ABSTRACT

ALKANDRI, OTHMAN AFFAN. Ferry Power System Modeling and Simulation. (Under
the direction of Dr. Zeljko Pantic).

The trend in energy consumption is moving towards electrical and hybrid solutions,
particularly in the marine sector. However, there are concerns over electrification in mar-
itime due to the high power requirements during operation. The shift away from diesel
is significant and highlights a growing focus on sustainability and reducing emissions.
Therefore, detailed modeling of different sectors of the power and propulsion system can
lead to optimal systems performance.

In this study, a detailed model of the ferry power train system is created, with a primary
focus on calculating losses and efficiencies caused by the components within the power
train. The model includes two topologies: mechanical propulsion and electrical propulsion
with a DC bus. The model of the system with mechanical propulsion incorporates consider-
ations for resistances (hull resistance, additional resistance due to environmental effects),
the propeller, gearbox, and the diesel engine. Furthermore, the mechanical propulsion
model accounts for a hotel load fed by a small genset. The model of the system based on
electrical propulsion incorporates considerations for resistances, the hotel load, propeller,
motor, rectifier, DC bus, inverter, and a genset.

The application has been developed using Matlab app designer based on the study
conducted. This application is intended for professionals and researchers in the field, and
it enables users to set parameters for propulsion and power train components. The app
also offers various options to users, enhancing the user experience and making the tool

more versatile.



© Copyright 2023 by Othman Affan Alkandri

All Rights Reserved



Ferry Power System Modeling and Simulation

by
Othman Affan Alkandri

A thesis submitted to the Graduate Faculty of
North Carolina State University
in partial fulfillment of the
requirements for the Degree of
Master of Science

Electrical Engineering

Raleigh, North Carolina

2023

APPROVED BY:

Dr. Leila Hajibabai Dr. Igbal Husain

Dr. Zeljko Pantic
Chair of Advisory Committee



ACKNOWLEDGEMENTS

I am grateful to North Carolina State University for granting me admission as a master’s
student. This opportunity enabled me to enhance my knowledge and skills both academi-
cally and personally. Also, I am grateful to the counselor center for the service they provided
me. In addition, I am grateful to my professor, Dr. Pantic, for accepting me in his group as
a master’s thesis student. I am grateful to Shokoufeh Valadkhani for helping me with my
project in all aspects and supporting me mentally throughout my journey. In addition, I
am grateful to Matt Burchett for helping me brainstorm ideas while I was designing the
function to calculate for the mission specification and supporting me mentally with his
sense of humor and dad jokes. Also, I am grateful to thank my lab mate for assisting me in
the needed time. Also, I am grateful to thank the FREEDM system center for letting me be
part of it. Lastly,  am grateful to thank the Electrical and Computer Engineering department

for the workshops they provided in writing and career development.

ii



BIOGRAPHY

Othman was born and raised in Al Ahmadi, Kuwait. He moved to the USA in 2015 and
studied ESL at the University of Florida. He graduated from The University of Memphis,
Memphis, TN, with a B.S. in Electrical Engineering (2020). During his Bachelors, He worked
on projects such as Interactive Device for Bilingual Kids, Auto Cat Toy, and Photovoltaic
System Development. These experiences inspired him to join the master’s program at N.C.
State University (2021). His research focuses on ferries components modeling for system
topologies and applications. In his spare time, he enjoys competing in Brazilian Jiu-Jitsu

and making delicious food.

iii



TABLE OF CONTENTS

Listof Tables . . . ... .. Vi
ListOf FIgUres . .. . . . e Viii
Chapterl INTRODUCTION . .. ... e e 1
1.1 ABriefReviewofthe NCFerrySystem .. ...... ... .. ... ... .......... 4
1.2 Backgroundon ShipModeling ............ . .. . . . 8
Chapter2 REVIEW OF FERRY PROPULSION AND POWER SYSTEMS. . . ... ... 11
2.1 Mechanical Propulsion. . . ... .. .. .. . 13
2.2 ElectricPropulsion . . . . . ... 13
2.3 Hybrid Propulsion . ... ... .. .. 16
2.4 Electric Propulsion with a Hybrid Power Supply . . . ... ............... 16
2.5 Hybrid Propulsion with a Hybrid Power Supplyand ACBus . ........... 17
2.6 Electric Propulsion with a Hybrid Power Supplyand DCBus ........... 19
2.7 AlLEIECHiC . . .. o 19
2.8 DCand ACBUS COMPArISON . . . .t vt ittt e e e e e e 21
Chapter3 SHIPLOADS MODELING . ... .. e 24
3.1 TotalHullResistance . ... ..... ... ... 24
3.1.1 ViscousResistanCeR e - - - v v i i 26
3.1.2 Residual Resistance (Wave-Caused Resistance). . .. ............ 31
3.1.3 Residual Resistance Coef cient and Wet-Surface Area . . . .. ... ... 38
3.1.4 AirResistanCeR, . . . . oo 40
3.2 Added Resistance Due to Environmental Effects . ................... 41
321 WINdRESISTANCE R jing «+ « « « v v+ v v v e e et e e e e e e e 41
3.2.2 Wave ReSIStanNCeR jaye - « -« « vt v v e e 42
3.3 Appendage ResistanCe . . ... ... ... .. 43
3.4 Hotelload . .. ...... .. . e 43
Chapter4 MODELING OF MECHANICAL PROPULSION SYSTEM .. ......... 44
4.1 Propeller OVEIVIEW . . . . oot e 44
4.2 Propeller Power and Ef cienciesModeling .. ...................... 46
421 HUILEfCIENCY | oot 48
4.2.2 ThrustDeductionFactor t ............ ... .. ... ... 49
423 Wake Friction W .. ... ... . . 50
424 OpenWaterEfciency ..... ... 50
4.2.5 Relative Rotative Efciency , ....... ... . .. . . . ... 52
4.2.6 PropellerTorgueand Thrust ............. ... ... . ... 52
4.3 GearboxandShaft ........ ... . .. . . . . 53
4.4 DieselEngineModeling . .. ... . 53



45 HotelLoadandgenset . . ....... .. . 57

Chapter5 ELECTRICAL PROPULSION SYSTEMWITHDCBUS ............. 59
5.1 Propeller . ... 61
5.2 Electric Motor . .. ... . .. 61

5.2.1 MotorControl . . . . ... e 61
5.2.2 Current limited maximum torque operation . . . . .............. 63
5.2.3 MOtOrLOSSES. . . . .ot 64
5.3 InverterModeling . ... ... . ... 74
5.3.1 Inverter Switching LOSS€S Ppysw -+« v v v oo v 75
5.3.2 Inverter Conduction LOSSES Prycond =+« « v v v v e 77
5.4 DCBUS . ..ot 78
5.5  RECH I . . . 78
5.5.1 Diode ForwardVoltage V; . ....... ... .. . .. i 80
5.5.2 Diode On-State ResistanceRy . . ... ......... ... ... 81
5.5.3 RectierLossesandEfciency .............. .. .. .. .. .. ... 82
5.6 Hotel Load and Hotel Load Inverter .. .......... ... . ... ... ...... 83
D7 gEeNSEel . . e e 83

Chapter6 APP DESIGNER, CREATING A MISSION AND SHIP SPECIFICATION . 84

6.1 CreateaMissionPage . . ... ...t 84
6.1.1 MissionParameters. . . . ... .. 85
6.1.2 Payload Parameters . . .. ... . ... 87
6.1.3 Environmental Parameters . ............. ... ... ... 87

6.2 ShipSpecicationPage. . . ... ... ... . 88

Chapter7 CONCLUSIONS . . .. .. e 94
7.1 Applicationlimitation . ... ... ... ... . ... . 95
7.2 Audience for the developed application . ......................... 95
7.3 developed application currentcondition . . ....................... 95
7.4 Future Work . . ... 96

