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Abstract: Recently, environmental regulations have been strengthened due to climate change. This
change comes in a way that limits emissions from ships in the shipbuilding industry. According
to these changes, the trend of ship construction is changing installing pollutant emission reduction
facilities such as scrubbers or applying alternative fuels such as low sulfur oil and LNG to satisfy
rule requirements. However, these changes are focused on large ships. Small ships are limited in
size. So, it is hard to install large facilities such as scrubbers and LNG propulsion systems, such as
fishing boats that require operating space. In addition, in order to apply the pure electric propulsion
method, there is a risk of marine distress during battery discharge. Therefore, the application of the
electric-diesel hybrid propulsion method for small ships is being studied as a compromised solution.
Since hybrid propulsion uses various energy sources, a method that can estimate effective efficiency
is required for efficient operation. Therefore, in this study, a Bond graph is used to model the various
energy sources of hybrid propulsion ships in an integrated manner. Furthermore, based on energy
system modeling using the Bond graph, the study aims to propose a method for finding the optimal
operational scenarios and reduction ratios for the entire voyage, considering the navigation feature of
each different maritime region. In particular, the reduction gear is an important component at the
junction of the power transmission of the hybrid propulsion ship. It is expected to be useful in the
initial design stage as it can change the efficient operation performance with minimum design change.

Keywords: bond graph; hybrid propulsion; ship efficiency; energy system modeling; green ship

1. Introduction

Recently, environmental regulations, such as carbon neutrality, are on the rise due
to climate change, and this trend is also applied to shipping industry [1]. As a result,
regulations and rules governing ship emissions, ranging from NOy and SOy to CO,, are
being strengthened or newly established, primarily under the auspices of the Marine
Environment Protection Committee (MEPC) of the International Maritime Organization
(IMO). In response to these demands of the times, the construction trend of ships is changing
with a propulsion method using eco-friendly fuels. Looking at the trend, it was initially
shown that facilities such as scrubbers were added to existing ships to satisfy the rule and
regulation on SO, emission restrictions, etc., to install engines applied with low sulfur
oil on new ships [2,3]. In addition, it has been expanded from using BOG (boil-off gas) of
LNG carriers as propulsion fuel to pure LNG propulsion ships [4,5]. Recently, research on
discovering new fuels such as LPG, DME, and ammonia and applying them to ships has
been actively conducted [6-8].

However, this transition to eco-friendly ships is concentrated on medium and large-
sized ships. The constraint in the transition of small ships to eco-friendly ships is due to
the weak R&D base of small shipyards, but the main reason is the small size of the ship.
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Compared to the existing heavy fuel oil (Bunker C oil), the size of the fuel tank is bound
to increase because the energy density per volume is small. Therefore, there is a limit to
the application of small ships with space restrictions [9]. In particular, the majority of the
Republic of South Korea’s 72,000 vessels, with most being fishing vessels (around 64,000),
are subject to legal size restrictions aimed at preventing the overexploitation of marine
resources [10,11]. Among them, coastal fishing boats (about 61,000 vessels) cannot be built
in excess of 10 tons (tonnage) [12,13]. Additionally, fishing vessels, unlike cargo ships,
require operational spaces for lowering and retrieving nets, and treating and sorting fish at
sea. In other words, considering the ship owner’s demand to have as wide a workspace as
possible for fishing on the main deck, designs such as installing LNG tanks on deck are less
field-soluble. In addition to the size restrictions and the necessity for operational space for
fishing operations, small fishing vessels have distinctive features that contrast with large
ships. In accordance with fishing methods, there are around 40 different types of vessels,
each customized to the characteristics of the East, West, and South Sea areas surrounding
the Republic of Korean Peninsula. As a result, the owner’s needs for ship design also
vary to consider target fish, which act as constraints during construction. Additionally,
despite occupying a significant portion of Korea’s domestic shipbuilding industry due to
its strong domestic market, such as the construction of more than 2000 new ships per year,
it is challenging to conduct research and development independently because most of them
are built in small shipyards. It is challenging to acquire the same fundamental technology
as an eco-friendly ship because these small shipyards are designed in a way that slightly
modifies their existing designs.

In such circumstances, considering electric propulsion methods for small fishing
vessels could be an option for transitioning to green ships [14]. However, considering that
electric power consumption to operate facilities such as fishing gear takes one to two days
per navigation, there is a risk of distress when the battery runs out, so there is a limit to
the application. Therefore, as a national study in the Republic of Korea, research is being
conducted to apply a hybrid propulsion method in which electric batteries are applied to
existing diesel engines for small fishing vessels that are less than 10 tons [15].

As the hybrid propulsion method is applied, the propulsion system becomes more
complex and creates another design problem. Previously, the design was carried out by
estimating the main engine according to ship resistance on design speed, but when the
hybrid propulsion method is applied, a new question arises as to what mode should
be applied for each operation scenario to consider the entire navigation. For example,
when moving to the port and the operating site, the target ship speed is different, and
at this time, it is necessary to decide which of the hybrid propulsion methods to adopt.
Hybrid propulsion in the automotive industry, now widely adopted, also distinguishes
itself. Unlike cars, which typically find it difficult to determine fixed routes and target
speeds, ships operate with defined routes and target speeds. To solve this problem, it can
be used as a basis for determining the decision by measuring the efficiency for each mode
of operation scenario. Currently, there are methods such as the Energy Efficiency Existing
Ship Index (EEDI), which is the ratio for CO; emissions to a ship’s transport capacity, to
assess efficiency [16]. In addition, the efficiency of the ship can be reviewed as the ratio
of effective power to indicated power, but it is difficult to calculate the hybrid power
conversion process incorporating various energy sources. Therefore, it is necessary to
consider a methodology that can comprehensively model a hybrid propulsion method with
various energy sources and effectively analyze energy flow. In a previous study, changes
in voltage and power were analyzed using a Bond graph in a ship propulsion system
where a generator engine and a battery are connected by a single motor [17,18]. Previous
research is actually a study on ships using only electricity as an energy source, which is
different from the subject of this study on ships propelled by diesel engines and motors
connected to electric batteries. In summary, there are not many studies that apply the Bond
graph to ship propulsion systems, and similar prior studies are difficult to apply to hybrid
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(In port ) Charging Mode

propulsion ships with diesel engines and electric batteries, and there is no approach to
efficiency estimation.

