restoration were done smoothly. To achieve this task
efficiently, data model system is conceptualized. The data model should involve organizing
data captured from different sources. This structure is not only helpful in terms of data
analysis but also will give insight into how these parameters are correlated (Jabary et al.,
2022; Kim and Kim, 2017).

To effectively process and provide structured ship operation data, it is necessary to syn-
chronize and identify the relationships between various data collected from different resources
and at different frequencies. This will be one of the cornerstones for efficient data analysis.
Therefore, the data context should be established similarly to the context of the physical

entities.

As discussed in previous chapters, the main objective of this application is to evaluate
the performance of the energy system of a scaled ship model that will require the analysis
of different types of data. These data are mainly categorized into six distinct categories,
which are: Ship operation data, Low-frequency data, high-frequency data, External data,
General data, and Reference data (Jabary et al., 2022). However, for a scaled model within

a controlled environment, these categories can be shortened into the following:

1. Operation data
This includes data about the planned runs, what are the operation profiles included

within the run.

2. Low-frequency data
Which comprises data that are not frequently changing during the model run such as

ship loading conditions, ship hydrostatics, and water temperature.

3. High-frequency data
Contrary to Low-frequency data, this includes raw sensor data captured for different
parameters during the model operation. These parameters were described in detail in
Chapter 4.

4. Reference data
This contains all information about the model and its components data sheets or ref-
erence values driven from trials. Additionally, the components operating diagrams and

efficiencies.

The information objects mentioned are correlated to each other within the operating con-

text. These relationships are represented in an overall entity-relationship model (ERM)
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shown in Figure 7.1.

The ERM is a data model that is utilized to represent the relationship between different
entities in the database. It serves also in database design. The model usually consists of
three components. The first component is the entities that represent a real-world object.
Each entity has it is own attributes describing its properties and features which is considered
the second component of the data model. The last component is the relationship among
these entities. It is also possible to illustrate the data model graphically using what is known
as an Entity-relationship diagram which provides a clear understanding of how the entities

are correlated and eventually how the database should be structured (Chen, 1976).

has 1 Propeller data sheet|
@ I[BLDC data sheet

Battery data sheet
Operation data @ 1 Dynamo data sheet
![CE data sheet |
Model ship Reference data @ CE data sheet
Low frequency data

has 1 Loading condition

Hydrostatics

High frequency data

has 7O—N{ Operation period ‘

1 1 1

0.N Dynamo data

0.N Battery data

has 0"N} Electric motor data

s 0.~N} Ship speed/DOF/location

Figure 7.1: Overall data models ERM proposed diagram

A relationship between runs and the ship model is an example of how to interpret the
notation with the relationship direction. In other words, the demonstrator would have (0..N)
number of runs and the runs will be only associated with one ship model (not more than one
or none). In general, the information objects at a lower level within that tree cannot exist

without their associated higher-level information objects.

In the case of high-frequency recorded data, it is advantageous that all the data points
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should be correlated to the same time step, ensuring proper synchronization. This synchro-
nization is an essential requirement for performing meaningful data analysis. By having the
data recorded with consistent time steps, it becomes feasible to include parameters of interest
into the same plots, facilitating further analysis and exploration of relationships and patterns
within the data (Jabary et al., 2022). It will also save the time needed to synchronize these

parameters later in data preprocessing phase.

7.1 Data management system architecture

For the sake of efficient data analysis, several processes should be performed simultaneously
and smoothly. Those processes are mainly data import, data storage/retrieval, and data
processing. Jabary et al. (2022) presented a system that consists of 4 main components as

follows:

1. Information model: In this process, the operational data are planned to be repre-
sented as information objects with descriptions of their relationships to each other -
as described in Chapter 7. Software like pgModeler can be utilized for the formula-
tion of this logical information model. It also can provide an output file format like
Structured Query Language Data Definition Language (SQL DDL) that can be easily
integrated into the database management system while creating the physical model
(physical modern in the context of information modeling means how the data will be
stored and organized in a database management system). It also can provide the pos-

sibility to visualize the model via a web browser using HT'ML as an output file.

2. Data storage and retrieval: One possible solution for data storage and access is an
open-source object-relational database system called PostgreSQL. The physical struc-
ture of the database is designed based on a relational model. This means that the
data can be organized and retrieved in a way that is similar to how objects are used in
programming.

3. Data import: Reference data as well as the operational data can be imported by using

customized Python algorithms which can handle data with different formats such as
SQLite, CSV and .dat.

4. Data analysis: Developed Python code can be used to access the stored and synchro-
nized data for further analysis, but in order to have an efficient analysis, these data are

subjected to pre-processing operations as will be explained in Chapter 8.

The previously explained components and process are visually represented in Figure 7.2.
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Figure 7.2: The proposed data management system architecture



Data processing

Within this chapter, a comprehensive literature review of several existing data preprocess-
ing methods has been undertaken. This involves elucidating their methodologies, benefits,
and limitations. These diverse methods will subsequently be applied to the developed data

preprocessing algorithms, subjecting their performance to real-world testing.

The gathered data are the key feature for a reliable evaluation of ship operation performance
and successive DT implementation (Zhang et al., 2022). the ship operators can now obtain
vast data representing different parameters within the ship’s complex systems. This can
be attributed to the rapid development of sensors and telemetry technology as well as the

increasing complexity of modern ship systems (DMA, 2018).

The obtained raw data is preprocessed, then undergoes a correlation analysis to identify the
interdependence among operational parameters, unveiling the influencing operational condi-
tion. Furthermore, these data are utilized for ship performance assessment when compared

against the ship reference data.

The recent developments in fields like Information Technology, Data Science, and Machine
Learning have created more opportunities for conducting an in-depth analysis of the gathered

data which are attributed to complexity and vast size (Jabary et al., 2023b).
Jabary et al. (2023b) categorized the potential challenges while processing the data into

two main groups:

1. Challenges concerning data form.
Data are captured from different sensors in different formats with different frequencies

which will require customized codes (programs) to import and synchronize these data.

2. Challenges concerning data content.
Data gathered might have some weaknesses which can pose obstacles to the proper data

analysis process. According to ISO (2017), these can be categorized as :
a) Missing data which might occur due to sensor or telemetry module failure.
b) Outlier data points that deviate significantly from the trend of other data points.

To ensure accurate and reliable data analysis, it is essential to synchronize the recorded data
from various sources. Once the data is synchronized, it continues preprocessing to identify
and eliminate any flaws or inconsistencies. This preprocessing stage aims to enhance the

quality and integrity of the data, enabling more accurate analysis and interpretation.

With regard to the above-mentioned challenges, a data management system was devel-
oped to overcome any potential data flaws. The following sections will address these data-

processing steps and methods employed.
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8.1 Data Synchronising

In a scenario where data is collected from different sources (e.g., sensors) at various frequen-
cies, with different temporal periods, it is crucial to synchronize the raw data. During this
process, the data points from different sources are been aligned to a common time reference.

This will enable meaningful comparison and accurate operational data correlation analysis.

8.1.1 Dynamic Time Warping (DTW)

Bellman and Kalaba (1959) introduced Dynamic Time Warping (DTW), and later in the
70s it was employed in many applications such as speech recognition (Myers et al., 1980),

signature/handwriting matching (Tappert et al., 1990), and signal processing (Miiller, 2007).

DTW is a method for measuring similarity between time series data. DTW can also
handle data sets with varying lengths by allowing what is called "elastic" transformation
(Senin, 2008a). In other words, it allows stretching or compression of the time axis to align

similar data occurrence patterns even if the data sets have different time periods.

It should be mentioned that this time warping behavior is only done for the sake of corre-
lation and comparison between the parameters. However, the original signal temporal length

before warping is kept unchanged.

8.1.1.1 DTW algorithm implementation

The DTW algorithm implementation is explained in the following steps:
1. Consider two different signals denoted by (x) and (y) each one containing (N) and (M)

number of entries. Both can be represented as 1.y and yq.p7. It is required to align

these two signals.

2. Start to construct the cost matrix (D) which will tell which point from the signal (x)

corresponds to the signal (y) and how much cost to align them.

3. The (D) is initialized in a way that the dimension of the (D) is (N41) x (M+1). The
first column (D; ) and first row (Dyg ;) are filled with co. But Dg is filled with zero

as illustrated in Figure 8.1a.

4. Calculate the distance and the cost to align the first entry in (x) signal to the first
entry in signal (y). The obtained result is filled (Dy 7). The cost is calculated using the

following equation

Di—l,j—l (match)
D j = d(xi,y;) +min § D; 4 ; (insertion) (8.1)
Di,jfl (deletion)

Where d(z;,y;) is the absolute difference between z; and ;.
5. Iterate the process for each entry from signal (x) against all entries in signal (y).

6. Depending on the minimum values that are used to calculate the cost, the warping path

is determined. The warping path is showing which points are corresponding to each
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other from both signals with minimum cost to align as shown in Figure 8.1b.

7. The cost for alignment of both signals is found in cell (Dy /). In Figure 8.1b, the

alignment cost is 2.0.

8. The entries that correspond to each other along the warp path are then plotted on the

same plot.

The cost for aligning both signals/

\Cost of aligning x;,, and Y
f

\
N,

/éo/éo 00 | 00 25 225 1. L,

g . 15
Cost of aligning x; and y.

> 8/8/8'8

y signal entries

j+l

Cost of aligning x; and Y

x signal entries 2 4 a ]

() Cost matrix initializat (b) Cost matrix with warping path
a) Cost matrix initialization

Figure 8.1: Demonstration of Dynamic Time Warping (DTW) cost matrix initialization (on
left) and graphical representation of warping path (on right)

It should be mentioned that DTW at its core is computationally expensive especially when
dealing with populated time series data sets. This is directly attributed to the cost matrix
size that is directly influenced by the number of data points. Furthermore, it’s important to
consider that as it measures the distance between data points from each data set, it could

yield misleading results when dealing with two data sets of varying dimensions.

8.1.2 Cross-correlation method

Another method that has been popular in synchronizing time series data is the cross-correlation
method. This approach involves a straightforward procedure of sliding one series over the
other and subsequently computing the correlation between the two series. The alignment of
the two series will occur at the point where the maximum correlation is identified. On one
hand, it is less computationally expensive, but on the other hand, it does not feature the
time-warping ability. This makes its performances tied to data sets with the same temporal

time.

8.1.2.1 Cross-correlation algorithm implementation

The cross-correlation is calculated according to Equation (8.2), where (n) is the number of
data points in the series and (m) is the time offset between the two series. The lag value

Cxy[m] will be iterating between the minimum and maximum possible lag values (Bourke,
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1996).
Cxylm] = 3 a[n] - yln + m] (8.2)

For each lag value, the correlation coefficient is calculated according to Equation (8.3). Gen-
erally, it is a scalar value that varies between 1 to -1. The closer this value to 1 or -1 means

a strong correlation between both series and closer to zero means a weak correlation.

>o(wi =) (yi — )
r= (8.3)
VS (@i —2)° S (i — 9)°

8.2 Data compilation

In the case of dealing with data sets that are sharing the same time steps but one data set
has a different frequency, ISO 19030 has recommended two methods to address two possible

scenarios.

o Compilation high to low-frequency data is done by averaging the high-frequency

data over a relevant time interval between two successive low-frequency records.

e Compilation low to high-frequency data is done by duplicating the low-frequency

data over relevant time with time steps of the high-frequency data.