ReferEeNCES . . . . 97

APPENDICES . . . . . 104
Appendix A Coef cients for wetted surface in Hollenbach's method . . . . .. 105
Appendix B Coef cients for typical resistance in Hollenbach's method . ... 107
Appendix C Range of validity for typical resistance, Hollenbach's method .. 109
Appendix D Standard deviation of the database for typical resistance, Hol-

lenbachsmetho . . ........ ... .. .. . . . . . . . . . 110

Appendix E Torque and Thrust Coefcient. . . .. .................... 111

Appendix F Krand Kgcalculation. . .......................... 114

Appendix G Froude number and length-speedratio . . .. .............. 116

Appendix H FF600R12KE4P IGBT energy losses during turn on and turn off. 117



Appendix | FF600R12KE4P antiparallel diode IGBT Energy losses ... .. .. 119

Appendix J Calculating Power Loss components in an IGBT Module Vg iggr,
Roucem Vbyeer@Nd, Rp gt - - -+« v v oo 121
J.1 IGBT ParametersVqg gt @Nd R igar -« « « « v v v v v v v 121
J.2 Antiparallel diode parameters Vpicgrand Rpjger -« v v v v v v v v v u 121
Appendix K Average and rms current calculation for SPWM .. .......... 123

Vi



Table 1.1
Table 1.2

Table 4.1

Table 4.2
Table 4.3
Table 4.4

Table 5.1
Table 5.2

Table C.1

Table D.1

Table E.1
Table H.1

Table 1.1

LIST OF TABLES

Operated ferryroutes [1]. .. ... .. e 5
Operatedferryroutes [1]. .. ... . i e 7
Typical values of the wake friction coef cient, thrust deduction coef -

cient,and hullefciency [2]. ... ... ... i 49
Diesel engine DI13077M polynomial coefcients.. . .. ........... 56
SFC vs. engine speed in RPM for the DI13077M diesel engine. . . . . .. 57
genset BOREOZJF polynomial coefcients. . ................... 57
Diode state functions [3]. . ... ... . .. .. i 79
Electrical characteristics, at T; = 25C , unless otherwise specied. .. 81

Range of validity for typical resistance, Hollenbach's method [4,5]... 109

Standard deviation of the database for typical resistance, Hollenbach's

method [4,5]. . . ... .. 110
Extent of the Wageningen B-screw series [6]. .. ................ 111
(b) FF600R12KEAPEy, and Eofr. « o v v o v o e e e e e e 117
FF600R12KEA4P per pulse reverse recoveryenergy. . ............. 119

vii



Figure 1.1
Figure 1.2

Figure 2.1
Figure 2.2
Figure 2.3
Figure 2.4
Figure 2.5
Figure 2.6
Figure 2.7
Figure 2.8

Figure 3.1
Figure 3.2
Figure 3.3
Figure 3.4
Figure 3.5
Figure 3.6
Figure 3.7
Figure 3.8
Figure 3.9
Figure 3.10
Figure 3.11
Figure 3.12
Figure 3.13

Figure 4.1
Figure 4.2
Figure 4.3
Figure 4.4
Figure 4.5
Figure 4.6
Figure 4.7
Figure 4.8

Figure 5.1
Figure 5.2
Figure 5.3
Figure 5.4
Figure 5.5

LIST OF FIGURES

North Carolinaferry systemmap [1]. ... .................... 6
Residents, seasonal residents, and visitors by route [1]........... 6
Symbols used for different elements of a ferry system. . . . ... .. ... 12
Mechanical propulsion. . . . . .. ... .. 14
Electric propulsion with an AC distribution system. . ........... 15
Hybrid propulsion. .. ....... ... .. . .. . 16
Electrical propulsion with a hybrid power supply. . .. ........... 17
Hybrid propulsion with a hybrid power supply andan ACbus. .... 18
Electric propulsion with a hybrid power supply andaDC bus. . . . .. 20
All-electric system. . . ... ... ... . .. 22
Typical curve of total hull resistance  [7]. .. ................... 25
Components of hullresistance  [7]........ ... ... . . . ... 26
Ideal owaround asubmergedbody [7]. .................... 27
Flow around a body submerged inwater [7]. ................. 28
Typical water ow pattern around a ship's hull 4 30
Wave pattern generated by a moving object in the water [7]. ... ... 32
Froude's sketch of a characteristic wave train for ships  [7]. ....... 32
Wave train for real ships moving inwater [7]................... 33
The bow and stern wave systems generated byaship [7]. ........ 33
Wave patternsvs.speed [7]. . . . . . ..o 35
Typical relationship between total resistance coef cientand speed  [7]. 36
Bulbousbow [8]. ... ... ... 37
Distance from the bow to 95% of maximum breadth on the waterline

iNM Ly [9]: - o v oo 42
Mechanical propulsion . . ... ... 45
Controllable pitch propeller schematic operating systems  [6].. .. .. 47
Propulsionpower [2]. ... ... . . 47
Pz curveofaNavy-YPship [7]. ... ... oo 49
Advanceandshipspeed. ... ... ... .. .. ... 51
Diesel engine DI13077M SFOG 4¢10r VS. ENgpy Curve tting.. ... .. 54
Diesel engine DI13077M SFOCvs. normalized EL.. . ............ 55
genset SOREOZIFSFOCVS.EL. ... .. ... . 58
Electrical propulsion system with the DC bus distribution. . . ... .. 60
Ideal torque vs. speed characteristics for variable speed AC drives [10]. 62
The current limit circle and voltage limit ellipse for interior PMSM [10]. 63
Per-phase equivalent circuit model of PMSM. . . ... ............ 66
PMSM circuit model in dg-reference frame: (a) d-axis; (b) g-axis.. .. 67

viii



Figure 5.6
Figure 5.7

Figure 5.8
Figure 5.9
Figure 5.10
Figure 5.11
Figure 5.12

Figure 6.1
Figure 6.2
Figure 6.3
Figure 6.4
Figure 6.5
Figure 6.6
Figure 6.7
Figure 6.8
Figure 6.9
Figure 6.10
Figure 6.11

Figure A.1
Figure B.1

Figure E.1
Figure E.2

Figure H.1
Figure H.2

Figure 1.1

Figure J.1

Figure J.2

Equivalent circuit model of a PMSM considering core loss resistance. 68
Equivalent circuit model of a PMSM with core loss modeled: (a) d-

axis; (b) g-axis. . ... ... 70
Section areas of a stator tooth and the yoke [11]................ 71
INnVerter CirCuUit. . . . .. ... 74
Fullbridgerectier. . . ... .. e 79
Diode equivalent circuit model (a) ideal diode (b) lossy diode. . . . . . 80
Forward characteristics of diode GHXS300A120S7D5. . ... ... .. .. 82
Create MiSSION Page. . . . o v v i 85
Speedproleexample.. .. ... .. ... 86
Example of a speed pro le speci cationsheet. .. .............. 88
ShipSpecicationpage. . . . ... .. i 89
Sideviewofaship [12]. ... ... .. . . . . . . 90
Ship principal dimensions  [13]. ... ....... ... . .. .. . .. . ... 90
Frontviewofaship [12]. ... ... ... .. .. . . . 91
Thrusters [14]. . ... 92
Rudders [15]. . .. ... 92
Ferry withone andtwoshafts [16].......................... 92
Transverse area [17]. . . . . . o 93
Coef cients for wetted surface in Hollenbach's method [4,5]. ..... 106
Coef cients for typical resistance in Hollenbach's method [4,5]. ... 108
Torque Coefcient [6,18]. . ... ...... . .. ... 112
ThrustCoefcient [6,18]. . ... ... .. .. 113
(a) FF600R12KE4P IGBT switchinglosses. . . .. ................ 118
(c) FF600R12KE4P IGBT switchinglossesIGBT. . . . ............. 118
Switching lossesdiode. . ............ ... .. . ... . . . ... . . ... 120
Determining U.eoand r. (ro = Uge/ 1) from the datasheet dia-

gram [19]. . .. .. e 122
Determining Upgandrp (rq = Up/ Ip)fromthe datasheet diagram

[19]. . 122



CHAPTER

1

INTRODUCTION

Humankind needs energy sources for daily life and activities, such as cooking and
staying warm during cold weather. As the years have passed, humans have signi cantly
altered their utilization of various energy resources. Wood was the rst energy source
until someone in China started using coal, which was considered the rst use of fossil
fuels. After that, coal became popular again in the 12th century in London. In the 17th
century, the steam engine was invented, and it contributed signi cantly to the growth of
industrialization. In the 18th century, petroleum was found and used as an energy resource
instead of steam. Having those sources of energy is tremendous but negatively impacts the
environment. In the mid-19th century, scientists started noticing the environmental air
pollution problem in the U.S. and Britain, leading to heightened apprehension regarding
the hazardous effects of gas emissions [20].