However, the Bond graph method used in previous studies can model targets in
various areas such as machinery, electricity, and hydraulic pressure, effectively modeling
the energy system of ships propelled by motors through electric batteries and diesel
engines [19]. In addition, Bond graphs have the advantage of efficiently analyzing complex
subjects by connecting each element to power, allowing for the calculation of energy flow,
while also enabling the understanding of physical connection structures similar to the
block diagram. In other words, since the Bond graph enables computational modeling and
physical modeling at the same time, it can be used to analyze objects and, conversely, can
be used as a means of optimization.

Therefore, in this study, a Bond graph was used to model the energy system for the
propulsion system of a 9.77 tons hybrid propulsion (diesel engine + electric motor) coastal
gill net fishing vessel. We try to judge the usefulness with a methodology that can analyze
energy flow. Furthermore, the aim of the research extends beyond previous studies to
establish a foundation for identifying the optimal operation mode of each hybrid propulsion
system, and to select the optimal equipment specifications for this purpose. For reference,
information related to the 9.77-ton coastal gill net vessel and relevant fishing regulations
can be verified by searching on the National Institute of Fisheries Science website [20]. The
general main specifications are shown in Table 1. Additionally, additional information
on fishing vessels can be checked through the “Illustrations of Korean Fishing Vessels
(2018)” published by the National Institute of Fisheries Science [21]. Previous research has
focused on the performance evaluation of ships with a single energy source. In contrast, this
study presents optimal operational power and equipment specifications for ships applying
various energy sources. This is a key difference. In summary for this study, ships follow
set navigation patterns, and the entire voyage can be divided into multiple navigation
scenarios. When a hybrid propulsion system is applied, appropriate navigation modes and
optimal power must be determined for each scenario. Additionally, suitable equipment
capable of achieving these performances must be selected. This is illustrated in Figure 1.

Table 1. Normal principal dimension of 9.77 ton coastal gill net fishing vessel.

Tonnage Length (m) Breadth (m) Depth (m) Knots
9.77 11.5~17.46 2.52~4.52 0.79~1.66 10~12

(Transfer ) Hybrid Mode (Fishing ) Engine Mode

1. How can we decide optimum power? / 2. How can we select the optimum equipment?

Figure 1. Concept of problem.
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2. Fundamental of Bond Graph
2.1. Overview of Bond Graph

The Bond graph is a method proposed by Prof. Paynter in 1959 to structure each
element of the analysis by connecting it with power [22]. It has started and developed
by defining power exchange and energy flow between each element as a Bond graph
methodology.

The core principle of the Bond graph can be said to be energy conversion based on the
conservation law. Since energy is only transformed and preserved in shape, the Bond graph
can be expressed in an integrated way for various domains such as machinery, electricity,
heat, and fluid power. Therefore, it can be said that the Bond graph presents a method
of effectively dealing with energy conversion based on a unified notation. In order to
effectively understand the Bond graph based on these core principles, it is necessary to
understand the variables, elements, causality between variables, and notation that make
up the Bond graph [23,24].

2.2. Variable of Bond Graph

Variables in the Bond graph are categorized into power variables and energy variables.
Power variables are again distinguished into effort (¢) and flow ( f), while energy variables
are divided as momentum (p) and displacement (g). A power variable is a constituent
variable of a bond that connects each element. All elements are connected by a bond, and
the bond consists of effort (¢) and flow (f). Power is defined as the product of effort (¢) and
flow (f) [power = effort (¢) x flow (f)]. The reason why the variables are newly defined as
effort (¢) and flow (f) in the Bond graph is to unify and distinguish the variables that make
up power for objects in various domains into effort (¢) and flow (f). As some examples,
variables for each domain are divided into effort (¢) and flow (f) as shown in the following
Table 2.

Table 2. Power variable and energy variables of various domains.

Description Domain Effort (e) Flow (f)
Mechanics translational Force F [N] Velocity v [m/s]
Power Mechanics rotational Angular moment M [N-m] Angular velocity w [rad/s]
variable Electronics Voltage u [V] Current i [A]
Hydraulic Pressure P [N/m?] Volume flow Q [m3/s]
Mechanics translational Momentum P [N-s] Displacement x [m]
Energy Mechanics rotational Angular Momentum pw [N-ms] Angle 6 [rad]
variable Electronics Linkage flux A [V-s] Charge g [A-s]
Hydraulic Pressure Momentum Pp [N/m?2 s] Volume V [m?]

The reason for distinguishing energy variables is momentum (p) and displacement
(9) is for conversion between effort (e) and flow (f) in the Bond graph. After modeling
with the Bond graph, effort (¢) and flow (f) values in all connections (bonds) should be
computed. At this time, the value regarding the specification of each element of effort (¢)
and flow (f) becomes known, while the energy storage element becomes unknown as a
variable because it changes with time. Therefore, it is necessary to find the unknown term
through the known term, and in this process, the conversion between effort (¢) and flow
(f) is required. Variables used in this transformation process are energy variables namely
momentum (p) and displacement (). Each definition is as below in Table 3, and a detailed
transformation process will be described in causality between variables.

Table 3. Generalized momentum (p) and displacement (g).