ISO 19030 proposed Equation (8.4) to perform high to low-frequency data compilation and
Equation (8.5) for the opposite case.

1 &
appp1=—y my for i<k<i+f! (8.4)
ng 1

Where a; ;-1 is the average high-frequency value over time step (i) and time step (f -1,
(f) is the high data frequency. mj in the number of high-frequency measures between two
successive low-frequency measures and my is their summation. (k) is the low-frequency data

time step.

For low to high-frequency compilation, ISO 19030 recommends that the values of the low-
frequency measures be duplicated over relevant time intervals. The low-frequency value my
at a time interval k is to be duplicated to the values a; with time stamps ¢ from the high-

frequency measures. Where i lies between k and k — ¢~ 1.
aj=my foralliink—t1<i<k (8.5)

8.3 Data cleaning

Not all data captured by sensors are meaningful, so it is essential to distinguish between both
raw and net data (fcaro Aragao Fonseca and Gaspar, 2021). Therefore the raw data should
undergo some cleaning processes to extract more meaningful data (eg. net data) from it.
In this section, different data filtering techniques will be discussed. These filtering methods

will be utilized to identify and eliminate any potential data anomaly. These potential flaws
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together with some proposed methods to handle them are discussed in the following sub-

sections.

8.3.1 Data denoising

Salgado et al. (2016) mentioned the difference between noise and outliers. While outliers
might be of use if they are presenting a truly abnormal behavior in the system. However,
noise is always presenting value errors or mislabeling that should be cleaned in a process

known as signal denoising.

Liu et al. (2020) presented that cleansing noisy signal data is the most essential preparatory
step in data analysis. Data sets might have superimposed noise and outliers and the presence
of the noise is an obstacle to the outliers detection method to have true detections. He also
added that utilizing the outliers removal methods to denoise the data set is not a proper

approach.

8.3.1.1 Kalman filter

The Kalman filter, named after its creator Rudolf E. Kalman, is a recursive algorithm
designed to estimate the evolving state of a system in the presence of noise. This system,
which is typically dynamic, can be represented by a set of mathematical equations that relate
the observable measurements and the underlying state (Welch, 2020). The working principle
of the Kalman filter can be divided into two key steps: prediction and update. These steps

are briefly explained below.

1. The prediction step: This step provides us with an estimation of the system’s next
state with regard to the current state. The uncertainty of this estimate is also predicted

which is represented by a covariance matrix.

2. The update step: This step involves using the new measures to correct the previ-
ous estimations (values and uncertainty). Then the Kalman gain is measured which
represents the ratio between the predicted and measured certainty. Then, the initial

estimate and error covariance is updated.

These two steps are then iterated improving the accuracy of the estimated states, therefore
smoothing out the signal noise. The working principle of the Kamlan filter is summarized in

Figure 8.2.
In the Kalman filtering algorithm, there are manually input parameters that highly influ-

ence the filtering performance. These parameters are measurement noise variance and process

noise variance) denoted by R,, and @,, respectively

The first parameter (Measurement noise variance (R,)) is representing the uncertainty
associated with the measurements. A higher value means a more noisy and less reliable
signal. So the Kalman filter will put less weight on the measurements and rely more on its

previous state estimate.

The other parameter (Process noise variance (@,,)) represents the uncertainty associated
with the process model itself. A higher value means less precise for the model. The Kalman

filter will then allow its state estimate to change more freely from one step to the next.
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Figure 8.2: Summarized Kalman filter principle and formation (Becker, 2023)

8.3.1.2 Low-Pass Filtering

As mentioned by Jiao et al. (2015), the low-pass filtering concept is about cutting off signals
with respect to their values. A common method to determine which signals are required to
be eliminated is by filtering out signals that have a frequency higher than a certain value. For
a timer series data set or signal, it will be necessary to transform it from time to frequency
domain. One method to do it is to use Fast Fourier transform (FEFT). The detailed steps is

to be as follows :
1. Using the FFT to switch the signal from time to frequency domain.
2. Calculate the frequency for each entry.
3. Replace those signals with frequencies higher than a certain threshold value with zero.
4. Inverse the FFT transformation to convert back the signal to the time domain again.
Similar to the R, and @), parameters in the Kalman filter, the determination of the min-

imum frequency threshold necessitates manual definition, which may involve some trial and

error to identify an appropriate value.

8.3.2 Data Outliers

Data outliers are described as those data points which are inconsistent with the remaining
data set (Hodge and Austin, 2004). The existence of these outliers in the data set will cause
misleading analysis results (Hasan, 2019). These outlines may occur due to human error or
instrumental failure. However, within this thesis, the data is reported mainly from sensors.
These sensors are prone to some potential flaws such as failure, malfunction, or rapid attrition.
As a result, the sensor may occasionally produce anomalous or erroneous readings, commonly
referred to as outliers (Gaddam et al., 2020).
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8.3.3 Outliers Visualisation

Before applying filtering methods to eliminate the data outliers, it is beneficial to have an
insight into how these outliers are distributed across the data set. There are several that

serve as tools to detect the potential outlier. Some of these methods are discussed below

8.3.3.1 Scatter plot

A scatter plot can be utilized to visualize a relationship between two variables. It is a
useful tool to have a quick overview of the correlation between the variables, outliers, data
patterns, and distribution (Kaliyaperumal and Kuppusamy, 2015). However, with intense
data sets, it may be challenging to detect the outliers since a scatter plot does not provide
a standard way for highlighting the outliers. Another drawback of the scatter plot is that it
does not provide any statics summary about the data set (eg. mean, median) or measures of
dispersion (e.g., range, interquartile range). To overcome the mentioned drawbacks, the box

plot is introduced.

8.3.3.2 The Box Plot

The box plot, also known as the Box-and-Whisker is a graphical method to visualize the data
point distribution and summary statics (Williamson et al., 1989). The box plot consists of
the following elements and is illustrated in Figure 8.3.
1. Box
The box contains 50% of the data. the left boundary is 25th percentile (Q1) and the
right boundary 75th percentile (Q3). The box length is representing the data spread
within this range.
2. Median
The median or middle quartile is represented by a vertical line inside the box splitting
it in half.

3. Whiskers
The whiskers are horizontal lines extending from the box on both sides representing
the data points located outside the Interquartile Range (IQR) (eg. the other 50% of
the data). Both ends of the whiskers are representing minima and maxima values. the
length of these whiskers is governed by Maxima = Q3 + 1.5 X IQR and Minima =
QRlL—-15xIQR

4. Outliers

Outliers are the individual points located outside the whiskers.

8.3.3.3 Kernel density estimation plot

Kernel density estimation (KDE) estimates the probability density function which is driven
by smoothing a histogram for the data set. It is another tool commonly used in data analysis
to estimate the underlying probability distribution of a data set (Lang et al., 2022). The
process of KDE includes the following steps:

1. Choose a kernel function: Common choices include the Gaussian (normal) distribution.
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Figure 8.3: Box plot example graph illustrating different component of the plot (Azevedo,
2022)

2. Determine the bandwidth: This will control the width of the kernel and the smoothness

of the estimated function.

3. Placing a kernel at each data point in a way that the center of the kernel is located at

each data point.

4. Summing up the kernel to obtain the smooth estimate of the probability density function
(PDF).

After obtaining the estimated PDE, the user should define the threshold value that defines
the region of low density. Points located below this limit are considered as potential outliers.

The threshold is determined manually based on the nature of the domain data.

For the sake of a better understanding of these visualization methods, Python code was
used to generate a simulated data set resembling sensor readings. Some randomly generated
outliers were included within this data set to give a more comprehensive representation of a

real-world scenario. These methods were illustrated in Figure 8.4.

In the top graph, the scatter plot provided a quick glance at the data correlation, pattern,
and distribution of outliers with no ability to contrast these outliers. In the second plot,
the outliers data were clearly identified (Those points located outside the Whisker). The
third graph is representing the smoothed PDF where the outliers can be identified by those
low-density regimes at both curve ends. However, in the Kernel density estimation plot, the

decision of a data point to be an outlier is dependent on the manually defined threshold.

8.3.4 OQutliers Removal

In order to conduct an effective data analysis, it is necessary to clean the data set from any
potential outliers. Thanks to ongoing development in data science, there are now several
outliers removal methods available that can be utilized for this task. ISO 19030 gives a

suggestion of one statistical method that can be utilized for outliers removal.
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Figure 8.4: Exemplary comparison between the outliers visualization methods (scatter plot,
box plot, and kernel density plot)
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8.3.4.1 Chauvenet’s Criterion

The Chauvenet’s Criterion is a statistical outliers removal method (Lin and Sherman, 2007)
which is also suggested by ISO 19030 standard. It is a method that is used to identify and

remove outliers from the data set. From a statics point of view, outliers are those data points

that significantly deviate from the rest of the data set. Based on this definition, Chauvenet’s

Criterion provides a mathematical approach to determining how often each data point occurs

with respect to the data point distribution.

The criterion is applied through the following steps:

1.

54

The data set is divided into equally spaced and non-overlapping blocks (the reason

behind the subdivision will be discussed later).

The mean is calculated for each block using the following formulas:

For data not measured in angles
1
Mean = p = i 21: d; (8.6)
For data measured in angles
1Y 1Y
Mean = p = atan 2 (N Z:ZI sin (d;) , N Z:ZI cos (dz)> (8.7)

Calculate the standard error of the mean using the following formula:

For data not measured in angles

Ai = |(di — p)] (8.8)
For data measured in angles
] 360deg —r; if r; = mod (|(d; — )|, 360) > 180deg (8.9)
' T otherwise '

Calculate the standard error for each block using the following formulas:

= 1NA2 8.10
0= N;i (8.10)

. Calculate the probability of occurrence for any value using the following formula:

P (d;) = erfc <0—Aﬂ> (8.11)

A data point is considered an outlier if the following criteria is achieved:

P(d)-N<0,5 (8.12)
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The whole block is considered invalid if one data point does not meet Chauvenet’s Criterion.
According to ISO 19030, this criterion is extended to other measured parameters that share
the same time step. In other words, not only the corresponding data block is marked as
invalid when a data point does not meet Chauvenet’s Criterion but also other blocks related
to other parameters that have the same time window are also marked as invalid. Figure 8.5

demonstrate the graphical representation of Chauvenet’s criterion.

Parameter 1 Parameter 2
Data Data Data Data Criteria Parameter 1| Parameter 2
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Figure 8.5: Chauvenet’s criterion graphical representation

Although its usefulness, Chauvenet’s Criterion has the drawback of being computationally
expensive. This is because of the necessity to iterate the calculation process for all available
data points within the data block as shown in Equation (8.8) afterward the calculation
should be iterated across all data blocks as shown in Equation (8.10). Therefore, the method

presented below can be utilized with less computational effort.

8.3.4.2 Interquartile Range filter

The IQR filter has the same methodology followed in the box plot method described before
but with further steps to crop these visualized outliers. This method does not require any
iteration process as done in the previous method. Therefore it is commonly used with big

data sets to save computational efforts.