Scholars did substantial research to understand the impact of fossil fuels on the envi-
ronment and identify problems or hazards it may cause. The use of fossil fuels affects the
environment due to carbon dioxide Co,, nitrogen oxides Noy, sulfur oxides Soy, and partic-
ulate matter production [20]. Moreover, the gasses produced by fossil fuels directly impact
human health; fossil fuels can worsen asthma and cause chronic bronchitis, respiratory
tract infection, heart disease, and stroke [21].



A case study was conducted on Las Palmas Port, Spain [22]. The study focused on ve
different exhaust emission gases of different ship types. Exhaust emissions gases are No,,
So,, particulate matter with an aerodynamic diameter smaller than 2.5 m PM, 5, carbon
monoxide Co, and Co,. Among the various categories of ships, passenger ships exhibit the
highest exhaust emissions of four gases, whereas container ships dominate in Co exhaust
emissions. The study reveals that passenger ships are the primary source of pollutants in
Las Palmas Port.

Nowadays, scientists and engineers are working toward green energy to have a better
and healthier future with less pollution produced by fossil fuels. One way to control pol-
lution is to manage and use fossil fuels as ef ciently as possible. This should lower the
use of fossil fuels and losses, reducing environmental impact  [23]. Another solution is
to move toward electri cation and hybridization. Numerous opportunities and concepts
exist for electri cation, particularly evident in the domain of public transportation. For
example, electri cation in the public transportation eld has grown with magni cent ideas
and creativity, such as electric and hybrid personal vehicles. Also, many cities offer electric
scooters and bikes that operate entirely electrically. Moreover, there is a growing considera-
tion among experts and researchers regarding the electri cation of aircraft and maritime
vessels. Depending on the application, the challenges on the electri cation level change.
Some applications cannot be fully electric, so they need to operate in a hybrid mode.

For ages, ships relied on wind power as their primary means of propulsion. However,
as the 19'" century dawned, a signi cant shift occurred, and engines started to take over
this role. The invention of steam engines and turbines marked a major turning point, and
subsequently, various forms of diesel engines were adopted in the 20!" century. These
engines burned fossil fuels like diesel, heavy oil, and gas oil. Traditionally, the propulsion
system operated mechanically, with the diesel engine directly driving a shaft, which in turn
moved the ship's propeller. Additionally, the engine with a generator supplied electricity to
all the ship's electrical systems [24].

Inrecentyears, a notable transformation has occurred in the maritime industry, as many
ships have embraced partial electri cation. Speci cally, around 80 percent of oceangoing
vessels now employ a diesel-electric transmission system. In this setup, diesel generators
produce electricity, which then powers an electric engine responsible for driving the ship's
propeller. This shift to a diesel-electric setup brings several advantages. First, it leads to
substantial fuel savings, ranging from ve to 20 percent. Moreover, electrical components
involved in this con guration are simpler, resulting in reduced susceptibility to faults. As a
result, energy loss is minimized, and overall ef ciency is enhanced  [25].



Ferries are used as a maritime public transportation resource that transports people
and vehicles from one port to another. Using maritime transportation is a great way to
reduce road traf c, especially in cities with water routes and high-density road traf ¢
where onshore public transportation is insuf cient [26]. Ferries are ideal candidates for
electri cation due to their predictable and repetitive routes and schedules.

For maritime transportation vessels, pollution is even more severe. Vessels contribute to
high pollution due to the amount of fuel they consume compared to cars and buses. Vessels
operate in various applications: shing, shipping, public transportation, etc. Therefore,
they come in many different sizes and designs. There are different types of fuel used for
vessel engines; as of 2008, “there were 208 passenger ferry transportation operators in the
U.S., providing services on over 300 links in 37 States. From the 208 ferries (88.8%) operated
on diesel fuel. The remaining 11.2% distributed between 1.5% used gasoline, 1.2% used
biodiesel, 0.6% used B20 (20% biodiesel, 80% diesel), 0.4% were electric, and 2.3% were
unpowered (i.e., barges). The remaining 5.2% included one vessel operating on compressed
natural gas, one cable-powered, one coal-powered, one electric-powered with solar panels,
one hand-powered, and several “not reported.”  [27].

Electrifying ferries presents a greater challenge than electric vehicles due to factors
such as size, weight, and range. Also, they must be studied case by case, considering factors
such as ferry size, route, and passenger capacity. In addition, ferry electri cation can be
achieved through fully electrical or hybrid options. Nevertheless, having a full electrical or
hybrid ferry has less impact on nature than having a ferry depending entirely on diesel.

Ferry electri cation contributes to integrating renewable resources and aligning renew-
able technologies with maritime applications. Also, the electri cation of ferries introduced
the cold ironing concept. Cold ironing is a process where ferries operate on electrical energy
when the ferry is near the port. When crossing the water, the ferry operates on fossil fuel
energy. Batteries could be charged by the diesel engine while crossing or onshore using
chargers. This technique signi cantly reduces carbon emissions and pollution in areas
near the port [20, 28].

While electri cation of ferries can have numerous bene ts, such as producing less
pollution and noise, it does present challenges. One of the primary dif culties is the need
to install new components, such as an energy storage system. Many types of Energy Storage
Systems (ESS) exist in literature and real-life applications. Energy storage system types
are Battery Storage System (BESS), Pumped Hydro Storage (PHS), Compressed Air Energy
Storage (CAES), Superconductive Magnetic Energy Storage (SMES), fuel cells, ywheels,
and super-capacitors. It has also been proposed to use the Dynamic Positioned (DP) system



and the vessel's position as short-term energy storage for a marine vessel. The differences
between ESS technologies can be generalized and listed as capacity, charge and discharge
rates, weight, cost (including maintenance), and expected lifetime. ESS is selected depend-
ing on the application. For example, in peak-shaving applications, high charge  /discharge
rates of the ESS may be more critical than high capacity. In contrast, high capacity might

be more critical when ESS substitutes a diesel engine and generator genset [23].

Ferry electri cation provides the potential for sustainable transportation through four
possible alternatives. These alternatives have beenidenti ed through a literature review and
offer ways to study and implement sustainable ferry transportation [26]. The alternatives
are optimizing fuel usage, hybridizing the current ferry, electrifying the existing ferry, and
buying a new electrical ferry eet. The study found that buying a new electrical ferry eetwas
the best solution. Further, the study [28] has shown that optimizing a ferry reduces pollution,
but converting it to a hybrid would introduce system operation complexity. Although the
hybrid option reduces pollution, it requires educated crew members to understand the
new system. Buying a new eet has the supply chain's advantage because all the parts will
be from the same company.

The load pro le for a pure diesel ferry typically consists of two intervals: cruising and
berth operation (including maneuvering and docking phases). During cruising, the ferry
travels between two ports, and the load pro le tends to be relatively stable. However, the
load pro le changes during the berth interval as the ferry approaches and leaves the port.

Adding batteries to a hybrid ferry changes the load pro le, as the energy consumed by
the battery affects the total load. This may lead to a decrease in energy consumption from
the generator set without reducing the overall load. This shift in load pro le is a key factor
in hybrid ferries, helping to reduce emissions and improve overall ef ciency.

1.1 ABrief Review of the NC Ferry System

North Carolina utilizes the ferry system to facilitate transportation in the coastal region.
North Carolina has multiple ports and a ferry eet. Ferries have an economic return in
North Carolina, as studied by the Institute for Transportation Research and Education at
North Carolina State University. This study listed and calculated critical criteria on current
North Carolina ferries. Figure 1.1 shows the North Carolina ferry system map with the
ports and routes. Also, to understand each route's characteristics, Table 1.1 shows the port's
name, distance, and crossing time. In addition, The North Carolina ferry eet, comprising



21 ferries, has been listed in Table 1.2. These ferries have vehicle capacities ranging from
30-50, while passenger capacity is 149 or 300. The speci cations of each ferry have also been
included in the table 1.2 for reference. Figure 1.2 depicts the percentage of routes used for
various reasons by residents, visitors, and seasonal visitors. There is variance in the usage
of different routes, with some having a higher proportion of visitors and others having a
higher proportion of residents. Seasonal residents constitute the smallest percentage across
all routes, ranging from 1% to 9%.