Generalized Momentum (p) Generalized Displacement (q)

p(t) = p(t)y + fye(t)dy) q(t) = q(t)y + [y f(t)dt
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2.3. Element of Bond Graph

In the Bond graph, elements are divided into sources, storage, transform, converter,
dissipator, and distribute. Examining each category is as follows. The source (S,) is an
element that supplies power to the entire system and includes, for example, engine torque
and battery current. Storage (I) is an element that stores power and includes inertia, which
stores rotational inertia, and capacity for electric power. Transform (TF) is an element that
transforms effort to effort or flow to flow in a constant ratio, and a representative example
is gear. The changes in Effort (e) and Flow (f) by Transform (TF) are shown in Table 4.
Convert (GY) is an element that converts between effort to flow or flow to effort at a certain
ratio. If motor is idealized, it can be said that this is the case. The change effort (e) and
flow (f) by converter (GY) is defined as Table 4. Dissipator (R) is a resistive element that
causes energy loss in the entire system. Typical examples are electrical resistance or friction
loss. Distribute is an element that connects previous elements and distributes power. It is
classified into 0 Junction and 1 Junction, and all elements connected to 0 Junction have the
same effort, and all elements connected to 1 Junction have the same flow.

Table 4. Transform, convert and junction.

Transform Convert

61:TF><62,f2:TF><f1 61:GY><f2,82:GY><f1

0 Junction 1 Junction

er=e= - =e
fi=fot-tfa
A-f——f=0

€1 0 €2 e1 e
f1 f, fi=fh=-=fu f f,
o ep = e + - +ep :
en|fn* eg—epy— ---—ey, =0 en|fn

[EnY

2.4. Causality of Bond Graph

The transformation on the Bond graph between variables follows causality. Causality
is classified into integral and differential types, and the transformation between variables is
schematically expressed in Figure 2. Note that when calculating effort and flow, the integral
type or differential type should be applied according to the model characteristics, but it
should be applied uniformly without mixing [25].

Integral causality Differential causality

q(t)

e(t) e(t)

P(t) q(t)

f(t) f(t)

Figure 2. Integral causality vs. differential causality.
3. Analysis of the Research Vessel
3.1. Overview of the Research Vessel

The target vessels for this study are 9.77 tons of coastal gillnet fishing boats, which
have the following main characteristics. Among the 72,000 vessels in the Republic of Korea,
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fishing boats account for 64,000, of which 61,000 coastal fishing boats” maximum size is
limited to 10 tons (tonnage) in order to protect fishery resources in accordance with the
“Fisheries Act”, which is the domestic law [12,13]. In other words, the target vessels in
this study are small in size, but they occupy an important position as they constitute most
of the ships in the Republic of Korea [10]. In addition, gill netting is a fishing method
that is caught by getting entangled in a net, and facilities such as a winch (fishing gear)
are required to lift the net [21]. It is generally made of FRP (fiberglass-reinforced plastic),
and it takes about 1 day for one voyage with 10 to 12 knots, and the number of crew is
about two to three members [21]. Currently, the development of diesel and electric complex
propulsion fishing vessels is in progress to convert to eco-friendly fishing boats (Ministry
of Oceans and Fisheries of the Republic of Korea (hereinafter referred to as MOF), research
project on the development of energy-efficient eco-friendly fishing vessels, “21~25"). This
study modeled the energy system using a Bond graph based on the fishing vessel under
development.

3.2. Operational Scenarios of the Research Vessel

Currently, the development of diesel and electric complex propulsion fishing vessels is
in progress to convert to eco-friendly fishing boats (Ministry of Oceans and Fisheries of the
Republic of Korea (hereinafter referred to as MOF), research project on the development
of energy-efficient eco-friendly fishing vessels, ‘21~25"). This study modeled the energy
system using a Bond graph. In order to model the energy system of the ship to be studied,
the operation scenario was analyzed based on one voyage of the ship to identify the
required power. The operation scenarios per voyage can be largely categorized into in-port
operation, operation when moving to the operating site, and operation on site. In addition,
since fishing vessels typically do not engage in ballasting, it is assumed that it is a reverse
process at the time of departure in consideration of the consumption of fuel and fresh water
and increased catches at the time of return. In other words, it is assumed that there are
three operation scenarios (in-port navigation, navigation when moving to fishing grounds,
and navigation during fishing operations) based on the fishing vessel under development.
First, in order to model the propulsion system as a Bond graph and verify the modeling
results, a load for each operation scenario is required. Therefore, the design load for each
operation scenario of a ship under development (MOEF, energy-efficient and eco-friendly
fishing vessel development research project, ‘21~25") is used as a value for calculation
verification, and the value is shown in Table 5. In addition, the load is shown together
because it must be converted into a value obtained by dividing the torque by RPS in order
to be applied as a resistance factor to the Bond graph modeling.

Table 5. Load cases according to operation scenario.

Operation Scenario Torqlng-ml Ig)s Tor?:/egPS
In port 5787.6 38.88 148.87
Transfer from port 10,403.4 53.83 193.27
to fishing ground
Working (fishing) 8292.99 44.86 184.88

3.3. Research Vessel’s Propulsion Modes

The target vessel for this study is a hybrid propulsion method that is propelled by
a diesel engine and electric motor supplied with power from the battery. Basically, there
may be engine propulsion, electric motor propulsion, and engine—electric motor complex
propulsion methods. However, if the electric motor propulsion is used only as much as the
battery is charged on shore, the use time of the electric motor propulsion is limited, so it is
necessary to be able to charge the battery in consideration of the power required for each
operation scenario when promoting the diesel engine. Therefore, there are four mode cases
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in the ship to be studied: hybrid mode, engine mode, motor mode, and charging mode
which use both the engine and the motor.