8.3.4.3 Z-Score and Modified Z-Score

Z-Score is another statistical method that is commonly used to describe the correlation
of a single value to a group of values (Yaro et al., 2023). The Z-Score is calculated using

Equation (8.13).
Ty — [
o

(8.13)

Zscore =

Where 1 and o are the mean and standard deviation values of the time series respectively.
A certain point is considered an outlier if its Z-score exceeds a certain value of a predefined
threshold. Yaro et al. (2023) mentioned that the common value of this threshold is £3.
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As shown in the Equation (8.13), the Z-Score is dependent on the mean value of the
targeted time series. This makes the results highly influenced by the existence and the values
of the outliers since this can skew the mean value of the data set. Therefore, the mean value

will have a weak representation of the data set.

The Modified Z-Score is a more robust method than the conventional Z-score method.
The Z-Score in this method is calculated using the median value of the time series as shown in
equations Equation (8.14) and Equation (8.15) (201, 2014). Similarly to the Z-Score method,
the point is considered an outlier when it exceeds a threshold of £3.5 (Iglewicz and Hoaglin,
1993).

0.6745 (z; — &)

= VAD (8.14)

MAD = median; {|z; — Z|} (8.15)

These outliers detection methods described are all suitable to be applied to univariate time
series data sets. However, each method employs a different technique to identify these outliers

which will result in a different quantity of outliers per each method.

Blazquez-Garcia et al. (2021) highlighted that if the detection method was applied to the
entire time series, then only global outliers will be detected. However, if the time series was
divided into what is called a time window (or blocks according to ISO 19030), the outliers
detected will be local outliers since they are been compared with their neighborhood. They

added also that all the global outliers are considered local outliers but not the opposite.

In simpler words (just an example), assume that the model run duration was 1 hour, and
the model had a constant speed varying between 2 to 3 meters per second during most of
the time. But for any reason, it was decided to test how fast the model can go with at full
RPM value and it was recorded to be 7 meters per second and the model kept this speed for
only 3 minutes for safety reasons. In data analysis of the speed time series, there is a high
potential that the data points in the regime of 7 m per second speed will be detected as an
outlier although it was a real case that happened intentionally. but this will only happen if
the entire data set was examined for outliers as one part. Alternatively, if the time series was
divided into time blocks, this high-speed region will be considered as part of the study, and

only global outliers will be detected and removed.

8.4 Missing data

Another potential issue with sensor-measured data is missing data within the data set. Miss-
ing data can arise due to various reasons, such as sensor malfunctions, communication errors,

power failures, or simply the inherent limitations of the sensing technology.

Another source of these missing data - as mentioned before - is the fingerprint of the deleted
outliers from the data set. This usually happens when the outlier deletion method replaces

the outlier with a NaN in order to preserve the time step.

Techniques for overcoming the missing data issue are mainly categorized into two main
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categories (Agarwal, 2013). One strategy is to simply ignore these missing data, the other

one is to estimate these missing data based on available data imputation methods.

8.4.0.1 List or Pairwise deletion method

o The listwise deletion method (known also as complete case analysis) is the simplest
method to handle the missing data. It basically omits all the records that have at least

one missing data.

o The pairwise deletion method (known also as available case analysis) is not based
on deleting the whole record, it is based on only deleting those missing entries corre-
sponding the parameters of our interest. This method has the advantage of keeping the

maximum possible number of records within the data set.

Figure 8.6 provides a straightforward comparison of various deletion methods as they were
employed in an illustrative scenario. On one hand, in the case of the listwise deletion method,
the data set size might be significantly reduced no matter which parameters will be analyzed.
It can be noted that the RPM parameter has lost two valid records just because it is corre-

sponds to empty records from FOC and speed.

On the other hand, in the case of pairwise deletion, the data set size is well preserved
depending on which parameters are chosen for analysis. For example, if the intention to
analysis time with the speed, only those missing value from the time and the speed parameters
will be deleted as shown in case 1 analysis. Another example if the intention is to study the
time and the RPM as shown in Case 2, the data set preserved its full size since these two

parameters have full entries.

Full data set

Time | Speed | RPM | FOC

T1 -- R1 F1
T2 S2 | R2 | F2
T3 S3 R3 --
T4 S4 R4 | F4

Listwise deletion Pairwise deletion
Case 1 Case 2
Time | Speed | RPM | FOC Time | Speed Time | RPM
T2 S2 R2 F2 T2 S2 T1 R1
T4 S4 R4 F4 T3 S3 T2 R?2
T4 S4 T3 R3
T4 R4

Figure 8.6: Comparison between listwise and pairwise deletion methods

These deletion methods can possibly decrease the data set size which will result in reducing
the statistical power and increasing the standard error (Jadhav et al., 2019). According to

Raaijmakers (1999), the statistical power is reduced up to 90% when 30% of the observations
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are missing. Therefore, they are only appropriate to use when the amount of missing data is
relatively small in comparison with the data set size. These methods are also only valid in

case of the missing data occurrence is random.

8.4.0.2 Data imputation

The data imputation method is another way to handle missing data within the data set
without causing a data set size decrease. Basically, the imputation methods are estimating

the missing values based on the available data.

Many methods are available for data imputation. However, three commonly used methods

will be reviewed in this work.

e Mean imputation: it is a method where the missing values are directly replaced with
the mean value of the data set. Although its simplicity, this imputation process can
result in a change in the shape of the distribution. One noticeable effect is a decrease in
the standard deviation when comparing it before and after imputation. The greater the
number of missing values, the more pronounced the shrinkage in the standard deviation

becomes.

To enhance the imputation method, a slight improvement can be achieved by stratify-
ing the data into subgroups. This approach divides the data set into smaller subsets
based on relevant characteristics or variables. By imputing missing values within each
subgroup separately, the imputation process can better reflect the characteristics of
the specific subgroups, potentially leading to more accurate and representative results
(Jadhav et al., 2019).

e Regression Imputation: It is a method for handling missing data by using regression
models to predict the missing values based on the relationships between variables in
the data set. Regression can be assumed linearly for the sake of simplicity, However,
this method still has an advantage over the mean imputation method in that the data

distribution is preserved to some extent.

o kNN Imputation: K-nearest neighbors (kNN) imputation is a method used to fill in
missing values in a data set based on information from similar or "nearest" data points.
The idea behind kNN imputation is that observations that are close to each other are
likely to have similar values. The data set is used as training data. This method is

utilizing the whole data pattern by considering similarities between observations.

The continuous development of fields like statistics and data analysis has led to various
imputation methods based on different techniques. However, it is important to note that
there is no universally superior imputation method that can be universally applied to all

recorded parameters.

Therefore, it is necessary to establish a clear method to evaluate the results after data
imputation. One method for evaluation is to compare the data set after imputation with
a similar data set from another source (eg. manually reported data, another sensor, or

simulation results).

The imputed results can also be graphically visualized with the raw data where any bias
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or abnormal values can be detected visually. Other plotting techniques such as histograms

and density plots can provide a better insight into the data distribution.

8.5 Data down-sampling

The data compiling concept can be also utilized for what is called data down-sampling. Data
down-sampling is a common method to compress time-series data sets via mathematical
modeling (Steinarsson, 2013). This will help not only to enhance the data visualization, but
also reduce the computational effort needed to process these data afterward (Donckt et al.,
2023). This technique can be effectively employed with densely populated time series data
sets in situations where the measured data frequency is sufficiently high where there is no
significant changes occur between each entry. It also contribute to a certain degree to mitigate

any potential data noise.

8.6 Cross-verification of data

Data checks after some pre-processing steps are also highly needed intermediate processes
to evaluate the applied method’s efficiency individually. Some pre-processing methods (such
as the Kalman filter) have manually defined case-wise variables that lead to different results.
Therefore, post-check processes will be the key to evaluating how far or close the result
processed data is from the original data. These checks also are utilized to evaluate the

outliers removal and data imputation methods.

Cross-correlation of the data set after each process is one of the possible post-checks that
can be employed. This involved checking the correlation between the processed data sets
before and after processing. This will give an insight if the pre-processing steps are resulting

in satisfactory results or not.

Another strong method is to correlate the processed results against the same parameter

results that were measured from another calibrated /higher accuracy source.

In the context of RC model, the throttle input can be related to the model speed. This
is done by running various speed tests and relating the throttle value to the model speed.
Therefore, these speed values related to known throttle values are to be stored in the system
as what is called "Desire speed". Then, when the data is captured during the model run,
both desired and actual speeds will be reported. Then the desired speed data will be utilized

as a guide when evaluating the pre-processed applied on the actual speed data.

Jabary et al. (2023b) recommended three different methods to measure the correlation
between. Each method is showing different dependencies between the data sets. These

methods are briefly described below :

1. Pearson’s correlation: It is a correlation method that simply measures the linear cor-
relation between two variables. It is coefficient varies between [-1,1]. If the coefficient
is equal to -1 or 1, this means that the two matrices lie on the same line (Sedgwick,
2012).

2. Spearman’s rank correlation: It is a correlation method that captures the monotonic
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relationship between two variables. Its correlation coefficient also varies between [-1,1].
If the two compared variables are increasing together, then the correlation coefficient
will equal +1. If the first variable is decreasing while the second parameter is increasing
then the correlation coefficient will be -1 (Sedgwick, 2014).

Distance correlation: It is a method that measures both linear and nonlinear correlation
between two variables. The correlation coefficient varies between [0,1]. Where "0"
indicates independent matrices and a value of "1" indicates equivalence Davis et al.
(2018).

8.7 Data processing pipeline

After introducing the different data processing mechanisms, it was necessary to apply them

in a proper sequence supported by reasonable justifications. The data processing pipeline is

decomposed in the following proposed sequence.

1.
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Data synchronization: For time series data sets, synchronizing harvested data is
the most prior process to do. The reason behind this is any other later process will
present inappropriate results if there are potential lag between the data sets. This
lag will influence the data compilation process since the data will be either averaged
or duplicated in the wrong time step. In addition, in processing multivariate outliers,
having a consistent outliers behavior between different data sets will provide insight
into these outliers’ nature (ie. to detect multivariate outlier points, data sets should be

aligned to the same time axis).

. Data compilation: unifying data frequency is proposed to be the second step. The

reason behind this is to have a consistent data size which will have a positive influence
on removing unwanted values such as Zeros and NaNs afterward. By standardizing
the data frequency, the same number of entries will be deleted from all data sets and
eventually will result in having equally sized data sets which will streamline any fur-
ther analysis. Furthermore, data compilation from high to low frequency provides an

additional advantage by potentially reducing the signal noise.

Data denoising: The reason behind choosing to remove the noisy effect before de-
tecting the potential outliers is that most outliers detection methods discussed before
are influenced by the data set statistical properties such as mean, median, and data
distribution. Therefore, the presence of these noises will have a direct impact on these

values and will lead to an efficient outliers removal process.

Outliers detection method: After eliminating the randomness behavior caused by
the noise from the data set. It is time to further clean the data set from any potential
outliers. In this process, outliers values will not be deleted completely from the data
set, they will be simply replaced by NaN to pave the way to be imputed in the next
step.

. Data imputation: In this step any potential missing data will be imputed using any

of the suggested imputation methods mentioned before.

Data downsampling: The reason behind placing it at the end of the data processing
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pipeline is the fact that it should be only applied in the extreme need case only when the
data set is requiring high computational resources to be analyzed. This process might
lead to unintentionally fading some important features, so it is highly recommended to

perform checks before and after employing it.

This proposed pipeline is not strict and should be flexible depending on the nature of the
harvested data. For instance, if the gathered data inherently suffer from wide data gaps, then

it would be plausible to apply the data imputation at an earlier step.