Despite being a safe mode of transportation, many people in North Carolina choose to
drive instead of taking a ferry in the coastal area where ferries are available. However, itis
essential to recognize that ferries can be a reliable and safe alternative to driving. North
Carolinaferries had an excellent safety record in 2017, with zero recorded deaths. In contrast,
1,412 vehicle traf ¢ deaths were recorded in the same year. A study used mapping tools and
death rate data from the National Highway Traf ¢ Safety Administration (NHTSA) to predict
alternate drive routes and nd the expected traf c death value and cost per minute of drive
time. The safety bene t of using alternative routes was estimated to be worth $8,300,000
[1].

According to a recent study, using a ferry instead of driving a car is not only more
environmentally friendly but also saves a signi cant amount of money. The study found
that using a ferry saves $18,100,000, making it cheaper than driving a car [1]. The study
compared the cost savings of taking a ferry versus driving. The researchers used the cost
per minute as a unit for comparison. Ferry costs were calculated using the ticket price and
estimated travel time while driving costs were calculated using vehicle travel time. They
found that taking the ferry saved vehicle operating costs signi cantly.

Table 1.1: Operated ferry routes [1].

Route Year Created | Distance (Miles) | Crossing Time (min)
Hatteras - Ocracoke 1953 8.5 60
Cedar Island — Ocracoke 1961 23 135
Knott's Island — Curritick 1962 5 45
Southpoint — Fort Fisher 1965 3.5 35
Aurora - Bayview 1966 3.5 30
Cherry Branch — Minnesott Beach 1973 2.5 20
Swan Quarter — Ocracoke 1977 27 160




Figure 1.1: North Carolina ferry systemmap [1].

Figure 1.2: Residents, seasonal residents, and visitors by route [1].



Table 1.2: Operated ferry routes [1].

Ferry Year | Vehicle | Passenger| Gross | Length | Breadth Draft
Name Built | Capacity | Capacity | Tonnage | (Feet) (Feet) | (Feet/Inches)
Kinnakeet 1989 30 149 280 150 42 4
Chicamacomico 1990 30 149 275 150 42 4
Cape Point 1990 30 149 275 150 42 4
Ocracoke 1990 30 149 275 150 42 4
Frisco 1990 30 149 275 150 42 4
Roanoke 1993 30 149 248 150 42 4
Thomas A. Baum* | 1995 30 149 248 150 42 4
Daniel Russell 1993 42 300 418 180 44 6
Southport 1996 42 300 424 180 44 6
Neuse 1998 42 300 374 180 44 6
Floyd J. Lupton 2000 40 300 374 180 44 6
Fort Fisher 2000 40 300 374 180 44 6
Croatoan 2003 40 300 376 180 44 5/6
W. Stanford White | 2003 40 300 372 180 44 5/6
Hatteras 2006 40 300 374 180 44 5/6
James B. Hunt 1984 30 300 462 125 40 5
Silver Lake 1965 50 300 688 220 48 6
Carteret 1989 50 300 771 220 50 6
Cedar Island 1994 50 300 648 220 50 1/6
Swan Quarter 2011 46 300 867 220 50 6/7
Sea Level 2012 46 300 867 220 50 6/7

* Ferry was recently retired and replaced by the Rodanthe




1.2 Background on Ship Modeling

In this study, our primary objective revolves around the intricate modeling of ferry
system components. Currently, all the ferries in North Carolina share a common character-
istic. They rely on diesel fuel to power their engine. Implementing electri cation in ferry
eets has already commenced, primarily on an international scale, with Europe taking
the lead, though not yet extensively in the United States  [29]. Ship modeling is crucial for
comprehending the system and its performance under different conditions. There are mul-
tiple methods for modeling ships tailored to various requirements and purposes. Several
studies concentrate on short periods, while others focus on long-term effects. Accurate
modeling helps predict the ship's performance and assists in designing new vessels while
optimizing the existing ones. Advanced modeling tools and techniques automate many
aspects of ship modeling, offering more precise and ef cient results. Overall, ship modeling
plays a fundamental role in the marine industry and helps enhance safety, ef ciency, and
productivity. The system has been modeled using various approaches, including:

1. Transfer function

2. Machine learning

3. Differential / state space/ dynamic equations

4. Steady-state equation

Some software was used for the modeling are as follows:
1. MATLAB

2. MATLAB Simulink

3. Open Simulation Platform

Study [30] modeled the electric propulsion with AC bus components using the transfer
functions. The transfer function is used in MATLAB Simulink as a co-simulation where each
block is simulated independently. In addition, they exported the MATLAB system using an
Open Simulation Platform (OSP) to simulate all the components as a whole system. The
study results were in the second range, looking at a short time period. Therefore, the study
doesnt provide a complete picture of the ship's mission.

Due to the digitization of ships, energy pro le is being captured and stored easily [31].
Therefore, the study compares several typical supervised machine learning algorithms, i.e.,



eXtreme Gradient Boosting (XGBoost), arti cial neural network, support vector machine,
and statistical regression methods, for the ship speed—power modeling. Utilizing ship
data to improve energy utilization has many advantages, such as gaining insight into
historical operation pro les to make more informed decisions in the future. However,
the accuracy of recorded data can be limited due to equipment limitations, potentially
leading to inaccurate predictions and designs. Despite this disadvantage, ship data analysis
remains a valuable tool for optimizing energy ef ciency. Study [32] utilized convolutional
neural network (CNN) and long short-term memory (LSTM) combination method machine
learning algorithms. The study used historical operation data to predict the ship's energy
consumption, which has the bene t of analyzing emissions and optimization based on
the route. A machine learning approach could improve power planning and analysis for
ships. However, the problem is that it needs a lot of data during operation, which might be
a limiting factor for designing new ships with different speci cations since new ships may
not have the same data during planning or operation.

Study [33] used dynamic equations to model electric propulsion. The model was used
for systems during normal and faulty conditions. The model provided a good understanding
of the overall system, but their focus was on capturing and analyzing fault incidents in
the second time range. Study [34] modeled the system using g-d coordinate and state
space. The model was implemented in MATLAB Simulink. The study focused on a single
component of the ship's power train system (generator). The study modeled the generator
explicitly for maritime applications. Dynamic modeling is a great tool for the issue with the
time scope in the second time range, which does not give an insight into the whole mission.

Study [35] did a case study on BC Ferries M.V. Klista. The ferry studied was an AC
hybrid power system, by applying a dynamic modeling approach. The model components
were three diesel-generator sets, a battery Energy Storage System (BESS), an AC power
source synchronizer, and a bi-directional DC / AC power converter. A nonlinear dynamic
average-value model was used to model the power converter. The component parameters
were obtained from the manufacturer's datasheet. The study obtained the load pro le and
applied the rule-based method as power management.

Reference [36] conducted a case study using the load pro le of the BC Ferries Skeena
Queen to determine the fuel cost and potential emission reduction using electri ed tech-
nology by comparing three ship con gurations: traditional diesel engine, diesel-electric,
and series hybrid electric. A case study provides detailed insights into a particular ship's
environment and operation; however, the results cannot be generalized to all ship systems.

Study [37] utilizes an optimization approach by applying mixed-integer nonlinear pro-



gramming and a power management algorithm. The optimization used to ful Il the battery
recharging requirement and re nement of the study is to minimize fuel consumption. The
analysis was applied to three types of ship con guration: hybrid-electric architecture, all-
electric architecture, and diesel-mechanical architecture. The study focused on high-level
power management equations and did not provide detailed modeling of the components.

Paper [38] utilized two resistance-based models (Holtrop and Mennen, Kristensen)
and two simple, load-factor-based models (Propeller Law, Admiralty Law) to compare
the calculation of the emission caused by the ship. The ships studied were bulk carriers,
container ships, and tankers. The resistance-based model estimates lower propulsive power,
thus producing lower emissions.

This manuscript study explores the application of steady-state equations and curve
tting in component modeling. The parameters used in this study could be obtained
from the datasheets, test conditions, and empirical values. This study is centered around
developing a modeling framework for mechanical and electric propulsion systems with
a DC bus, which will serve as a foundation for future work. Using MATLAB App Designer,
the study has established a user-friendly interface for this modeling system, which can
be applied to a broader range of ship systems, including the power train, environment,
payload, and mission-building tool. Having this tool can serve as a general tool applied for
ship power system modeling in general.