3.4. Analysis of Research Vessel’s Specifications

The ship to be studied was assumed to be based on the specifications of the diesel
and electric complex propulsion fishing vessel under development (MOF, energy-efficient
and eco-friendly fishing vessel development research project, 21~25), and unconfirmed
information was assumed by referring to the specifications of existing similar ships. In
addition, it was assumed that the power required for the fishing gear during operation was
supplied by electricity produced by a generator engine and was independent of the battery
for propulsion. The variables constituting the Bond graph modeling of the propulsion
system of the ship to be studied are summarized in Table 6.

Table 6. Equipment specification for Bond graph modeling.

Description Mechanical Electrical
Source S¢(Engine Torque): Se(Battery Voltage):
(S) 2461.6 [N-m] 671.6 [V]
Jr(Inertia of engine glywheel): L(Inductance on PTI *+):
Storage 1.612 [kg-m~]
(I Jr (Inertia of motor rotor): 0.000659 [H]
0.84 [kg-mz] t Power Take In(PTI) of motor
T(Load according to operation
scenario):

Refer to “Torque/PRS” on Table 5

a(Load of battery charing) Rg | (Resistance of motor coil on

Resister l:6.516 [N-m/(rad/s)] ) PTI)
. :0.1621[QY]
(R) P(Resistance of stern tube) R¢ I (Resistance of converter coil):
I: T1x10.005 *t [N-m/ (rad/s)] ¢ 01451 [Q] :
*t Friction coefficient ’
¥(Resistance of motor bearing)
||I: 0.0038 | [N-m/(rad/s)]
Transformer TF(Gear ratio):
(TF) 1:3.5(Ny > Ny, Ny = mq, Ny = myp)
KC(Convertor): KM(Motor):
3.86 *t 3.23*t
Gyrator *t 1671.6 battery voltage(effort) *t 1172.4 motor ampere(flow)
(GY) change to 174 convertor changed to 557 motor
ampere(flow) torque(effort)
= 671.6 /174 = 3.86 =557 /1724 = 3.23

4. Modeling Using Bond Graph

The Bond graph modeling was conducted in the flow as shown in Figure 3, and the
detailed process of Bond graph modeling for the target ship is described sequentially
as follows.

The propulsion system of the research vessel is described as a 3D image, the Scheme
and Bond graph modeling results are described sequentially as follows. Figure 4 is the
expression of the propulsion system of the research vessel as a 3D image, and it is revealed
that it is only an illustration for effective explanation and not actual information used in
this study.

Since it is difficult to model directly with a Bond graph in the state of Figure 4, each
component from the engine and battery to propeller is converted into an element for Bond
graph modeling, and the scheme is created in Figure 5 [26].
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| 1. Analyzing the characteristics of the object

0

2. Decompose each piece of equipment into elements of the Bond graph and create
a schematic

:

| 3. Based on the schematic, connect all the elements to complete the Bond graph |

:

| 4. Set the storage element as a state variable and assume it as a given input |

:

| 5. Calculate the effort and flow of each bond (Calculation step 1) |

:

| 6. Organize equations for the state variables (Calculation step 2) |

:

7. Solve the coupled nonhomogeneous differential equations for the state variable
(Calculation step 3)

:

8. Substitute the calculated state variables into effort and flow and then compute
the power for all bonds

Figure 3. Bond graph modeling flow chart.

Motor

Reduction Engine

rrrrr

Convertor

Figure 4. Three-dimensional modeling of energy system.

Battery charging . ) Reduction
- T engine W engine Gear

< X T x w2

\
Se (iM—IH 12 ::m:E R:T
Converter Mean Engine \/\‘ / m Ta/ w3 5
R:a L

m: \ r

J9}43AU0)

T motor
(W motor

_oc RRc —» RRe L
Se (in) Motor

Figure 5. Scheme of energy system for Bond graph modeling.
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Based on the above scheme, if the propulsion system of the target vessel for this study
is idealized with a Bond graph, the following results are obtained [27].

5. Energy Flow Calculation

As depicted in Figure 6, the propulsion system of the research vessel was modeled
using a Bond graph. Next, the effort and flow of each bond in the model represented in
Figure 6 will be calculated to understand the energy variations. In this process, it is crucial
to set the energy variable of the storage element as a state variable, assuming the unknowns
as known variables. Subsequently, organizing equations for the state variables leads to a
system of ordinary differential equations. By assigning initial values and solving, the effort
and flow for all bonds can be obtained. Calculations for the most complex hybrid mode of
the research vessel are presented below. The subscript numbers in the following calculation
represent the respective bond numbers. Sequential calculations from bond 1 to 19 are as
follows.

Converter

[:JF

-
/

o
BatteryCharglng Se ®—* 1—4TF
9

~ \ @® m1/ mz\

Motor R:a \\
R:Rc /" R:Re Ry  ©N\
3 5 ( ® N
11 TA1—=GY—= 1+ TF—=1 —ART
v Yo, P mE ;'jO;y SNy NZ@@L

akd

o)

R:B
@T

R:B

o

®

R:Rc  R:Re
o] ©
Se l/_\.f GY —1 4 1 ——=G@GY
k@ @ L @D km
L

,.-1' 1

)

I:Jr

O g O

TF 1 =— Se
N1/N2 .L m1i/m?2 .Jé
R:T R

Figure 6. Bond graph modeling of energy system.

As shown in Figure 6, the propulsion system of the ship to be studied was modeled as
a Bond graph. Next, the effort and flow of each bond according to the modeling of Figure 6
are calculated so that energy changes can be identified. The most important thing in this
process is to assume that the unknown term is known by setting the energy variable of
the storage element as a state variable. After that, if the equation for the state variable is
summarized, it results in a simultaneous ordinary differential equation. At this time, if the
initial value is substituted to obtain the solution, the effort and flow for all bonds can be
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obtained. The calculation for the most complex hybrid mode among the operation modes
of the research vessel is as follows. In the calculation process below, the subscript number
represent the respective bond numbers. Sequential calculations from bond 1 to 19 are
as follows.