‘ Data synchronizing ‘ ¢  Dynamic time warping

A
AR T AR

e  Cross validation

e  Low to High Frequency ‘ Data compilation

e  High to Low Frequency

e ISO 19030 feosoo]
Recommendations + 'i>
fe——eo

e Kalman Filter

e  LPF with FFT

Noise removal

Mk = A Validation
e SNR measuring

e  Z-score Qutliers removal

e  Modified Z-score
e Chauvenet's criterion 'i> N
e IQR filter

e  Mean imputation
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e  Linear time regression
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PN/ ey N
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Figure 8.7: Graphical representation of the proposed data pre-processing pipeline
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Results

This chapter presents and discusses the outcomes of the thesis. Firstly, it covers the
status of the model’s equipment and the employed power configuration. Secondly, it delves
into the application of the developed data pre-processing algorithms, which were utilized to
enhance the quality of the data collected by the model’s onboard system. Moreover, the
chapter involves the derivation of parameter formulations alongside their reflection on naval

architecture aspects.

9.1 Final Equipping and Configuration of the Ship Model

The model was equipped with the essential components that can provide valuable operational
data to be analyzed. The decision was made to employ batteries as the primary power
source for all components, as it remains a valid power source with parameters of interest for
analysis. The equipment employed in the model is shown in the shortened list in Table 9.1.
Additionally, a simplified version of the model diagram is shown in Figure 9.1 for the actual

components in the current model version.

Table 9.1: The list of the final components installed in the model

No. Item Description Quantity
1 Hull GFRP 16.61:1 scaled-down model 1
2 Propeller 5 blades, 656 mm diameter, 6.5 mm pitch 2
3 Battery 4S LiPo 5000 mAh battery 2
4 Rudder 67x45mm 2
5 Autopilot Pixhawk 6 1
6 Rudder Servo Torcster Mini Servo NR-85 MG Digital 20g 2
7 Power distribution board Pixhawk PX4 Mini PM06 V2 1
8 ESC EzRun MAX10 G2, 140A 2
9 Brushless DC electric motor MAX Marine P359 350KV 2
10 Gearbox for the brushless motors, reducer ratio 2:1 2
11 Telemetry module FrSky 1
12 Receiver ARCHER-RS8 Pro Receiver 1
13 GPS module Holybro MON GPS 1

With these components, the model is capable to be remotely driven through a considerable
distance. Furthermore, the inclusion of the Pixhawk 6 Autopilot and the GPS module enables

the collection of valuable operational data.
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Figure 9.1: Simplified diagram for the onboard components in the final model state

Additional solid weights as shown in Figure 9.2 were added to specific locations to maintain
an even keel floating position at a draft of 9 cm. The final weight and COG position is

summarized in Table 9.2.

650.00 150.00 T 130.00 T 120.00 312.00

~
AR | EX 3N
X

- 1.0 kg weight - 10.5 kg weights - 2.5 kg weights (5 x 0.5 kg)

Figure 9.2: Additional solid weights layout for maintaining models draft of 9.0 cm during
the model trials, with dimensions specified in millimeters

Table 9.2: Model final weight and COG

Parameter  Symbol  Value unit
Lightweight W 53.5  kgs
Longitudinal center of gravity LCG 86.6  Centimeters from AFT
Transverse center of gravity TCG 0.00 Centimeters from CL
Vertical center of gravity VCG/KG  8.00 Centimeters from Baseline
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9.2 Model static thrust or bollard pull test

The first test that was done was the static thrust test or the bollard pull test. Although this
kind of test is only dedicated to tug boats, it still can provide some valuable insights into the

propulsion system efficiency.

The test configuration is about attaching the model to a load cell that measures how much
pulling force is applied on the line under the effect of different propeller loading. Since the
ship is stationary, the hull resistance and other parameters related to the ship’s speed such
as np are not influenced. Nevertheless, this test still can detect possible propeller cavitation

occurrences.

From the data processing point of view, this test involved recording data from two different
sources (the onboard autopilot and the onshore load cell) which allows putting the developed

Python code for data synchronizing and compilation in a test.

Besides the load cell reading, the relevant data captured during the test from the autopilot
were the battery current drawn, battery voltage, battery output power, and the throttle
percentage. These data showed a consistent frequency of 1 reading per 0.1 seconds while the

load cell reading has a 5 times higher frequency.

Nonetheless, the battery voltage and drawn current are not included in the following study.
The reason behind that is that the battery output energy parameters encapsulate both pa-
rameters with respect to the time step. These parameters correlation is represented by this
direct relation (E =V x I x Time).

Since power is the derivative of energy by definition. Then, the instantaneous power drawn
was derived by differentiating the given energy values with respect to the established time
step. This simple mathematical computation can be done using a forward differentiation as
shown in Equation (9.1).

dE(t) E(t) — E(t — At)

P = = 9.1
ower o At (9.1)

Table 9.3 concludes the different available parameters including their units, source, and

frequency.

Table 9.3: Static thrust test captured parameters with their attributes

. Frequenc No. of Duration
Parameter Unit Source (Hz) Y data points (Minutes)
Battery current Amps  Autopilot 10 5455 09:05.400
Battery voltage Volt  Autopilot 10 5455 09:05.400
Battery output power  Watt Driven 10 5455 09:05.400
Battery energy Wh  Autopilot 10 5455 09:05.400
Throttle percentage % Autopilot 10 5455 09:05.400
Thrust force g-force Load cell 50 15004 04:59.982

It is worth noting the significance of the throttle percentage value in this context. It not

only mirrors the behavior of the other parameters exceptionally well but also its signal does
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not suffer from any noise or outliers. This is due to the fact that the throttle signal is a

manually input signal given by the RC operator through the remote control. Unlike other

parameters, the throttle signal remains immune to external disturbances. These attributes

render the throttle signal very reliable when it comes to selecting a reference to validate the

pre-processing procedures.
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Figure 9.3: Time series graph for the parameters involved in the static thrust test (thrust
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Figure 9.3 gives a first insight into the chosen data for analysis. In this graph, there are
two major observations. The first is the misalignment between the thrust force signal and
other signals. The second observation is the strong correlation between the throttle and the
battery power signals with the exception that the throttle signal exhibits almost no noise.
Also for the sake of compatibility, the measuring unit of the load cell was converted from

gram force to newtons.

9.2.1 Data synchronizing
As explained in the Chapter 8, the first preprocessing step is synchronizing the data. Since
only the thrust force signal is showing different behavior in terms of frequency and length.

It is plausible to only synchronize it to the rest of the other data sets.

The difference in both signal length and frequency made the DTW the optimum choice for
the synchronizing task. this decision was supported by the DTW inherent capacity to stretch
or compress one signal to match the target signal. The throttle signal was assigned a target
signal in this context because of the above-mentioned reasons.
9.2.1.1 Dynamic time warping
As shown in Figure 9.3, the maximum throttle value is 100% while the maximum thrust force
value is 3.5 N which is a significantly less value numerically. This big gap in the values will
distract the DTW algorithm from picking the perfect matching points. To overcome this
issue, both data set values were normalized which means that all values in both data sets will
have values between [0,1]. This is done by Equation (9.2). However, the original values are

retrieved after the synchronization is done.

X — XMin
X ived = —————————— 9.2
Normalized XMaz — XMin ( )
Where Xz, and Xpsq, are the minimum and maximum values in the data set respectively.

Applying the developed code, the thrust force signal was synchronized to the throttle
signal. Figure 9.4 illustrates aligning paths between trust force signal data points to their
corresponding data points in the throttle signal. The plot is meant only to demonstrate the
concept behind the DTW algorithm with no intention to show the time step of any signal

numeric values.

—— Normalized Thrust
—— Normalized Throttle

Figure 9.4: DTW data points aligning visualization
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Figure 9.5: A graphical representation of the throttle and thrust force signals before and
after synchronizing using DTW algorithm

Figure 9.5 shows the final results of the synchronized data set after retrieving their original
units. It is notable that the thrust force signal length has been changed from about 4:39
to 8:20 minutes, thanks to the "elastic" transformation feature of the DTW. It worth to

emphasize here that this transformation does not mean that the thrust signal is distorted.

Furthermore, the synchronized signals have a significantly high correlation coefficient based
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on three different correlation methods as shown in Table 9.4.

Table 9.4: Correlation coefficients between throttle and thrust force signals before and
after synchronizing using dynamic time warping method using (Pearson,
Spearman’s rank and Distance correlation)

Pearson’s  Spearman’s rank Distance
correlation correlation correlation
Before synchronizing 0.5086 0.5746 0.5668
After synchronizing 0.9994 0.9938 0.9994

However, if the data sets are highly populated and attributed with different frequencies,
DTW can be employed with less computational effort involved. This can be achieved by
down-sampling the data set to a known time step. In this context, the load cell records
are taken each 0.02 seconds, which is a relatively minimal interval with respect to other
parameters. Then it was decided to down-sample the thrust force signal to a 10 Hz frequency
(1 record per 0.1 seconds) to match other frequencies. The down-sampling process was done in
steps to capture any sudden behavior that might occur. The representation of synchronizing
results is graphically demonstrated in Figure 9.6. This graph demonstrated subtle fluctuations
in the correlation coefficient, even though the reduction in the number of data points was

substantial, resulting in a noticeable decrease in memory usage and elapsed time.

To recap this, the results of the synchronizing results for the final down-sampling step were
compared against those from the original data set. The comparison is shown in Table 9.5. The
observation that Spearman’s rank correlation has slightly improved during down-sampling
was somewhat unexpected. This can potentially be attributed to the down-sampling process
itself. As the signal is down-sampled, the inherent noise is mitigated through value averaging.
Consequently, this reduction in noise might create a more conducive environment for Spear-
man’s rank correlation method to accurately capture the monotonic relationship between the

two data sets.

It can be concluded that the same or even better results were obtainable with almost 60%

of the computational efforts saved.

Table 9.5: DTW results comparison before and after data downsampling (from 50 Hz to

10 Hz)
Time step, in ms 0.02 0.10
Frequency, in Hz 50 10
No. of data points 15000 3000
Elapsed time, in ms 438.4 177.7
Memory usage, in MiB 50.01 20.95
Pearson’s correlation 0.9996 0.9995
Spearman’s rank correlation 0.9939 0.9969
Distance correlation 0.9995 0.9994
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Figure 9.6: A graphical representation of the synchronizing process results with different
signal downsampling rates for the thrust force signal

9.2.1.2 Cross-correlation

For the sake of comparison, the cross-correlation method was also employed in synchronizing
the same two data sets. The cross-correlation method does not enjoy the time-warping
feature. Therefore, it is recommended to be applied to data sets that have the same frequency
and length. To achieve that in the current case, the thrust force signal is been averaged to
match the throttle signal. This is done by using the recommended compilation method from
ISO 19030. After compilation, the data sets are ready for cross-correlation employment which
evolves sliding one data set over the other until the maximum correlation is found. Similarly,
the correlation coefficients of the synchronized data sets were computed before and after data
synchronizing to fully evaluate the method’s performance. The correlation coefficients are
shown in Table 9.6.

Table 9.6: Correlation coefficients (Pearson, Spearman’s rank, and Distance correlation)
between the throttle and thrust force signals before and after synchronization
using the cross-correlation method.