This manuscript is structured into six chapters. Chapter 2 discusses ship propulsion and
power systems, providing an overview of different types commonly used in vessels. Chapter
3 outlines models for shipload, including all the necessary loads required for a ship to move
through the water. Chapter 4 delves into mechanical processes involved in propelling a
ship, covering key components and systems. Chapter 5 offers a comprehensive analysis
of electrical propulsion systems and components modeling. Chapter 6 discusses the app
structure, mathematics calculations, and de nitions of the ship speci cations. Chapter 7
presents some study conclusions.
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CHAPTER

2

REVIEW OF FERRY PROPULSION AND
POWER SYSTEMS

Vessels are classi ed by their propulsion system con guration. There are two main
classi cations of propulsion and power supply.

1. Propulsion system:

(a) Mechanical propulsion
(b) Hybrid propulsion

(c) Electric propulsion
2. Power supply:

(a) Fuel
(b) Hybrid

(c) Electric power (electric power is usually provided by energy storage)

Mechanical propulsion and power supply classi cation are discussed in the text below.
Figure 2.1 shows symbols used for different components of a ferry system  [39, 40].
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Figure 2.1: Symbols used for different elements of a ferry system.
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2.1 Mechanical Propulsion

Mechanical propulsion is shown in Figure 2.2. The engine is connected to a gearbox
through the shaft to drive the propeller. Other engines are used to drive the shaft for the
synchronous generator to generate electricity for loads such as electric motors and hotel
loads [41, 42, 43. The bene ts of mechanical propulsion are  [44]:

1. Less power conversion elements (main engine, gearbox, and propeller) lead to less
conversion losses.

2. Ef cientin the optimal design speed ranges between 80% - 100% of the maximum
achievable speed.

3. Low purchase cost.

2.2 Electric Propulsion

Electric Propulsion is shown in Figure 2.3, and it consists of a set of diesel-powered AC
electric generators genset. The AC electrical output of a genset is connected to a common
AC bus. The generated electricity is used to serve the hotel load and AC motors. Some motors
are used onboard, and others are used to rotate the propellers. Also, there are single-phase
and three-phase transformers to change the voltage ratio between the bus and hotel load
and motors [41].

The bene ts and challenges of electric propulsion are as follows  [44]:

1. Itis a fuel-ef cient propulsion solution when the hotel load is a signi cant fraction
of the propulsion power requirement and the operating pro le is diverse. This is
because the generated power by the genset is used for both propulsion and hotel
load.

2. genset operates closer to its optimal point (at rated speed), leading to lower emissions
than a mechanical system.

3. Reduced maintenance burdens by sharing the engine between propulsion and hotel
load, allowing for engine shutdown during periods of non-use.
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Figure 2.2: Mechanical propulsion.
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4. Electric propulsion has the potential to achieve a signi cant reduction in radiated
noise compared to traditional mechanical propulsion systems. This is primarily be-
cause electric propulsion does not have a mechanical transmission path between
the engine and the propeller. However, in order to fully realize this advantage, it is
essential to optimize the design of the motor and power converter to minimize torque

uctuation. Unfortunately, the impact of dynamic operational conditions on the
noise performance of electric propulsion remains largely unexplored, warranting
further investigation.

5. Ensuring high availability, particularly when the power and propulsion system is
purposefully designed for this function.

6. Need of power management between propulsion and hotel load.

Figure 2.3: Electric propulsion with an AC distribution system.
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2.3 Hybrid Propulsion

Hybrid Propulsion is shown in Figure 2.4. The Hybrid Propulsion system combines
mechanical and electric propulsion, with the key difference being the inclusion of a bidi-
rectional AC machine operating in generator /motor mode. In motor mode, the machine
requires electrical power supplied by the generator to drive the propeller. Conversely, gen-
erator mode requires mechanical power supplied by the engine through the gearbox to
generate electricity and supply it to the electrical grid.

Figure 2.4: Hybrid propulsion.

2.4 Electric Propulsion with a Hybrid Power Supply

Electrical propulsion with a hybrid power supply, shown in Figure 2.5, is similar to
electric propulsion. However, in this system, engines generate a mechanical input to Syn-
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chronous Generators (SG). In addition, an energy storage module generates DC power that
is further converted into AC power througha DC /AC inverter [45].

Figure 2.5: Electrical propulsion with a hybrid power supply.

2.5 Hybrid Propulsion with a Hybrid Power Supply and AC
Bus

Hybrid propulsion with a hybrid power supply and an AC bus is shown in Figure 2.6.
This hybrid propulsion system utilizes mechanical power by driving the propeller using
a gearbox. Also, it utilizes electric power to drive the propeller by the bidirectional AC
generator/ motor in motor mode. Overall, this system combines multiple technologies to
optimize ef ciency and performance  [46].
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Figure 2.6: Hybrid propulsion with a hybrid power supply and an AC bus.
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2.6 Electric Propulsion with a Hybrid Power Supply and DC
Bus

Electric propulsion with a hybrid power supply and a DC bus is shown in Figure 2.7.
This system is similar to the electric propulsion con guration, but the distribution bus is
the DC bus.

The bene ts of electric propulsion with a hybrid power supply and a DC Bus are as
follows [44]:

1. The DC architecture enables the diesel engine to operate at varying speeds, offering
the potential for decreased fuel consumption, reduced emissions, and noise, as well
as minimized mechanical and thermal stress on the engine.

2. DC architectures possess inherent resilience to faults due to their utilization of power
electronics, enabling instantaneous control of electrical variables and offering a
potential reduction in the amount and size of switchgear needed  [47].

3. Electrical faults in DC systems are contained and do not spread throughout the
electrical network and disturb the network's voltage and frequency.

Challenges of electric propulsion with a hybrid power supply and a DC Bus are  [44]:

1. All power sources and loads require a connection to the DC network using power
electronic converters. When a considerable number of xed-frequency AC loads
need to be supplied, this could result in substantial cost escalation. Nevertheless, if
a signi cant portion of the overall load is already supplied through variable speed
drives, employing DC architectures can result in cost savings  [48].

2. To facilitate the implementation of DC architectures, the issue of fault protection
must be addressed [47].

3. To address stability concerns and achieve optimal performance based on speci c
criteria, a well-coordinated control strategy becomes necessary [49, 50].

2.7 All Electric

The all-electric system is shown in Figure 2.8, and it consists of energy storage connected
to a DC bus through a DC-DC converter. The all-electric ferry system is powered by a
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Figure 2.7: Electric propulsion with a hybrid power supply and a DC bus.
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combination of electric motors and energy storage, with an AC shore plug for charging.
Inverters are used to distribute power to the hotel load and motors, including those used
for propulsion [51]. The all-electric system has the advantages:

1. Zero Emission Ship [52].

2. Ownership would provide ship owners with improved compliance with international
regulations, reduced operational costs, and improved access to advanced automa-
tion [53].

3. Using the same distributed system, prime movers can manage propulsion and service
loads more ef ciently [53].

4. Removing the conventional controllable pitch propeller system, the propulsion shaft
line can be simpli ed and propeller ef ciency can be improved [53].

The all-electric system has disadvantages:

1. Operations and management are becoming increasingly important. In recentyears, is-
sues such as designing and planning ship con gurations economically, ensuring safe,
pro table, and environmentally friendly navigation, and refueling ships economically
have become increasingly critical [53].

2. Charging and discharging [53].

2.8 DC and AC Bus Comparison

AC buses are predominant in current ship con gurations, and has better fault protection
performance [54]; however, they are accompanied by a number of limitations:

1. The synchronization of generation units is essential and adds complexity.
2. Maintaining frequency at the AC bus  [54].
3. Reactive power ow must be considered to have a good power factor  [54].

4. Some con gurations use transformers that introduce the issue of the inrush current,
which needs to be considered because of the losses the inrush current causes [20, 45].
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Figure 2.8: All-electric system.
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5. Balancing the three phases and regulating harmonics is essential  [20, 45].

The DC bus system is a more suitable option for integrating renewable energy sources
(RES) and energy storage systems (ESS) due to its ef ciency and ease of integration. However,
the system requires power electronics converters, which introduce nonlinearity into the
system. Despite this, the advantages of the DC bus system make it an attractive option for
incorporating RES and ESS, leading to more sustainable and ef cient energy consumption
[20].
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CHAPTER

3

SHIPLOADS MODELING

This chapter explores the various shiploads that impact a ship's movement in the sea,
including resistance forces. The chapter also explores the hotel load, which refers to all the
navigation or equipment on a ferry. It aims to analyze and model these loads to understand
their origin and effects. By breaking down these shiploads, the chapter provides insight
into the challenges that ships face and the strategies must be employed to overcome the
challenges.