<Calculation for Bond graph modeling—Step1.>

er = Se(Battery)

1
fi ZEZZKCXfl,flzé—ZC = %(RCXPG+REXP6+p6+KMXp10> 1
e = es+ey = Rox B+ Rp x I 4 pg + KM x I8 se )
h=BCh=fi=fi=fi=fo=f1).fr= gt = %L (.ee =KCx fp)
ey = RXf3S= RC X PT(, (3)
e attery
=1 =G
e4:e5+ege+67:Rc><p—Le+p'6+KMx% @
fmtt =S
es — RXf5S: Rg % % (5)
& atter
f=t = g
es = Ps
S atrer (6)
oo e
e7 = f KM x Plo
__ Pe __ Se(Battfry) (7)
fr="07=—"%"
eg = KM x f7 KM x p6 (8)
o=t (. fs=fo= flo—fn)
oot
) —
€10 = Pio
— P _ P (10)
fo =T =T
e11 1 eg =eg+eygten, e =eg—eg—eyg = KM x b VX%—Pio 1)
fu = e
11 TR
612:%><611:%<KM><&—7X@—P10> (12)
fiz Z%X fllz% o (- fi = fis = fu = fis)
¢ Reduction Gear ratio
N2>N1 (N1 :m1,N2:m2) N
Ny X e11 = Ny X e %elzz%xen / Nixfii=Noxfio = fio=x X fun
_pNp
e13 —1§]><pf13 —mﬁyﬁﬁ 13)
Ny pio _ m P17
JE T N T omJr
N1 P10
€14 _liinM =T 19)
1 P10 _ mp17 P10 _ P17
f14_N2IR_m2]F _>]R_]F)
€19 :Se(Engine) (15)

fi9 =12 (0 f16 = fir = fis = fro)
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N1 p17
elg—RXflg—lXNz Tr (16)
fis = p” (used to charging mode only)
e7 = p17
fir = P17 _ piz (17)
17 =T = T
€16 1 €19 = €17 + €16, €16 = €19 — €17= Se(Engine) - p17 (18)
fie = %
€15 = % X e = % (Se(Engine) - P'17)
m m
fis = Gtfie = L BY 19)

-
p17

6’12 t+e5 = e13+ew
: : N TN
(KM x iy Be - Plo) + %(Se(Engine) - P17) P + T

Based on the effort and flow calculations of each bond [Equations (1)~(19)], the equations
for the state variables are summarized [Equation (22)], ultimately leading to the derivation
of a matrix form system of coupled differential-algebraic equations [Equation (23)]. The
relationship equation between the state variables p1g and p;7 is derived using Equation (19).
After that, rearranging Equation (20) with respect to pjp and similarly rearranging with
respect to p17 results in the following.

<Calculation for Bond graph modeling—Step2.>

e +e5 = e13 + e

N - N: .
Vi (KM X ﬁ — 70X % - PlO) + Wi (Se(Engine) — p17) (20)
:ﬁ%; P10 +T%; % (. Ny = my, Np = my)

- _(_1 KM
P10 = (m KC S€(Battery)

<1+]F/]R)]R T+ (B+ T)( ) ]P1o+ <m)se(l~]ngin6) ey

S 1 KM
P17 = (IR/‘JPH KC SC(Battery)
(IR/]F-H) |7 (B+ T)( ) }Pw-i— (]R/]F+1)Se(Engzne)

Equations (21) and (22) can be expressed as a coupled ordinary differential equation
in matrix form, as follows:
<Calculation for Bond graph modeling—Step3.>

(22)

2
B a2 s T 0 1 KM 1

(1+1F/]R) rHE+T) ( ) P1o (1+J¢/]r) KC (1+Jp/Jr) Se(Bﬂtf”y) 73
- : + 177 kM 1 (23)
T [V B+ T) (E) 0

P17 Ue/Ji) KC Gr/JiTdy ) | SC(Engine)

Since the initial condition of the engine and motor is in a stationary state, if the
coupled ordinary differential equations are solved by setting the initial value to 0 for
time, the solution becomes the value of a state variable. In this way, since the effort and
flow values of all bonds were obtained, the power of each bond can be computed. In
summary, it means that the energy change for the propulsion system of the research vessel
can be determined. The modeling results of hybrid mode, engine mode, motor mode, and
charging mode are calculated for each mode in the same way as the previous calculation.
However, since the load for each operation scenario is different in each mode, there are four
modes (hybrid mode, engine mode, motor mode, and charging mode), and three operation
scenarios (in-harbor navigation, transit to fishing ground navigation, and fishing operation
navigation) exist. So, there are a total of 12 cases. The results of modeling in the Bond graph
for hybrid mode, engine mode, motor mode, and charging mode are shown in Figures 7-10,
respectively.
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Figure 10. Bond graph modeling of charging mode.

6. Validation of Calculations

Next, the previous Bond graph modeling calculation result is verified. The verification
method is determined by using the commercial software “20-sim 5.0” to model the same
and comparing the value of the state variable [28]. However, it is essential to emphasize
the difference between this study and commercial software before calculation verification.
The commercial program only provides an environment for modeling by combining the
concept of the Section 2. Bond graph and the elements introduced in the main contents but
does not create the scheme of Figure 5 or provide modeling such as in Figure 6. In addition,
the commercial program can be used universally, but it does not provide detailed analysis
results for the propulsion system of the hybrid propulsion ship. Therefore, in this study, the
performance estimation and energy flow can be calculated using the Bond graph modeling
results for use in the initial design. The meaning of this study compared to the commercial
program will be explained again in the results analysis. The following, Figure 11, shows
the results of modeling hybrid modes using “20-sim 5.0” among the four modes.
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Figure 11. Bond graph modeling of hybrid mode by 20-sim 5.0.