Pearson’s  Spearman’s rank Distance
correlation correlation correlation
Before synchronizing (with compilation) -0.4155 -0.4769 0.5668
After synchronizing (with compilation) 0.9815 0.9907 0.9892
Before synchronizing (without compilation)  -0.5086 -0.6883 NA
After synchronizing (without compilation) 0.6782 0.8114 0.7151
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Figure 9.7: A comparison between the unsynchronized and synchronized result using cross-
correlation method

9.2.1.3 Comparison and discussion

Considering the correlation coefficient values shown in Table 9.4 and Table 9.6, both methods
showed very close results since there is not much gap between coefficient values. However,
On one hand, DTW still have the advantage of warping the signal along the time axis to
match the desired signal length. This allowed direct employment of DTW without the need
for any preparation for the data set. On the other hand, the cross-correlation required data

compilation to provide satisfactory results.

It is of high importance also to consider the computational resources required by both
methods, this is summarized in Table 9.7. It is evident that the DTW method is compu-
tationally more intensive compared to the cross-correlation method although the data point
count is only 3 times higher. This can be attributed to its remarkable warping capability
that involves constructing a cost matrix with a dimension equal to the number of data points
of each data set. In contrast, the cross-correlation method involves finding the signal lag that

corresponds to the maximum correlation.

Compiling the data from high to low frequency also contributed to facilitating the syn-

chronizing process with the cross-correlation. A similar effect was also experienced on DTW
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when the data set underwent downsampling.

Table 9.7: Synchronizing methods computational efforts comparison

Thrust force Throttle Elapsed time Memory

Method data set size data set size (milliseconds) (MB)
DTW 15004 5455 451.9 49.95
DTW (1 Hz down-sampled) 3000 5455 177.7 20.95
Cross-correlation 5455 5455 1.56 0.34

In general, it would be very advisable to merge the DTW with signal downsampling tech-

nique to leverage from both the warping feature will minimum computational effort.

9.2.1.4 Data evaluation

Since the other parameters have the same frequency and correlate well with the throttle

signal. It is necessary to check the overall correlation between all parameters before heading

to the next preprocessing step. This time, a heat map graphical presentation in Figure 9.8

was employed for better visualization.
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A heatmap depicting the correlation coefficients among the parameters (throttle, power, and
thrust force) using three distinct correlation methods (Pearson, Spearman’s rank, and Distance
correlation) before synchronization.
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Figure 9.8: Comparison of the correlation matrices among the parameters (throttle, battery
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employing a heat map visualization technique



Chapter 9 Results

9.2.2 Data denoising

As shown in Figure 9.3, parameters such as battery power, and thrust force exhibit noisy
signals. This noise is an entirely undesirable attribute that necessitates reduction if not

elimination. For the sake of the experiment, two distinct approaches were employed.

9.2.2.1 Kalman filter

As explained in Chapter 8, the challenge of the Kalman filter is to determine the measure-
ment noise variance (R, ) and process noise variance (@Qy). Ananthasayanam (2018) proposed
a hypothesis for tuning these values. However, it was decided to iterative process by system-
ically trying different values for (R,) and (Q,). The results signal is then correlated with
a reference signal. The optimum (R,,) and (@) chosen were those that achieve the highest

correlation with the throttle signal.
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Figure 9.9: A comparison of thrust and power signals within a time window before and
after the implementation of the Kalman filter.

In the above figures, a time window was extracted from the complete signal to visually
emphasize the impact of the denoising process. Additionally, the y-axis was set to a logarith-
mic scale. It is visually notable that the power signal spikes are mitigated, while the thrust
force signal was slightly smoothed. This distinct behavior of the thrust force signal can be
attributed to the earlier down-sampling procedure, which included a data synchronization

step.
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9.2.2.2 Low-pass filter

The second approach used is the Low-pass filter (LPF) conjugated with FFT. This ap-
proach is also requiring tuning the frequency threshold value that will set the lower limit for
the accepted frequencies. Similarly, the chosen threshold value used is the one that allows
maximum correlation with the throttle reference signal. It is worth mentioning that this

method is less complex and easier to be comprehended.
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Figure 9.10: Thrust and power signal comparison before and after applying the low-pass
filter

It is unsurprising that the thrust signal remains unchanged due to the reasons mentioned
earlier, while the battery power signal has undergone substantial smoothing through the

implementation of the filter approach.

9.2.2.3 Comparison and discussion

In order to summarize the denoising step, it is necessary to have additional numeric values
that emphasize how the signals have been affected. The concept here is to measure what is
known as Signal-to-noise ratio (SNR) that represents the level of a desired signal to the level

of background noise. This is computed using Equation (9.3)

SNR(dB) = 10log (Pg”al) (9.3)

noise
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Where Piignal and Ppoise are the power of the desired signal and the power of the noise in the

signal respectively. The signal power for the discrete signal is calculated using Equation (9.4).

1 N—-1
Psignal/noise = N Z |x[n]\2 (94)
n=0

Where N and z[n] are the number of signal entries and their values respectively. The challenge
here is there is no clear signal available to use as reference in SNR, computation. Therefore,
it was decided to create an artificial signal with respect to the existing signal. This artificial

signal has no other rule except being a baseline to compare the denoised signal against.

This artificial signal was created by utilizing the simple moving average (SMA) approach.
SMA is the most basic form of time series smoothing. It works by averaging a set number
of past data points to produce a smoothed value (Hansun, 2013). It can be mathematically
represented by SMA.

Py + Ppy—1+ -+ Py—(n—1)
mn

SMA =

(9.5)

the degree of smoothness of the obtained signal is controlled by the number of entries
taken in each averaging process or what is known as (sliding window size (SWS) (Alexander
et al., 2016). The bigger window size results in a smoother signal. Hence, a decision was
made to employ a window size of five to generate the fairly smoothed signal. It’s crucial to
emphasize that the primary intent behind this smoothing process is to create a smoothed
reference signal explicitly for the purpose of comparison with other real signals. The fidelity
of the resultant signal isn’t a primary concern, as it will serve as a singular reference against

which all other signals will be juxtaposed for comparison.

Subsequently, the original signal, as well as the signals processed with Kalman filtering and
low-pass filtering, were all compared to the reference signal. The resulting SNR is summarized
in Table 9.8.

Table 9.8: Signal-to-noise values for different signal-denoising approaches

Original Kalman Low-pass
signal filter Filter
Thrust signal SNR, in dB  38.962 41.889 38.981
Power signal SNR, in dB  37.407  39.123 39.337

The SNR values obtained showed almost similar behavior from both filtering approaches
when applied to the battery power signal. However, the Kalman-filtered thrust signal has
slightly higher SNR which means that the signal is more dominant than the noise.

To have a broader view of these filtering approaches’ results, the correlation between the
power and the thrust signal was checked with the throttle signal. The results are listed in
Table 9.9.
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Table 9.9: Comparison between different correlation coefficients between the denoised sig-
nals and the throttle reference signal

Pearson’s Spearman’s rank  Distance

correlation correlation correlation
Thrust force (Original) 0.9995 0.9969 0.9994
Thrust force (KF) 0.9995 0.9954 0.9995
Thrust force (LPF) 0.9995 0.9928 0.9994
Battery power (Original) 0.9742 0.9921 0.9820
Battery power (KF) 0.9742 0.9923 0.9820
Battery power (LPF) 0.9742 0.9924 0.9821

In the provided table, it is noticeable that data denoising does not significantly influence
the correlation with the reference throttle signal. This phenomenon can be attributed to the
underlying principles of the correlation methods, which primarily focus on assessing overall
linearity, monotonicity, or nonlinearity across the entire signal range. These fundamental
characteristics are minimally affected by relatively weak noises. Nonetheless, the comparison
of SNR yielded more distinct variations that highlighted the impact of the denoising methods.
This also emphasized the effectiveness of the developed code that optimally chose a threshold

value that cures the noise without distorting the whole signal .

Since most of the Kalman filter behavior is tied to two coefficients (R,) and (@), the
functionality of it was not conveniently controllable. On the other hand, the LPF function
has proven to provide significant fluid manipulation in the aforementioned data processing
part. Subsequently, the decision was taken to use LPF conjugated with FFT function for any

preceding data denoising.

9.2.3 Outlier detection and removal

As the next step, it was necessary to check the outliers’ existence through the data sets.

This is done visually by a combination of scatter and box plots as shown in Figure 9.11.

From the naval architect’s point of view, The above graph is providing a reasonable correla-
tion between the thrust force and the battery output power. Except for the top right plateau
where the battery power is almost constant despite the thrust force still increasing. This
behavior might be attributed to a combination of BLDC motor and the propeller efficiency

curves which unfortunately were not available to have a deeper look at this behavior.

One of the possible scenarios which still needs to be confirmed by deeper analysis is that as
the BLDC motor RPM increases, the motor might start operating in higher efficiency region.

Due to this, the motor is drawing the same power but with a higher output thrust force.

From a data analysis point of view, the box plots shown in Figure 9.11 are indicating a
decent amount of potential outliers in the battery power readings contrary to the thrust force
signal that does not suffer from any. For this, several outliers detection methods were utilized

to find the more suitable method to apply.
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Figure 9.11: Univariate (box plots) versus multivariate (scatter plot) outlier visualization
for both battery power and thrust signal recorded during the static thrust test

Another notable phenomenon is the disruption evident in the latter half of the graph,
specifically within the range of 100 to 125 watts of battery power reading. This occurrence
can be attributed to the model’s inclination to rotate around the load cell during the test.
Addressing this necessitated manual intervention, involving a slight adjustment to ensure

that the model was precisely aligned perpendicular to the load cell, as intended.

9.2.3.1 Univariate outlier detection (as one block)

First, the data sets were checked for potential outliers as one block. This is the most sim-
ple and direct approach. The methods utilized were, Z-score, modified Z-score, IQR, and

Chauvenet’s criteria. Results are listing in Table 9.10

Table 9.10: Univariate outlier detection methods results applied on battery power and
thrust force signals

Modified Interquartile Chauvenet

Z-Score Z-Score range criteria
Battery power 0 1294 1183 0
Thrust force 0 1155 0 0

Evidently, both the Z-score and Chauvenet’s criteria failed to identify any outliers within

both the battery power and thrust data sets. These outcomes can be explained individually
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for each method. On one hand, the Z-score primarily identifies outliers based on the standard
deviation, which is significantly impacted by the data set’s values and the number of entries,
including any possible outliers. Such influence can readily distort the Z-score of all data
points. Furthermore, this method is solely applicable to normally distributed data (data that
conforms to a bell-shaped histogram distribution) which is not the characteristic exhibited

by the data in this scenario.

On the other hand, Chauvenet’s criteria have a different approach, the outliers detection
is based on P (d;) - N < 0.5 criteria which is a function of the number of points in the data
set. Therefore, the method is less sensitive to detecting outliers if the number of entries is
high. To overcome this drawback and according to ISO 19030 recommendations, the filter
sensitivity is to be mitigated by reducing the number of points involved in the filter. This is

done by dividing the block into equally-spaced time windows and analysis them locally.

Both the modified Z-score and IQR methods have effectively identified a significant number
of outliers in the battery power signal. These methods share a common strategy of utilizing
the data set’s median value as a reference to identify outliers. This approach mitigates the
impact of varying entry values and quantities, thereby enhancing their ability to accurately
detect outliers within the data set. The variance in the number of identified outliers stems
primarily from the predetermined threshold values within each algorithm, which were initially
set to default values. Additionally, these threshold values are a contributing factor to the

IQR method’s inability to detect any outliers in the thrust force signal.