3.1 Total Hull Resistance

The hull resistance is the water resistance to the motion of the ship. While the ship is
moving in calm water, there is a force opposite to the movement direction of the ship. The
hull resistance is used to calculate the effective power of the ship. The water resistance of a
traveling ship is a function of several factors, suchas [7]:

1. Ship speed

2. Hull form (draft, beam, length, wetted surface area)
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3. Water temperature

Figure 3.1 illustrates that the hull resistance increases non-linearly as ship speed in-
creases, with a notable “hump” in the resistance curve. This phenomenon is commonly
observed in ships and can impact their performance  [7].

Figure 3.1: Typical curve of total hull resistance [7].

Several factors affect the ship hull resistance when moving in calm water  [7]:

1. Friction and viscosity of water on the hull
2. Energy required to create and maintain the ship
3. Bow and stern waves

4. Air resistance

Total hull resistance Ry,¢, can be classi ed into calm water resistance and added
resistance due to environmental effects R. Calm water resistance consists of various
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Figure 3.2: Components of hull resistance [7].

components such as viscous resistance, wave-making resistance, and air resistance. These
factors determine the resistance a vessel faces without any external in uences. On the
other hand, R refers to the extra resistance a vessel experiences due to factors such as
waves, wind, or other external in uences. R is a very small portion of the total resistance
[55]. The resistance curve in Figure 3.2 indicates that viscous resistance accounts for most
resistance at low ship speeds while wave-making resistance dominates at high speeds.
Rt fOrce facing the ship is the sum of all contributing factors, which can be expressed
mathematically in (3.1):
Rrotal = Rrest Ruisct Rair + R
(3.1)

R= RWind + RWave

where, R is residual resistance in N, R is frictional resistance in N, Ry, is air resistance
in N, Rying IS wind resistance in N, and Ry, iS wave resistance in N.

3.1.1 Viscous Resistance R,

The equation utilized to compute R, is as follows [7]:

Rvisc = isc%v ZS
(3.2)
_  0.075
Cuise = (logR, 2)?
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where, C,. is viscous resistance coef cient, Sis wet surface area in m?2. The calculation of
wet surface area is discussed in section 3.1.3.

The ship's hull consists of a forward section that resists motion and an aft section that
assists motion due to the pressure distribution. As shown in Figure 3.3, the pressure forces
are equal in an ideal uid and cancel each other out since the pressure distribution is
normal for the body.

Figure 3.3: Ideal ow around a submerged body [7].

Water, a non-ideal uid, gives rise to resistance when an object moves through it. Figure
3.4 illustrates a submerged hull in a uid with viscosity (water). Due to the uid viscosity,
particles cling to the body surface, creating a “boundary layer.” Within this layer, the ow
undergoes a swift transition in velocity, ranging from zero speed at the side of the body

to the speed of the surrounding free-stream ow. There are two resistances due to the
non-ideal uid.

1. “Viscosity Friction Resistance” shear stresses in the uid and acts tangential to the
body.
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2. “Viscous Pressure Resistance” acts perpendicularly to the body.

Figure 3.4: Flow around a body submerged in water [7].

Viscous Friction Resistance

When a ship travels across the water, the resistance generated by the water's frictional
force along the entire wet surface of the hull creates a force that acts against the forward
motion of the ship. The friction resistance is a function of the following parameters:

1. Hull wet surface area
2. Surface roughness

3. Water viscosity

Viscosity isa uid's ability to resist ow, changing as temperature changes. High-viscosity
uids like syrup have complex ow between particles, resulting in higher resistance, while
low-viscosity uids like alcohol have less interaction between particles, resulting in lower
resistance.
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Water is a low-viscosity uid. However, water causes substantial friction against the
ship's movement. Experimental data have shown that water friction can account for up to
85% of a hull's total resistance at low speed ( F, 0.12 or speed-to-length ratio less than
0.4 if ship speed is expressed in knots), and 40-50% of resistance for some ships at higher
speeds [7]. F, is Froude number explained in Appendix G.

Viscous Pressure Resistance

The pressure forces act perpendicularly to the surface in the forward portion of the
hull. The boundary layer decreases the forward-acting pressure component. Therefore,
the reduction of the pressure in the forward portion of the hull causes a net resistance
force called “viscous pressure drags,” “form drag,” or “the normal component of viscous
resistance.” As seen in Figure 3.4, the ship shape can signi cantly affect the magnitude
of viscous pressure drag. Ships with short lengths and wide beams, resulting in a low
length-to-beam ratio, experience higher form drag than ships with a larger length-to-beam
ratio. Similarly, ships characterized by a fuller shape near the bow, such as bulk oil tankers,
encounter more signi cant form drag when compared to ships with sleeker bows, like
destroyers.

Laminar and Turbulent Flow

The type of uid ows around the hull body in uences the viscous resistance of the hull
body. Figure 3.5 illustrates two types of uid ow around the body:

1. Laminar ow

Laminar ow is distinguished by the uid owing along smooth lines in an organized
pattern with minimal frictional resistance. Typically, ships have laminar ow along
the hull for a small distance. The laminar ow along the hull starts to break down
to chaotic “turbulent ow” and is well mixed as the ship moves more in the water.
Laminar ow transitions to turbulent ow at the transition point, as shown in Figure
3.5.

2. Turbulent ow

Turbulent ow is distinguished by developing a water layer alongside the ship hull
moving with its travel direction “boundary layer.” The water molecules closest to the
ship are moving in the same direction and at the same speed as the ship.
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Figure 3.5: Typical water ow pattern around a ship's hull [7].

As water particles move away from the hull, their velocity within the boundary layer
gradually decreases. Eventually, towards the outer edge of the boundary layer, the velocity
approaches a value similar to that of the surrounding ocean. At the transition point, the
formation of the boundary layer thickness increases alongside the hull length, and the ow
gets more turbulent. The boundary layer can be identi ed as a frothy white band of water
next to the hull of a moving ship. Some water within that band can be seen moving with
the ship. When shipping speed increases:

1. The thickness of the boundary layer increases.
2. The laminar and turbulent ow transition points move closer to the bow.
3. The frictional resistance increases.

Laminar and turbulent ow can be characterized by the dimensionless coef cient called
the Reynolds number R,, named after Sir Osborne Reynolds, who signi cantly contributed
to hydrodynamics in 1883.

The Reynolds number can be de ned as the dimensionless ratio of inertial forces to
viscous forces. It serves to classify uid systems, speci cally those in which viscosity plays
a crucial role in determining the velocities or ow patterns. Mathematically, the Reynolds
number is expressed in (3.3) [56]:
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(3.3)

where, v is ship velocity inm /s, v, is kinematic viscosity of seawaterin m?/s, , is dynamic
viscosity of seawater inkg/ms, , is seawater density in kg/m3, d is propeller diameter in
m.

For external ow over at plates (or ship hulls), typical Reynolds number magnitudes
are as follows:

« Laminar ow: R, < 5x10°
« Turbulent ow: R, > 1x10°

« Transition from Laminar to Turbulent ow: 5x10 °< R, < 1x10°

3.1.2 Residual Resistance (Wave-Caused Resistance)

Wave resistance is a signi cant limit to ship speed due to the energy lost in wave creation.
As a ship moves across the water, it generates waves that transfer energy from the ship
to the water. The faster the ship moves, the more energy is lost to waves, thus limiting its
speed. An object moving across the water generates transverse and divergent waves, which
spread outward from the ship, as shown in Figure 3.6  [7].

Sir William Froude (1810-1878) created a sketch of the wave patterns caused by a ship's
“wave resistance,” as shown in Figure 3.7, where similarities to real ships moving in water
shown in Figure 3.8.

Practical ships produce complex wave systems, including bow and stern waves, as shown
in Figure 3.9. The wave systems produced by actual vessels interact, resulting in either
wave resistance reduction through mutual cancellation or wave resistance) ampli cation.
Interference is the interaction between waves. When waves collide and combine to produce
a more signi cant wave, it is called constructive (adding) interference. This increases the
amplitude of the wave. However, when waves overlap and cancel each other out, it is known
as destructive (reducing) interference.