In the case of using hybrid mode when moving to the fishing ground, the results of the
study using the state variable value calculated through “20-sim 5.0” and the simultaneous
ordinary differential equation derived through the energy flow calculation introduced in
Section 5 (using the SciPy package(version 1.11.4) implemented by the Runge-Kutta 4th
order method [29,30]) are compared as Figure 12.

= state P17(t)

- stale P10y Hybrid mode - transfer

Name

® state  P17(t) Real  298.2989741779 50
® state  P10(t) Real  155.4411527974

Values
-
7]
=]

Type Y-Value

— plo{t}
0 p17(t)

1 2
0.00 0.25 0.50 0.75 1.00 125 1.50 175 2.00
Is)
time {s) t

Figure 12. Result of 20-sim 5.0 (left) and study for Bond graph modeling (right).

The state variable corresponds to the variable bond 17(p17) and the variable bond
10(p10), and the physical meaning represents the energy stored in the rotational inertia of
the engine flywheel and rotational inertia of the motor rotor, respectively. As a result of
“20-sim 5.0”, bond 17(p17) is [298.3| and bond 10(p1p) is [155.4], and the results of this
study calculation using Bond graph modeling were found to be bond 17(p;7) as [306.4 |
and bond 10(p1¢) as [160.3], respectively. For hybrid mode, engine mode, motor mode, and
charging mode, the load conditions of each operation scenario (in-port operation, transit
to fishing grounds, and fishing operation) are substituted and the results of this study are
compared as follows. Table 7 shows that the average error for all 12 cases is around 2.8%.
The reason for these differences is difficult to precisely ascertain due to the unknown solver
of the commercial program. However, it is estimated to be attributed to differences in the
solver used for solving ordinary differential equations.

Table 7. Comparison of “20-sim 5.0” and study result.

Mode Operation Energy Variable No. 20-sim Study Result Error (%)
in port P10 201.8 208.2 3.2%
transfer P10 155.4 160.3 3.2%
. working P10 162.5 167.6 3.1%
Hybrid in port P17 387.3 398.2 2.8%
transfer P17 298.3 306.4 2.7%

working P17 311.8 320.3 2.7%
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Table 7. Cont.
Mode Operation Energy Variable No. 20-sim Study Result Error (%)
in port P17 315.4 3249 3.0%
Engine transfer P17 242.9 250.3 3.0%
working P17 253.9 261.6 3.0%
in port P10 37.5 38.6 2.9%
Motor transfer P10 28.9 29.8 3.1%
working P10 30.2 31.1 3.0%
in port P17 207.8 2119 2.0%
Charging transfer P17 173.6 177.4 2.2%
working P17 179.2 183.0 2.1%
Average 2.8%

7. Formalization of the Optimization Problem

In this study, the Bond graph modeling of a hybrid propulsion system is used to
propose that it can be used in the initial design. To this end, it is necessary to set the objective
function and related design variables with the aim of improving the performance of the
ship. First of all, the objective function aimed to evaluate the overall voyages by integrating
three distinct operational scenarios as the voyages scenarios of the research vessel are
divided into “in-port navigation”, “transit between operation sites”, and “operation at site”.
To achieve this, the value that can determine the performance in each operational scenario
and the proportion (weighing factor) of the corresponding operational scenario in the total
voyages were multiplied. In addition, in order to evaluate the overall voyages, the objective
function was set to be maximized by summing up the values of each operational scenario.
At this time, the value that can determine the performance in each operational scenario
was set as the ratio of the required energy for propulsion to the energy input from the bond
on the engine (or motor, or a combination of both) side in each operational scenario. This is
expressed as an equation in the object function in Table 8.

Table 8. Formulation of optimization.

<Object Function>

F(x) = mﬂx[ﬂ * fport (X1, X4 ) + b frransper(X2 , Xa ) + ¢ * fuorking (3 , X4)
= max [” * fporf(TPOTt ’ TF) + bx ftmnsfer (Ttmnsfer ’ TF> tc *fworking(Tworking ’ TF)

X1 (T
T

port

X2 transfer )

x4 (TF): Reduction ratio

: Power Consumption during In-port Navigation
: Power Consumption during Transit between Operation Sites

X3 <Tworking>: Power Consumption during Operation at Site

a: Weighted by Intra-port Navigation Time (In-port Navigation Time/Total Voyage Time)

b: Weighted by Transit to Operation Site Time (Transit to Operation Site Time/Total Voyage Time)

c: Weighted by Operation at Site Time (Operation at Site Time/Total Voyage Time)

fport: Ratio of energy demanded during In-port Navigation to the energy input in the bond of the engine

firansfert Ratio of energy demanded during Transit to Operation Site to the energy input in the bond of the “engine + motor”

7

fuworking: Ratio of energy demanded during Operation at Site to the energy input in the bond of the engine

<Constrains>
1. (x1+ Loadcharging) < Engine Power/ P2 physical conditions
2. xp < (Engine Power + Motor Power) /1ps2..........ccccceviuann... physical conditions

3.x3 < Engine Power/rps?

4.1 < x4<591....iiiiiiii

........................................... physical conditions
.......................................... system characteristics

5.Engine Power < [a* x1 + D% Xp +C% X3].cvveviiiiiiiiia.. system characteristics
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The optimization variables for the above objective function were set to four types:
“Reduction ratio”, “Power consumption during in-port navigation”, “Power consumption
during transit to operation site”, and “Power consumption during operation at site”. When
the engine and motor variables are set as optimization variables, there are many input
variables for engine and motor specifications in the process of calculating the Bond graph,
so if the variables of a specific part are optimized, it means that the engine and motor must
be manufactured separately rather than off-the-shelf products. This is due to the lack of
practicality, so in this study, a reduction gear was set as an optimization target. This is
because the reduction gear is not only applied independently when calculating the Bond
graph but also can effectively change the performance because it is at the contact point of
all power transmission.