9.2.3.2 Univariate outlier detection (as multiple blocks)

To mitigate some of the above-mentioned issues and to investigate the effect of dividing the
time series data set into the outliers detection. A small study was done involving an iterating
algorithm that can split the data set into a given number of blocks and systemically finds

any potential outliers for each block by the methods mentioned before.
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Figure 9.12: A graphical representation of the results of univariate outliers detection meth-
ods applied on battery power signal with different time series block sizes
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The synthesis of results from both single-block and multiple-block data sets provided a
comprehensive framework for comprehending the behavior of these methods across a broader

range.

Due to the previously mentioned results, the Z-score method is still attributed to fewer
detected outliers. Chauvenet’s criteria exhibit a distinct behavior in that, as the number of

data points is further reduced, the filtering criteria become progressively more stringent.

The number of outliers detected by both the IQR and modified Z-score methods demon-
strates a declining trend as the number of blocks increases. This phenomenon can be at-
tributed to the fact that with a greater number of blocks, fewer data points are taken into
consideration. This reduced data coverage enhances the likelihood of a more uniform dis-
tribution within each signal block, consequently reducing the identification of outliers. It
is worth mentioning that this behavior is predicted to change if the data were inherited by

randomness.

9.2.3.3 Discussion

A decision has been made to exclude the Z-score method due to its evident limitations in
outlier detection. The focus will now shift to the remaining three methods for the subse-
quent phase of in-depth analysis. A comprehensive understanding of the outlier detection
process will emerge when these identified outliers undergo imputation using various methods.
This comprehensive perspective will subsequently guide the selection of the most suitable

combination of outlier detection and imputation techniques.

9.2.4 Data imputation

As outlined in the preceding section, an iterative algorithm for outlier detection employing
diverse methods and varying block sizes was developed. In this stage, the algorithm was
expanded to include three distinct imputation methods (Mean, Time Linear, and kNN). To
enhance automation, the algorithm was further designed to compare these outcomes with
the reference throttle signal through the three previously detailed correlation methods. The
output of this algorithm will be the best combination of several blocks, outlier detection

method, imputation method, and correlation coefficients.

The approach employed here involves replacing the outliers with NaNs (Not-a-Number)
entries. Then, the role of the imputation method will come to properly approximate these

entries.

The ISO 19030 guidelines recommend that when a data point is marked as an outlier, the
other corresponding data points for other parameters are systemically considered outliers.
This recommendation was followed in this context also since it will ensure consistency between

the different parameters.

Another recommendation is that if a data point is detected as an outlier, the whole block
is considered an outlier. In the current scenario, this recommendation resulted in massive
data removal in a way that imputation methods could not handle. This is attributed to the

relatively small data sets we have in comparison with the data sets that are obtainable from
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real ships which the ISO 19030 was made for.

The algorithms that were developed were put into action on the battery power parameters,
which are more heavily affected by outliers, as indicated in Figure 9.11. Based on the out-
comes of the developed algorithm, in conjunction with visual analysis of the output graphs, a
decision was reached to prioritize the combination of modified Z-score as the outlier detection
method and kNN as the data imputation method for this case. Additionally, this decision
aligns with the segmentation of the block into 20 non-overlapping time frames. The resulting
data set is shown in a comparison with the original one (ie. the one from the previous step)

in Figure 9.13.
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Figure 9.13: A comparison between the dataset before and after outliers removal and
data imputation method using modified Z-score and kNN respectively with
20 blocks

9.2.4.1 Discussion

When analyzing data sets that are quite unknown with no or low prior experience, it is of

great help to employ multiple algorithms and methods to workbench and decide the best fit.

The combination chosen gave the chance to appropriately cure the middle disturbance in
the graph. It also resulted in a gap in the upper right plateau. However, this part already
has different behavior which needed to be analyzed separately. The correlation between the
three parameters was also preserved in a good way as shown in Figure 9.14 which ensures
the effectiveness of the developed algorithm in detecting and applying the appropriate outlier

detection and removal method.
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(a) A heatmap depicting the correlation coefficients among the parameters (throttle, power, and
thrust force) using three distinct correlation methods (Pearson, Spearman’s rank, and Distance
correlation) before outliers removal and imputation
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(b) A heatmap depicting the correlation coefficients among the parameters (throttle, power, and
thrust force) using three distinct correlation methods (Pearson, Spearman’s rank, and Distance
correlation) after outliers removal and imputation

Figure 9.14: Comparison of the correlation matrices among the parameters (throttle, bat-
tery power, and thrust force) using three different correlation methods (Pear-
son, Spearman’s rank, and Distance correlation) before and after outliers re-
moval and imputation using modified Z score, kNN with 20 equal time series
blocks, employing a heat map visualization technique

9.2.5 Formulating

As mentioned, the static trust test also known as the bollard pull test is a special kind of test
that is conducted for vessels that are involved in towing operations such as tugs and trawlers.

It is usually done as part of the sea trial phase when the ship is being delivered.

However, at zero speed thrust with other parameters such as torque and RPM can be used
to derive thrust coefficient (Kr) and torque coefficient (K¢) that can be compared with the
same coefficient from the open water tests graphs. This will give an insight into the effect
of the hull on the propellers at zero advance coefficient. Therefore, the measured (Kr) and

(K@) are expected to be less than the ones from the propeller graphs due to the hull effect.
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Figure 9.15: Second order curve fitting representing the correlation between the thrust
force and battery power at zero speed condition

Nonetheless, for prospective implementations, a correlation was established between the
thrust forces measured in newtons and the corresponding battery power in watts. This

relationship was determined through curve fitting techniques, as depicted in Figure 9.15.
T = 0.21 X PBuyery — 0.94 X Pgagtery + 7.62 with R* = 0.995 (9.6)

T is thrust force in newtons and Ppgytery in watts.
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9.3 Model self-propulsion test

Another model test was executed, this time the model was moving freely under his own
propulsion system. In this case, the parameters of interest were mainly focused on the model
speed and the battery power. These parameters together with the model test results are

utilized to derive the propulsion system efficiency.

It is worth noting that this particular run had to take place in an outside environment,
allowing for the measurement of vessel speed via GPS. This aspect has implications for the

subsequent results, as demonstrated later.

The speed was measured using the GPS module attached to the model, which in turn
records these readings in the flight controller (Pixhawk 6). Systemically, the throttle signal

with the drawn power from the battery is also recorded on the same device.

Through this data storage approach, all the signals saved on the autopilot will inherently
maintain synchronization. This synchronization arises because the data recording process for
each signal initiates simultaneously once the model’s flight controller is armed. However, it’s
important to note that certain parameters might possess distinct frequencies. Nonetheless,
this variation can be effortlessly managed through the data compilation technique. These

attributes of the parameters are summarized in Table 9.11.

Table 9.11: Speed test captured parameters

. Frequenc No. of Duration
Parameter Unit Source (Hz) Y data points (Minutes)
Battery energy Wh Autopilot 10 6642 13:31.598
Battery output power  Watt Driven 10 6642 13:31.598
Throttle percentage % Autopilot 10 6642 13:31.598
Speed over the Ground m/s GPS module 5 3321 13:31.598

Figure 9.16 provide an overall view of the three parameters mentioned before. The visual
correlation between these parameters is very apparent. Additionally, two distinct regions are
noteworthy, occurring approximately between time steps 230 and 300 seconds and between
400 and 520 seconds. These segments correspond to instances when the model was driven
back to the shore and disarmed for checks. It’s important to acknowledge that during this
disarming period, although the model wasn’t operational, the flight controller continued
recording time steps. Consequently, our focus on these regions can be mitigated in subsequent

steps.

The parameters were checked for correlations using the previously utilized correlation meth-

ods as shown in Figure 9.17.
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Figure 9.16: Overall insight into the three parameters of interest for the speed runs
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Figure 9.17: A heatmap depicting the correlation coefficients among the parameters (throt-
tle, battery power, and model speed) using three distinct correlation methods
(Pearson, Spearman’s rank, and Distance correlation) during the speed test
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9.3.1 Data denoising

As explained before, the data noise was mitigated using the LPF for previously mentioned

reasons. the results are shown in Figure 9.18 and Table 9.12.
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Figure 9.18: Speed and power signal comparison before and after applying the low-pass
filter

Table 9.12: Signal-to-noise values for speed and power signals before and after denoising
using LPF

Original Low-pass
signal Filter
Speed signal SNR, in dB  21.860 27.646
Power signal SNR, in dB ~ 22.924 23.181

From the above table, both signals have been affected with denoising process. However

speed signal had more impact. The is attributed to its inherent by the excessive noise noted

in Figure 9.16.
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9.3.2 Qutlier detection and data imputation
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Figure 9.19: Univariate (box plots) versus multivariate (scatter plot) outlier visualization
for both model speed and battery power signals recorded during the model
self-propulsion test

Figure 9.19 shows a very noisy scatter graph between the model speed and battery power.
It can be noted that the point could have some consistent pattern where it can be seen that
at a single value of battery power, there are multiple values of model speed. this is attributed

to multiple reasons

1. The model runs were conducted in an outside environment where some external pa-

rameters like wind and waves are affecting the model.

2. The interaction between the battery power and model speed in this context is not
straightforward. As there is an ESC in between that regulates the motor RPM according
to the load applied on the propellers. Of course in addition to the other power losses

in the gearbox, coupling, and stern tube.

3. If at constant power, the model records variable speed. This gives an indication that
the model is not accelerating properly which gives an indication about low propeller

performance.

Despite this disturbance in the graph, the overall pattern of the points cloud is showing a
slight similarity with the conventional speed-power curve where the speed is in cubic relation

with the power. Another note is similar to the previous test results, the battery power signal
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is featured with a decent amount of outliers.

With such a noisy scatter graph, the performance of the outliers detection and imputa-
tion was not satisfactory due to inherently low-quality data. However, at this point, it was

necessary to inspect also the scatter diagram of these parameters with the throttle signal as
shown in Figure 9.20.
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Figure 9.20: Speed and battery power parameters plotted against the throttle value

The above figure emphasizes that the source of the disturbance is the speed measures since
the throttle-battery power shows a decent correlation. However, in order to have cleaner data
to analyze, it was decided to average the power and the speed values that are corresponding

to a single value from the throttle signal.

It is worth noting that there are some negative values of throttle corresponding to positive
forward speed. This is because of the attempt to slow down or stop the model while moving.
Anyway, these negative throttle values shown in Figure 9.20b were filtered out with their
corresponding values from other parameters for better analysis. The resulting scatter plot is
shown in Figure 9.21. With this simplified version of the speed-power scatter plot, it is time

to proceed to the next steps.
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Figure 9.21: Univariate (box plots) versus multivariate (scatter plot) outlier visualization
for both model speed and battery power signals recorded during the model
self-propulsion test after averaging

Building upon the previously developed algorithm, a decision was made to implement the
pairing of Chauvenet’s Criterion for outlier detection with the kNN imputation method.
This

combination showed a good correlation with the throttle signal after removing and imputing

This approach involves segmenting the time series into 2 equal blocks for analysis.

the outliers.

To derive a formulation of the acquired results, ISO 19030 recommends utilizing a power-
law relationship using log-log transformation. In this method, both parameters were lin-
earized by taking the log and then the curve fitting is done using the following formula

log(P) = log(a) + blog(V) + ¢ (9.7)

where the parameters log(a) and log(b) are obtained by fitting a line in [log(V'),log(P)]
space using the linear square method. A power-law relationship is a powerful curve-fitting
technique. Which is nonlinear in its original space, and becomes linear in a log-log space.
Linear regression methods can then be straightforwardly applied to determine the parameters

of the relationship.