Wavelength vs. Ship Speed

Transverse waves on the water surface have short wavelengths and travel at the same
speed as the ship. The length of a free wave on the surface of water is related to velocity
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Figure 3.6: Wave pattern generated by a moving object in the water  [7].

Figure 3.7: Froude's sketch of a characteristic wave train for ships  [7].
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Figure 3.8: Wauve train for real ships moving in water [7].

Figure 3.9: The bow and stern wave systems generated by a ship [7].
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according to (3.4) in wave theory:

L, = (3.4)

where, L,, is wavelength inm, and g is acceleration due to gravity inm /s2.

At high speed, the wavelength is high. At low speed, more waves peak along the side of
the hull. Figure 3.10 illustrates different types of ship speeds and wave patterns. In addition,
as shown in Figure 3.10, there is either a crest at the stern or a trough at different speeds.
The crests and troughs cancel or partially add to the stern wave system.

Figure 3.11 illustrates the total resistance coef cient versus speed-length ratio as humps
and hollows. For the best fuel economy, it is recommended that the ship operate in hollow
water. When the wavelength is equal to the ship's length at a certain speed, “hull speed,”
the resistance at a speed-to-length ratio is a high value of 1.34. Therefore, hull speed is
considered the maximum ef cient speed for a displacement ship. The speed-to-length is
explained in Appendix G.

At hump speed ( F,=0.5), the ship experiences a signi cant drop in the stern as it enters
a large wave trough, causing the ship to maintain a high trim angle. When riding on a
planing boat (Planing is an operation mode when you accelerate your ship and the boat is
being lifted up due to buoyancy effects), there is a speed at which the bow rises, leading
to inef ciency and hull damage. As the boat accelerates, the wavelength increases, and a
transition to a High-Speed Planing Craft state occurs (Figure 3.10), which is more ef cient.
Figure 3.11 illustrates that resistance increases above hull speed and drops at higher speed.
Note that ships hardly have enough power to achieve this very high speed.

Wave Resistance Reduction Techniques

The wave energy is proportional to the square of the wave height in wave theory. Thus,
increasing wave height requires an increase in energy to create the wave and an increase
in wave-making resistance. Therefore, when wave height doubles, a four-fold growth in
energy is heeded to produce the wave. Thus, wave-making resistance becomes dominant
when increasing ship speed and wavelength.

For example, to demonstrate the effect of wave-making resistance on a ship, consider
an FFG-7 class ship with a waterline length of 408 ft, two gas turbine engines, 41,000 Shaft
horsepower SHP, and a maximum speed of 29 knots. When this ship travels at 25 knots, one
gas turbine in operation (20,000 SHP) is enough, but for the ship to travel at 29 knots, two
engines must be on for only a 4-knot increase. The needed horsepower increases because
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Figure 3.10: Wave patterns vs. speed [7].
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Figure 3.11: Typical relationship between total resistance coef cient and speed [7].

of wave-making resistance effects.
There are two ways to reduce ship wave-making resistance effects during the design

stage [7]:

1. Increasing hull length

As shown in Figure 3.11, increasing the ship's length increases the speed. Therefore,
the wave system (Figure 3.10) generated by the ship is equal to the ship's length.

2. Bulbous bows

Reducing the size of the bow wave system by lowering the bulbous bows can lower
the wave-making resistance of the vessel. The bulbous bow is shown in Figure 3.12.

RADM David Taylor introduced the bulbous bow on the USS DELAWARE battleship in
1907, revolutionizing ship design. The concept behind this innovation involves the creation
of a secondary bow wave that counteracts the disruptive effects of the primary divergent
wave, thereby minimizing the presence of waves at the bow. The ship's hydrodynamic
performance is enhanced by mitigating the formation of a signi cant bow wave, resulting
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Figure 3.12: Bulbous bow [8].

in reduced squat and trim at the stern. This improved trim allows for a more balanced
distribution of forces, reducing the ship's overall wetted surface area and diminishing
viscous resistance. Additionally, the bulbous bow helps to delay the onset of substantial
wave-making resistance as speed increases, preventing the ship from “climbing” over its
bow wave. As a result, the bulbous bow design enhances the ef ciency and maneuverability
of the ship in the water.

Implementing a well-designed bulbous bow can reduce ship resistance by upto 15%  [7].
This reduction directly translates to lower operating costs and increased pro ts. However,
it is essential to note that warships only partially bene t from bulbous bows due to their
frequent speed changes, as these bows are primarily designed for optimal performance at
consistent operating speeds.
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Residual Resistance R
Riesis calculated in (3.5) [5].

BT
Rres = Cres%v 2(1_0) (3-5)

where C,is the residual resistance coef cient, B is ship breadthinm, and T is ship draught
inm. C.is calculated based on empirical values explained in section 3.1.3.

3.1.3 Residual Resistance Coef cient and Wet-Surface Area
There are many methods used to calculate and estimate the total resistance, suchas [4]:
1. "Ayre' for cargo ships
2. "Taggart' for tugboats
3. "Series-60' for cargo ships
4. 'BSRA for cargo ships
5. "Danckwardt' for cargo ships and trawlers
6. "Helm' for small ships

7. "Lap—Keller' for cargo ships and ferries

Among these methods, the following methods have general applicability  [4]:

=

. Taylor—Gertler' (for slender ships)

2. "Guldhammer—Harvald'

w

. "Holtrop—Mennen’
4. "'SSPA

5. "Hollenbach'
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In the 1990s, Hollenbach evaluated using testing data from the Vienna Model Basin
(www.sva.at). This assessment led to the development of regression formulas to estimate
resistance and propulsion factors for single and twin-screw vessels. To validate the effec-
tiveness of these formulas, the formulas were tested against model data from the Hamburg
Ship Model Basin (www.hsva.de). The outcomes indicated that the Hollenbach method
provides a notably lower standard deviation than alternative methods. This suggests that
the Hollenbach approach is more dependable than earlier techniques (Hollenbach, 1996),
particularly when dealing with twin screw vessels  [5].

Hollenbach, Guldhammer-Harvald, and Holtrop-Mennen methods were used to esti-
mate the total resistance [5]. Guldhammer-Harvald extends the calculation for the wake
friction coef cient w in single and twin-screw cases. The Hollenbach method is considered
to be the most recent technique, and it is comparatively simpler to compute [4].

Based on the opinion expressed in [57], there is no signi cant difference between the
two methods. The book illustrates some examples to compare the two methods' differences.
For example, the estimated effective power for a tanker ship is offsetting the effective power
using Holtrop (-2%) and Hollenbach (-3%). The Holtrop is more accurate but introduces a
computational burden.

The Hollenbach method is used for this study to calculate residual resistance and wet
surface area. The calculation of residual resistance and wet surface area is dependent on the
type of propulsion system used, speci cally whether it is a single or twin-screw propeller.
Hollenbach gives the formulae to estimate the wetted surface area, including appendages
with coef cients shown in (3.6)  [4, 5]:

S=kL(B +2T) (3.6)

k is calculated in (3.7):

_ L L B L Ta Te d
k=ap+a;p2+a7* +asCg+ayr +asy tay == +agt

(3.7)
+ kRudd NRudd + kBracNBrac + kBosJ\l Boss

where , L, is length over wetted surfaceinm, L, islength atthe waterlineinm, Cg is block
coef cient, T, is draft at aft perpendicularinm, Tg is draft at forward perpendicular, N,,q4q
number of rudders, B,,. number of brackets, and NgiS Number of bossing. ag—a;, Krudg»
Kgrac, and Kgossare coef cients.

The coef cient used for the wetted surface area calculation in the Hollenbach method
is listed in Appendix A. The block coef cient of a ship is the ratio of the volume of its
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submerged portion to the volume of the rectangular solid that encloses it [58]. This value
typically falls within the range of 0.5t0 0.77  [4].

Cres = Crstandard Cr it KL ()™ (%)bz(t—j)b‘? ()P

(L+ =) ()0 (1 + Nigygq)? (1 + Nigrac)°®

(1+ Npos9 (L + Nypruster)™™°

Cr,standard = C11+ C12Fy + C13F 2 + Cg(Cor + CoF + C5Fy) (3.8)
Crienieit = Max(1.0, (R, =R, jrit)")

Fo kit = dq+ d,Cpq + d3Cg?

kL =¢elL®

where Nqpsuter 1S NUMber of side thruster, d;-d;g, C11-Cy3, €, and d4-d; are empirical values
shown in Appendix B.