In addition, the design values of power consumption for each operational scenario are
fixedly applied to the research target vessels under development (conducted by the MOF,
energy-efficient and environment-friendly fishing vessel development research project,
21~25"). However, small fishing vessels have various operating patterns depending on
the type of fish the vessels target and the maritime area. Therefore, in order to apply it
practically to various ships, the optimized power consumption should be obtained by con-
sidering the operating time of each operational scenario. Therefore, the power consumption
for each of the three operations—"“power consumption during in-port navigation”, “power
consumption during transit to operation site”, and “power consumption during operation
at site”—were set as design variables for the optimization problem.

In summary, the core of this research formulation is to find the optimal power con-
sumption for each operational scenario that can achieve maximum performance and the
optimized reduction ratio when the operational scenario (in-port, transit to operation
site, and operation at site) is determined according to type of fish the vessel target and
maritime area.

Next, the constraints were set so that they did not violate physical conditions and
system characteristics. First of all, the physical conditions are as follows. 1. During in-port
navigation, the engine output is expected to exceed the sum of power consumption during
in-port navigation and the charging load since the battery is charged during this state.
2. Since hybrid mode is used when moving to the operation site, the sum of engine and
motor output will be greater than the power consumption during transit to the operation
site. 3. Since only the engine is used during operation on the fishing ground, the engine
output will be greater than the power consumption during operation in the working site.

Constraints according to the characteristics of the system are as follows. 4. In vessels,
since the torque is increased and rotation speed is reduced through the reduction gear (to
improve thrust and reduce cavitation), the reduction ratio will be greater than 1. Simul-
taneously, the reduction ratio should not exceed the maximum value for the reduction
gear used in small vessels (up to a maximum of 5.91 for the tonnage of the specific vessel).
5. Since the entire voyage is evaluated, the representative value of the voyage is set to the
sum of the product of the power consumption for each operational scenario and the ratio of
usage time for each operational scenario (operational time for each scenario/total voyage
time). This value is set to be greater than the engine output (if it is less than the engine
output, it means the vessel can operate solely with the engine, rendering the hybrid mode
unnecessary, indicating a mismatch with the system characteristics, and hence, setting a
constraint). The above constraints are summarized as shown in Table 8 above.

8. Derivation of the Optimal Solution

The differential evolution method was employed for the optimization problem [31].
In order to find the optimal solution, it is necessary to be able to consider both physical
constraints and constraints during Bond graph calculations. Moreover, in order to derive
the global optimum, the differential evolution method was used because it had to be
possible to find the optimal value by changing the initial value. Next is the evaluation
criterion for convergence. The analysis result was judged to converge when the two criteria
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were satisfied. The first was judged to show the same result while increasing the population
size in consideration of repetitive reproducibility. Second, the convergence was evaluated
by monitoring how the optimal value responded to changes in inputs. As the purpose
of this study is to use it for the initial design stage in consideration of the characteristics
of different types of fish that vessels target and maritime areas, the input value is the
usage time for each regional operational scenario. Therefore, the usage time for each
regional operational scenario was investigated based on the interview with fishermen,
and the results are shown in Table 9. In other words, it was applied as a criterion for
determining whether the constraints to be activated change when the time value of the
regional operational scenario is changed as shown in Table 9. This is because the objective
function or constraint is inappropriate if only the same constraint operates according to the
change in the input value. To summarize the contents so far, the problem can be expressed
as shown in Figure 13.

Table 9. Operation scenario (A: operation time in port, B: operation time during transfer, C: operation
time at working on site).

In Port Transfer Working

L. Total Time Non- Non- Non-

Description (T) [h] Time . . Time . . Time . .
(A) [h] Dimensional (B) [h] Dimensional (©) [h] Dimensional

(A/T) (B/T) (C/T)
West Sea 9.00 0.25 0.03 3.25 0.36 5.50 0.61
South Sea 13.75 1.25 0.09 3.50 0.25 9.00 0.65
East Sea 16.4 1.5 0.1 39 0.24 11 0.67

Accordingly, as a result of optimization, the “Reduction ratio”, “Power consumption
during in-port navigation”, “Power consumption during transit to operation site”, and
“Power consumption during operation at site” for each operation scenario change in each
region are shown in Table 10.

Table 10. Result of optimization for load and reduction ratio.

Optimum Load [N-m/(rad/s)]

Description In Port Transfer from Port Working Reduction Ratio
to Fishing Ground (Fishing)
West Sea 194.6 196.4 204.0 3.72
South Sea 209.9 196.4 224.2 4.09
East Sea 206.6 196.4 219.7 4.01

Table 10 corresponds to the effort value of bond 14 on the Bond graph and is converted
into a power unit by multiplying the flow value of bond 14 as shown in Table 11. Bond 14
flow can be calculated according to Equation (14).

Table 11. Result of optimization for load and reduction ratio(convert to KW).

Optimum Load [kW]

Description Inp Transfer from Port Working Reduction Ratio
n Port to Fishing Ground (Fishing)
West Sea 1259 106.9 167.4 3.72
South Sea 123.6 117.4 184.0 4.09

East Sea 124.1 115.1 180.3 4.01
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9. Analysis of Results

In order to analyze the trend for the optimization result, it is necessary to visualize
the result. However, since there are four optimization design variables, they cannot be
expressed at once. Therefore, it was visualized by dividing the contour graph into six
sections so that the objective function value for the two optimization design variables (x,y)
became z, and the results are shown in Figures 13-15. The results include the values of the
objective function corresponding to changes in two optimization design variables, along
with the optimal values of each design variable and the regions of the constraints. In each
figure, “TF” is the reduction ratio, and “T” denotes the power [N-m/(rad/s)] consumed
as the “T value” in Figure 6. “T¢_pt” and “T, " are the same “ T value” in Figure 6 when
calculating the Bond graph, but “ T “, “T._pt”, and “T; 1" mean the power consumed
during transit, power consumption during in-port navigation, and power consumption
during operation in site, respectively.