This function was added to the developed algorithm and the results are shown in Figure 9.22
and Equation (9.8). the R? value of the obtained formulation is only 0.69 which is relatively
lower than ISO 19030 recommendations of 0.8.
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Figure 9.22: Speed and battery power parameters linear regression in log-log space

PBattery = 50.16 x v"1 with R* = 0.69 (9.8)

The low R? value can be attributed to the poor quality of the obtained data. In any

case, it’s important to acknowledge these limitations and consider them when interpreting
the results.

To enhance these outcomes and subsequently achieve an improved R? value that better

reflects the underlying relationship, the following solutions are put forth:
e Run the model in a controlled environment where the speed parameters can be measured
with correlation with the battery power with minimum influence of the external factors.

e Measuring the motor RPM and torque will give an insight into the power delivered to

the propeller. This with proper propeller charts can reflect propeller efficiency.

o Execute more runs to obtain more data. More data means fewer gaps and more accurate
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results.

e By considering the recorded rudder angle parameter, it would be enhanced in accu-
racy to exclude readings aligned with maneuvering phases, and instead prioritize those

associated with straight-line runs in the study.

Derived from the established formulation and in consideration of the model’s theoretical

maximum speed of 1.51 m/s, the resultant battery power corresponds to 73 watts.

With regard to the effective power derived from the model test

Prp = Ry xv=10.5 x 1.51 = 15.855 watts (9.9)

Consequently, the system efficiency encompassing the power train from the battery to the
effective power is approximately 0.21, indicating a relatively low level of efficiency. Nonethe-
less, this initial iteration of the model represents an early stage, and substantial enhancements

are anticipated in subsequent iterations.
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Conclusion and Outlook

In this section, the main key points, and findings will be brought together. This will provide

a clear summary of what steps have been followed and what was discovered. Putting them

all together will give a bigger picture and understand the importance of this work.

By combining the RC technologies, the RC model-building techniques, naval architec-
ture principals, and the scientific objective, it was possible to develop a detailed design
for a fully functional RC model ship equipped with the necessary sensors to capture a

decent amount of meaningful operational parameters.

The parameters of interest were chosen with respect to the ultimate objective of this
project. This will limit the number of sensors reading to those that can provide a high

relevant data.

Working with a scaled-down ship model has it is own drawbacks. The major faced draw-
back during this work was the availability of such scaled-down equipment. Although
almost all of the equipment was available commercially, there were other obstacles such
as long delivery time, improper suppliers, or insufficient scientific data about the se-
lected component. However, a list of all proposed solutions together with the suppliers’

information was prepared for any future reflections.

Although a simplified version of the proposed design was used due to time constraints,
the built model showed high potential to gather vast amounts of data from different
sensors representing different parameters. These data gave proper insights into the

system’s overall efficiency.

The data acquired through sensors can be harnessed to derive additional parameters
that are not directly observed, thereby expanding the scope of available data. This

approach also enables the cross-validation of other parameters.

With the first runs executed, it was manageable to record valuable data to test the
developed data management system with real sensor readings that prove it to be reliable

for future utilization and development.

For the data logging in the RC context, the autopilot offered a very reliable data
modeling system. It offered the ability to record multiple parameters in a synchronized

way that facilitates the further analysis step.

The presence of a dependable signal, which exhibits a consistent influence on all other
parameters, such as the throttle signal, has substantially facilitated the validation pro-

cesses.

In the context of data processing, no single method possesses an absolute advantage.
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Various methods, each employing distinct approaches, must be subjected to testing in

order to determine the most appropriate one.

Simple minor techniques such as signal averaging, downsampling, and unit normaliza-
tion exert a significant influence on the performance of complex algorithms. These tech-
niques can yield equivalent outcomes to those obtained through more computationally
intensive processes, or even produce superior results, all while reducing computational

burdens and efforts.

A prior knowledge of the nature of the analyzed data has a positive impact on interpret-
ing the outcomes of sensor data. It can give an early indication if the analysis results

will be of use or not.

The subsequent bullet points outline several factors that possess the potential to enhance

result outcomes and furnish support for forthcoming advancements.
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e 3D scan of the model hull: during fabricating and fitting some internal components

within the model hull, it was noted that there are deviations between the 3D model
and the fabricated hull. This deviation was also noted when attempting to achieve the
design draft of 9 cm during the towing test since additional 2.13 kgs were added to
achieve the required draft. Therefore, a 3D scan of the existing hull is necessary to
recreate an accurate 3D model of the existing hull. Then, accurate hydrostatics data

will be acquired to be used as reference data for the digital twin application.

Propeller open testing: the propellers used in the model were the nearest match to
the reference ship propeller in terms of diameter and the number of blades and were
available commercially with a short delivery time. It was also quite challenging to size
the required motors to sail the model. Therefore, open water for the available propeller
is needed to obtain the necessary propeller graphs to precisely size the electric motors.
Another solution is to purchase ready-calibrated propellers of the same size. These
graphs will be also used as reference data which the measured data will be compared
with.

Reference curves: After the model competition, an extensive amount of runs need to
be executed to derive the vast amount of data. These data will be utilized in the first
place to develop a reference performance curve correlating different model parameters

(Like sea trials in full-scale ships).

Engine and dynamo tests: the chosen component was the nearest commercially
available component that can be utilized in this application. However, these components
are required to be calibrated in an ideal environment so proper performance curves will

be driven and used to evaluate these component performances during the model runs.

Sensors reading uncertainty analysis: The data acquired from the autopilot, the
GPS module, and any other conceivable sensors must undergo an uncertainty analysis

to ensure the integrity of the results and reliable decision-making results.

Sensors calibration: Although the components obtained offered a valuable reading,
it would be highly recommended to calibrate them from time to time to ensure high-

quality readings.
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Machine learning training: Machine learning models are usually utilized to predict
operational conditions that rarely occur such as (excessive trim or heel, very high or
low drafts, waves, and shallow waters). With this small-scale model, the operational
conditions are producible and controllable to a high extent. Therefore the behavior
predicted by machine learning techniques can be easily validated experimentally with

low risk.

Study of scaling effect in sensor reading: In order to have a proper insight into
the full-scaled vessel with regards to measures taken from scaled-down sensors, ded-
icated investigations on the scaling results to the reference ship are essential. These

investigations should assess the possibility and limitations of such a concept.

Multivairate outlier detection When confronted with multiple sets of time series
data, the utilization of multivariate outlier detection techniques, such as isolation forest
and local outlier factor, can yield substantial advantages. This approach enhances the
alignment across data sets and promotes precise interrelation assessment among them.
Runs automation: To accumulate an extensive data set intended for utilization within
the proposed decision support platform, it is imperative for the model to operate within
a controlled environment for prolonged durations. This can be achieved autonomously

through the synergistic integration of both autopilot and Raspberry Pi functionalities.
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Inclining test procedure

A.1 Theory and mathematical formulation

The purpose of the inclining experiment is to determine the location of the vertical center of
gravity (VCG/KGQG) for a vessel. This is done by applying an external moment to heel the ship.
Therefore, the ship hull will naturally produce a moment (righting moment) which equal to
the externally applied moment but in the opposite direction. The external moment is applied
by moving a known weight transversally with a defined distance Barrass and Derrett (2012).

This can be expressed mathematically by Equation (A.1) and illustrated in Figure A.1

wxd=AxGM x tan (A1)
Where :
w is the moved weight, in kg
h is moved distance, in cm
A is the ship displacement, in kg
GM is the vertical distance from the CG and metacentric height, in kg

0 is the ship inclined angle, in degrees

Figure A.1: Ship inclined by weight

In Equation (A.1), the only unknown is the GM value. The ship displacement (A) is known
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from the ship hydrostatics table, the inclining weights and moved distances are predefined,

and the inclination angle is measured experimentally.

Following IMO recommended procedure for inclining test IMO (2023), this experiment
is conducted by shifting four weights transversely eight times and finding the final GM by

averaging the results.

After obtaining the value of GM, the KG is calculated by Equation (A.2).
KG=KB+ BM -GM (A.2)

where KB and BM are easily obtainable values through the ship hydrostatics table.

In the following sections, the detailed inclining experiment procedures and calculations are
described.

A.2 General information

Table A.1: Inclining test General information

Place DLR Institute of Maritime Energy Systems, Geesthacht
Date Wednesday, 10 May 2023
Weather No external effects, indoor condition
Model condition Bare hull, as manufactured with extra known weights

A.3 Weights layout

before starting the experiment, two additional weights of 10 kg were placed inside the
model to increase the model draft since the model bow was out of water under the effect
of the bare hull weight only. Also, these weights were placed in a way to achieve zero trim

during the experiment. The weights distribution inside the hull is demonstrated in
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Figure A.2: Solid weights layout during the inclining experiment

The detailed weight items are listed in Table A.2.

Table A.2: Weight breakdown during the inclining experiment

Item Weight, in kg

Bare hull 10.68
Inclining weight 1 0.5
Inclining weight 2 0.5
Inclining weight 3 0.5
Inclining weight 4 0.5

Measurement tools 0.395
Additional weight 01 10
Additional weight 02 10

Total 33.075

A.4 Weights Shift Procedure

The experiment was conducted using four weights of 500 grams each. The weights were

shifted from port to starboard side eight times and the inclining angle was measured for each

shift. Figure A.3, Figure A.4, and Figure A.5 are illustrating the weights shifts for each step.
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6" Shift

7" Shift

8" Shift

Figure A.5: Weight shift 6th to 8th

A.5 Measured draft

Table A.3 shows the measured drafts of the model during the experiment including all

inclining weights, measuring tools, and additional weight.

Table A.3: Measured drafts

Part Starboard
Draft aft 6.1 6.1
Draft Fore 6.1 6.1

A.6 Angle measurement

The angle measurement was done by using calibrated a battery-powered flight controller
placed inside the model and the measurement values were transmitted via a telemetry model
to a computer. This transmission was done via a wireless connection, which allows the model

to heel freely with no wires connected.

A.7 Weight shifts and heeling angle reading

Table A.4 showing the angle reading for each weight shift.
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Table A.4: Inclining experiment weight shifts and angle reading

. Weight Moved Heeling Inclination

Shift No. From o moved (w) distance (d) moment My  angle (0) GM

Unit kg cm kg.cm degree cm
Shift 1 SB p 0.5 30 15 0.93 27.938
Shift 2 SB P 0.5 30 15 0.99 26.244
Shift 3 P SB 0.5 -30 -15 -0.99 26.244
Shift 4 P SB 0.5 -30 -15 -0.93 27.938
Shift 5 P SB 0.5 -30 -15 -1 25.982
Shift 6 P SB 0.5 -30 -15 -1 25.982
Shift 7 SB P 0.5 30 15 1 25.982
Shift 8 SB p 0.5 30 15 1 25.982

Average GM [cm] 26.536

A.8 Calculating CG location
A.8.1 Vertical center of gravity (VCG)

After calculating GM from the previous step, the value of VCG or KG can be calculated
directly from Equation (A.2). the values of BM and KB or KM can be obtained from the
model hydrostatics table.