The residual resistance coef cient, commonly known as the typical coef cient of re-
sistance, can be derived from the coef cients provided in Appendix B. The range of the
validity is provided in Appendix C. Appendix D speci es the range of the standard mean
deviation of the relevant database. As long as the values fall within this range, the formulas
are expected to yield reasonably accurate results. However, it is worth noting that values
outside this range may still be utilized.

3.1.4 AirResistance Ry

Air resistance is caused by air ow over the ship when no wind is present. Air resistance
affected by:

1. The shape of the ship above the waterline
2. The area of the ship exposed to the air
3. The ship speed through the water

Ships with low hulls and small sails have less air resistance than ships with high hulls
and more sail area. Air resistance is typically responsible for 4-8% of a ship's total resistance,
but for high-sided vessels like aircraft carriers, it can reach up to 10% [1]. Lowering air
resistance was studied by simplifying hulls and superstructures, but power bene ts and
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fuel savings related to building a simpli ed ship tend to be overshadowed by construction
costs. Air resistance can be calculated using equation (3.9) [6]:
Rair = Cair TairVZAT (39)

where C,; is air resistance coef cient, A; is transverse area of the ship in m?,  is air
density in kg / m3,

3.2 Added Resistance Due to Environmental Effects

3.2.1 Wind Resistance R

20-knot (10.2889 m/s) wind can increase ship resistance by 25%-30%. Wind resistance
is a function of [1]:

1. Ship sail area
2. Wind velocity

3. Direction relative to the ship's direction of travel

When a ship is moving forward, it encounters two types of wind. The rstis natural
wind, also known as shear ow, which would be experienced by the ship even without its
forward speed. The second type is uniform wind generated by the ship's movement [9, 55].
The wind resistance calculated in (3.10):

Rwind =05 airCAA( Wref)ATvvsref 0.5 airCAA(O)ATV2 (3'10)

where Caa is wind resistance coef cient, e, Viwrer are relative wind velocity and direction
at the reference heightinm /s and degrees, respectively.

The wind resistance coef cient is dependent on the wind direction. In this study, the
wind direction ranges from 0-180 degrees with respect to the frontal side of the ship, ignoring
wind that hits the ship's side. Reference [59] provides a test result on nine ships for the wind
resistance coef cient.
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3.2.2 Wave Resistance R 3

By superimposing the components of regular waves linearly, the irregular waves can be
represented. ISO standard [9] presents two methods named STAWAVE-1 and STAWAVE-2
to compute the additional resistance caused by waves. STAWAVE-1 is a corrective approach
suitable for ships with limited pitch (sway) and heave (yaw) motions. Consequently, it
restricts permissible wave heights, making it applicable only to mild sea states. Equation
(3.11) [9, 55] demonstrates the signi cant wave height limitation. The STAWAVE-1 method
operates on the principle that, in head waves (waves propagate along the frontal aspect of
a ship's hull).

As a result, the dominant factor contributing to the added resistance becomes the wave
re ection of the hull on the waterline. STAWAVE-1 is designed explicitly to detect waves
within a narrow angle range of 0to 45 degrees off the bow (bow waves). Waves outside
this range are disregarded in the wave correction process. In this study, only STAWAVE-1
is considered. The added resistance can be computed by approximating the waterline
geometry based on the bow section on the waterline and the ship's beam shown in (3.12)

[9, 55:

¥ LIDP
Hi 225 — 3.11
1=3 100 (3.11)
{
Ruave = L H2 B (3.12)
wave — 16 swg 1=3 LBWL .

where H, is signi cant wave height in m, Lgy, the distance from the bow to 95% of
maximum breadth on the waterline in m, as shown in Figure 3.13.

Figure 3.13: Distance from the bow to 95% of maximum breadth on the waterline in m
I—BWL [9]
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3.3 Appendage Resistance

“The ship appendage is a general term for the protruding objects of the hull below the
waterline” [60]. Appendage resistance is the drag produced by underwater appendages
such as propeller shaft, struts, rudder, bilge keels, and sea chests. Appendage resistance
accounts for 2-14% of the total resistance in naval ships. Appendages mainly impact the
viscous resistance, as the added appendage surface area increases the viscous friction
surface area. [7].

Some other studies claim appendage resistance is 10% - 20% in naval ship application.
Naval ship application has higher appendage resistance than merchant ships. The naval
ship has underwater equipments such as cameras, weapon carriers, etc. Thus at a higher
speed, naval ship experiences higher appendage resistance [61].

In the example of a merchant cargo ship, the appendage resistance is reported to be in
the range of 2-3%, with half of this resistance attributed to the rudder and the remaining
half to bilge keels [62]. As this value is relatively small, and considering that not all ships
possess the complete set of underwater appendages listed, the resistance is disregarded to
establish a more generalized case.

3.4 Hotel Load

Hotel load is any onboard electrical load unrelated to propulsion and charging energy
storage devices. The energy consumption of the hotel load is comparatively lower than
that of the propulsion system. A study [63] listed onboard hotel loads such as lights, fans,
television, A/ C, and refrigerators for Houseboats in Kerala, India. Houseboats are used as
hotels where people can travel around the Kerala coast [64]. Another study showed hotel
load varying as a function of time in a graph  [65]. Another study [66] considers the hotel
load to be constant during a mission, as it is a small value compared to the propulsion load.
This study considers the hotel load as a constant value to simplify and ignore the small
changes in the hotel load power pro le.
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CHAPTER

4

MODELING OF MECHANICAL
PROPULSION SYSTEM

This chapter models mechanical power train components, including diesel engine,
gearbox, and propeller. The reverse calculation approach is employed in order to depict the
power transmission system by analyzing its components for better comprehension. This
analytical method begins at the load and goes back to the source, providing an overview
of the entire system. The aim is to provide an understanding of the power transmission
system and how to characterize its components.

4.1 Propeller Overview

The propeller's main functionality is to move the ship in the water. Propellers are used
in a variety of applications. Propeller has multiple types listed as follows  [6]:

1. Fixed pitch propellers

2. Controllable pitch propellers
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10.
11.

12.

A Fixed-pitch propeller is considered in this study, as the main focus is not on the pro-
peller design itself, but rather on the propeller power requirement. As the name implies,
xed-pitch propellers do not change the pitch during operation. The mechanical shaft

(a) Single screw. (b) Twin screw.

Figure 4.1: Mechanical propulsion
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changes the direction of moving ahead or astern (backward). Fixed pitch propeller blade
number is an independent variable. Blades are bene cial to control cavitation characteris-
tics. Blade numbers generally range from two to seven. Four, ve, and six blades are usually
preferred for merchant vessels. Tugs and shing vessels frequently use three-blade designs
[6].

As the name implies, the controllable pitch propeller provides additional freedom by
changing the blade pitch. Changing the blade pitch changes the direction of the ship's
movements. Each manufacturer has its unique design of pitch actuating mechanism. These
designs can be broadly grouped into inboard and outboard hydraulic actuation. Figure 4.2
shows these principal types in schematic form. The controllable pitch propeller is more
complex than the xed pitch alternative. However, the controllable pitch propeller has the
following advantages [6]:

1. One notable advantage lies in maneuverability, as it allows for precise thrust man-
agement without needing constant acceleration and deceleration of the propulsion
system (mechanical shafts).

2. Precise thrust control becomes especially critical in speci ¢ scenarios. For instance, it
plays a crucial role in dynamic positioning applications or during frequent berthing
maneuvers, such as those encountered in short sea route ferry services.

3. The basic design of a controllable pitch propeller hub can be adapted to enable the
feathering of the propeller blades. The feathering position refers to the alignment of
the blades, so the blades offer minimal resistance to forward motion.

4.2 Propeller Power and Ef ciencies Modeling

This section is about the calculation of the delivered power to the propeller Py, whichis
required to supply the propeller [67]. The effective power Pg is the power required to move
the ship's hull at a given speed in the absence of propeller action.  Pg is calculated in (4.1):

I:>E = RTotaI \ (4- 1)

where Ry IS the total ship resistance in N calculated in chapter 3 using (3.1).
Shaft power P; and brake power Pg are quantities designed by the engine manufacturer.
However, the naval architect is the one who decides the amount of Pg, Ps, and Pe. Pg
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