Let us first look at the general trend and analyze the differences according to the
regional operational scenarios. The general trend is as follows.

The graphs @ to ® of Figures 13-15 show the relationship between the reduction
ratio (TF) and power consumption during in-port navigation (Tc_pt), transit power con-
sumption (T), and operation in site power consumption (T, ). It can be seen that the
objective function tends to be maximized when the reduction ratio (TF) is maximized while
minimizing each power consumption. This trend is consistent with the general trend of
increasing the propulsion efficiency by increasing the reduction ratio while minimizing
the power consumption for operation. In addition, when looking through the area of the
constraints displayed in white, the transit power consumption (T) is not sensitive to the
constraints, but the power consumption during in-port navigation (T._pt) and operation
in site (T, ) are affected by the constraints. In particular, it can be seen that the optimal
point for power consumption during in-port navigation (Tc_pt) is located near the constraint
region and is most affected by constraints. It can be said that the efficiency of operation
is affected in the entire voyage according to the hybrid propulsion, which also serves the
energy charged in charging mode within the port for movement to the fishing ground,
concurrently employing the motor.

The graphs @ to ® of Figures 13-15 are the results of analyzing the effects on power
consumption during intra-port navigation (Tc_pt), transit power consumption (T), and
operation power consumption (T, wk). When evaluated by the slope of the contour lines, it
can be seen that the slope is sharp in the relationship between operation power consumption
(Te_wk) and transit power consumption (T), and the impact of thetransit power consumption
(T) is large. Second, the power consumption during in-port navigation (Tc_pt) and transit
power consumption (T) have similar effects when looking at the slope of the graph. Third,
looking at the relationship between power consumption during in-port navigation (T¢_pt)
and operation in site power consumption (T, ), it can be seen that the slope of the contour
lines is gentle, and the influence of power consumption during in-port navigation (T¢_pt)
has a significant impact.

In addition, the difference according to the operational scenario of each maritime
region is analyzed as follows. The contour lines for each sea area have similar results.
However, in the case of the West Sea, the operating distance and operating time are short
depending on the sea boundary with China. Therefore, the preparation time for departure
from the port is short, and looking at the fifth graph in Figure 13 (West Sea), it can be seen
that the slope of the contour lines of the power consumption during in-port navigation
(Tc_pt) and transit power consumption (T) is gentle compared to other maritime regions. In
other words, in this hybrid propulsion method, how much battery is charged in the port is
an important part of efficient operation for the entire voyage.

In addition, it was observed that the optimal reduction ratio was derived differently
depending on the operation scenario of each maritime region. It is judged that this can
contribute to the performance improvement of the ship by reviewing the operation time
during the initial design stage and determining the optimal reduction ratio.
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Figure 13. Contour of optimization for West Sea.
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10. Conclusions

The supply of hybrid propulsion (diesel and electric complex propulsion) ships is
expected to increase in accordance with the demand for eco-friendly ships. This is because
small ships have a limitation of space to install an LNG propulsion system, etc., and the
risk of accidents at sea is increased when the battery is exhausted to apply only battery
propulsion.

However, the design of most small ships, including fishing vessel, is generally com-
pleted in a way that slightly changes the design by reflecting the requirements of the order
based on the design information of reference ship. Also, it is very rare to have an R&D base.
Therefore, if hybrid propulsion ships such as the research target ship (MOF, energy-saving
and eco-friendly fishing boat development research project, '21~25’) are distributed, it is
expected that there will be difficulties in changing the design because there is no reference
ship and Ré&D base.

Therefore, in the results of this study, when the ratio of the usage time for each
operation scenario per vessel is input, the optimized reduction ratios and operation point
(power consumption) can be derived. Since the reduction ratio is a key design variable of
the reduction gear and is at the contact point (Node) when all power is transmitted, an
efficient performance change can be expected while minimizing design changes compared
to modifying other factors in the propulsion system.

In addition, considering the design conditions of small ships with limited scale and
R&D capabilities, it is expected to be practical because the performance of the ship can
be changed in consideration of the operating characteristics of each maritime regions and
catching methods for target fish with minimal design change in the reference ship. In
addition, this study is expected to be useful in contributing to the widespread adoption
of hybrid propulsion ships because it can recommend efficient operational points for the
entire voyage to users by presenting the required power for each operation scenario.

In summary, the transition to eco-friendly ships, such as small vessels like fishing
boats, is expected to involve the application of hybrid electric propulsion systems. The
studies related to hybrid electric propulsion vessels are currently underway to develop
models optimized for specific tonnages and vessel types. However, utilizing the findings
of this study could maximize the utility of eco-friendly vessels by enabling more efficient
navigation, considering the characteristics of various maritime regions and vessel types.
Nevertheless, due to the lack of comprehensive data on equipment specifications for various
model such as engines and motors, this study was limited to optimizing specifications for
reduction gear only. It is anticipated that future studies will be able to expand optimization
targets to include engines, motors, and other equipment if more information becomes
available. This would enable subsequent studies to select various equipment.
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Abbreviations

e Effort (power variable)

fi Flow (power variable)

GY Convert element (convert effort to flow, flow to effort)

I, C Storage element

pi Momentum (energy variable)

g Displacement (energy variable)

R Dissipator element

Se, S¢ Source element

TF Transform element (transform effort to effort, flow to flow)

0 Junction Distribution element (all effort is distributed as same)
1 Junction Distribution element (all flow is distributed as same)
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