Upon obtaining the hydrostatic properties of the provided 3D model at a draft of 6.1 cm,
a deviation was observed between the actual model and the 3D model, as the 33.075 kg
displacement corresponded to a draft of 6.21 cm in the 3D model, rather than 6.1 cm. It
was also found that the corresponding displacement to a 6.1 cm draft for the 3D model is
32.41 kg which means a 2% reduction from the real model for the same draft. Hydrostatics

parameters are shown in Table A.5.

This divergence might occur due to deviation between the actual and digital models during

the model fabrication process.

It was convenient for the author to use the hydrostatics values (KB, BM, KM, and LCB)
corresponding to the 33.075 kg displacement since the displacement was measured by using
digital scales which provide highly accurate reading while the draft measurement was done

visually.

Therefore, the KG value of the model is inclined can be calculated as follows

KG=KB+ BM —-GM = 3.34429.91 — 26.536 = 6.714cm

A.8.2 Longitudinal center of gravity (LCG)

By definition, the LCG of a floating body is located directly above the longitudinal center
of buoyancy. Therefore the LCG for the model as inclined is 86.8 cm from AFT as shown in
Table A.5.
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Table A.5: Hydrostatics parameters for actual and 3D model

MAXSURF Actual model
6.1 cm draft Displacement 33.07 kg
Displacement kg 32.41 33.07 33.07
Volume (displaced) em? 32413.89 33082.07 33073.86
Draft at FP cm 6.1 6.21 6.1
Draft at AP cm 6.1 6.21 6.1
Draft at LCF cm 6.1 6.21 6.1
LCB from AP 86.86 86.8 86.81]
KB 3.28 3.34 3.34 1
BM 30.38 29.91 29.911
KM 33.66 33.25 33.25M1

[1] Values corresponding to 33.075 kg displacement for the 3D model

A.8.3 Transverse center of gravity (TCG)

the seventh column of Table A.4 shows the slight asymmetric behavior of the model heel-
ing under the effect of shifting weight. In a typical scenario, the heeling angles should be
symmetric for both sides. However, in this case, it is obvious that the accumulated heeling
angle when all four inclining weights were at the port side is 1.92 degrees and 2 degrees when

the weights were on the starboard side.

This behavior reflects that the model’s Transverse center of gravity(TCGQG) is slightly shifted
towards the starboard side. Using MAXSURF stability module, it was possible to determine
this shift by 0.08 cm which - from the author’s point of view - is not a significant number
and can be ignored in further calculations. However, there is a high possibility to have an
asymmetric layout for internal components which will require manual adjustment of some

weights to have an even keel condition.

A.8.4 COG location for the model as inclined
the weight and center of gravity (COG) of the model as inclined is summarized in Table A.6

Table A.6: Model weight and COG as inclined

Displacement LCG TCG VCG
Unit kg cm cm cm

33.075 86.8 -0.08 6.714

A.8.5 COG location for the bare hull

The model during the experiment had some additional weights as shown in Table A.2
which require one more calculation step to find the weight and COG of the bare hull as
manufactured. This is done by deducting the added weights and their effect on COG as
shown in Table A.7.
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Table A.7: Bare hull weight and COG

Weight [kg] LCG [cm] TCG [cm] VCG [cm]
Model as inclined 33.075 86.8 -0.08 6.71
Weight to be deducted
Inclining weight 1 0.5 70 -15 4.1
Inclining weight 2 0.5 75 15 4.1
Inclining weight 3 0.5 90 -15 4.1
Inclining weight 4 0.5 95 15 4.1
Measurement tools 0.395 82 0 3.5
Additional weight 01 10 50.75 0 6.5
Additional weight 02 10 132.25 0 6.5
Weight to be fleducted 99 395 90.5 0 6.2
summation
Bare hull 10.68 79.0 -0.2 7.72

Weight and COG
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Model empirical resistance calculation

The model total resistance then is calculated following the following procedure:

1. Calculate the total resistance for the mother ship (Rrs) using Holtrop & Mennen
method.

Calculate the friction resistance of the mother ship (Rrg).

Calculate the residual resistance of the mother ship (Rws = Rrs — Rrs).

Calculate the model residual resistance Ry = Rys/\3.

AN

Calculate the model friction resistance Rpjy.
6. Calculate the model total resistance (Rpy = Rwar + Rpar)-
According to Carlton (2007), the above-mentioned calculations can be expressed in Equa-

tion (B.1).

Ry = [RTM — Rp, (1+ k)] A3 <5]€[) + RFs(l + k) (B.1)
, and 1 -5
Rpry = §pVMAMCfM (B.2)

Cy is calculated according to ITTC-1957 frictional correlation line using Equation (B.3)

0.075

F= (log(Rn) — 2)? (B-3)
Where, Rn = % (B.4)

The above-mentioned calculations are done for each speed until the speed of 13 knots for
the mother ship. The results are shown in Figure B.1.

113



Design and Evaluation of a Ship and Data Model for Digital Twin Applications

12 - |

N)
=
T
|

oo
T
|

Total resistance (
(@)
T
|

. | | | | | | |
00 02 04 06 08 1 1.2 1.4 1.6 1.8

Speed (m/s)

Figure B.1: Ship model speed - total resistance graph according to empirical calculations
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Towing test

To obtain a more accurate approximation of the hull resistance, a towing test was conducted
at the HSVA towing tank.

C.1 Model preparation

The model was loaded with additional solid weights beside the weight of the additional
parts needed to conduct the test to reach a draft of 9 cm which corresponds to a 1.5 m draft
of the mothership as shown in Figure C.4. The itemized weights of all components included

during the experiment are shown in Table C.1.

Table C.1: Towing test model weight breakdown

Item Weight, in kg

Bare hull 12.16
Additional weight 01 10
Additional weight 02 10
Additional weight 03 5
Additional weight 04 2.5

Cover lid 10.84

Aft holder 1.612

Fore holder 1.616

Total 53.728

The weights were distributed inside the model in such a matter to make the model float in

an even keel position with no heel angle.

C.2 Experiment Results

The model was towed with different speeds starting from 0.63 m/s to 1.51 m/s, The first,
middle, and last speeds (0.63, 0.88, and 1.51 m/s) were conducted 3 times to spot any
potential reading error within the obtained data from drag force sensors. To have a better
insight into how the resistance is correlated with the speed, one more additional speed (1.64

m/s) was tested which corresponds to the 13 knots speed of the mother ship.

The model is attached to the cartage in a way that the model is free to trim and to rise/sink

vertically during a run is measured.
The procedure of the experiment for each run was as follows:

1. The model is connected to the cartage by a clamp.
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2. The cartage start moving with the model dragged into the water.
3. When the cartage reaches a consent speed, the model clap is released leaving the model

to sail freely in the water with that speed.
4. The drag force facing the model is recoded by a sensor that is attached to the model

bow.
5. Near the end of the run, the model is been clamped again to the cartage.
6. The sensor reading is then displayed on a monitor where it can be reviewed and then

the recorded data are saved in .SCV file.

An Example of the obtained graphs for the recorded data during each run is shown in

Figure C.2. the three shown graphs are described as follows:

1. The first graph is representing the model drag force/ total resistance.
2. The second graph is showing how much stern force is applied to the model, it is impor-

tant for this value to converge near zero by the end of the run.
3. The third graph is representing whether the clamp is on or of, in the example shown

the clamp was off between a time span of 42 to 88 seconds.

The region where the real model total resistance can be accurately measured is 5 seconds
before the clamp closures near the end of the run. In this region, the model is running freely

at a constant speed which provides the most accurate resistance reading.
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Figure C.1: Measured resistance 5 seconds before clamp closure

118



Appendix C Towing test

—_
=)
(=}

._‘
N
(=1

—_
18]
o

—_
(=3
(=1

=
(=}

Resistence (g-force)

=)
j=]

IS
(=1

)
(=]

250

200

150

100

Stern force (g-force)

50

20

—
w

Clamp on/off
S

[

0 20 40 60 80 100
Time [s]

Figure C.2: Recorded data at speed 0.63ms

Figure C.1 shows the resistance measured 5 seconds before the clamp closure, the resistance

at 0.63 m/s speed is then obtained by averaging the captured data in that region.

For the sake of accuracy and productivity, a Python code was developed to automatically

capture the recorded resistance 5 seconds before the clamp closure and average them.

The mentioned procedure was followed for each speed and The recorded results are shown
in Table C.2 and illustrated in Figure C.3.
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Table C.2: The recorded model total resistance

Vin, in m/s Ry, in grams

Ist run  2nd run  3rd run  Average
0.63 101.56 99.92 99.69 100.39
0.76 160.77 160.77
0.88 225.35 244.02 234.69
1.01 334.72 334.72
1.14 466.50 465.25 474.19 468.65
1.26 627.65 627.65
1.39 847.79 847.79
1.51 1036.90 1079.60 1029.56 1048.68
1.64 1538.23 1538.23

A constant of 50 grams was added to all measured resistance values which represents a

pre-applied force on the sensor to keep the connecting wire in tension.
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Figure C.3: Ship model speed - total resistance graph according to towing test
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(a) Fore to Aft (b) Aft to fore

Figure C.4: Weights arrangement in the model
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(a) Prepared Model

=1\ IV

(b) The model attached to the towing cartage

Figure C.5: Prepared Model

Figure C.6: The model attached to the towing cartage
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Propulsion Motor Calculations

Referring to the results shown in Table C.2, the effective power was calculated. First
calculating the effective power for one propeller corresponding to the model speed of 1.51
m/s. 2% was added to total resistance to compensate for the presence of appendages (Molland
et al., 2017).

PE =0.5 x RT X Vm (Dl)
Hence, calculating the required delivered power Pp assuming propeller quasi propulsive effi-
ciency np = 0.61 (Molland et al., 2017).

1D
Calculation of the motor brake power Pp assuming that transmission efficiency nr is about

0.95 (Molland et al., 2017).

Pp (D.2)

Pp = o (D.3)

nr
Calculating the required revolution per second (RPS) is done by assuming that the propeller
will operate with a range of coefficient of advance (J) between 0.6 and 1 where high efficiency
is expected. Then the RPS is calculated using where (w) was assumed to be 0.15 (Molland

et al., 2017).
_Vx(1-w)
~ JxD

After knowing the required motor power and RPS, the required torque for an electric motor

(D.4)

can be calculated based on
Power

RPM
60

Torque = (D.5)

2 X X
The detailed values are shown in Table D.1

123



Design and Evaluation of a Ship and Data Model for Digital Twin Applications

Table D.1: Powering calculation parameters

Parameter Symbol Value Unit
Model total resistance Ry 10.5 N
Model Speed Vin 1.51 m/s
Effective power per motor Pr 7.92 Watt
Quasi Propulsive Efficiency ls) 0.61
Delivered Power per motor Pp 12.99 Watt
Transmission Efficiency Nt 0.90
Motor output power P 14.43
Motor Efficiency n 0.85
Motor input power P 16.98
Advance Coefficient J 0.6-1
Wake fraction w 0.15
Speed of advance Va 1.284 m/s
Revolutions per minute RPM 1975-1185 RPM
Motor torque 0.111-0.137 N.m
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Model Photos

D]

Figure E.1: 1\\/[kodel hull
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(a) Model internal components 01 (b) Model internal components 02

Figure E.2: Model internal components
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(b) Model runs in HSVA

Figure E.3: Prepared Model
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Figure E.4: Model during the bollard pull test
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Figure E.5: Prepared model for runs

129






