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Environmental regulations are becoming more stringent in response to climate change, especially concerning marine pollution
caused by ship emissions, Large ships are adjusting by integrating technologies to reduce pollutant emissions and transitioning
to eco—friendly fuels such as low—sulfur oil and LNG, However, small ships face space constraints for installing LNG propulsion
systems and the risk of power depletion with pure electric propulsion, Consequently, there's growing interest in researching
hybrid propulsion methods that combine electricity and diesel for smaller vessels, Hybrid propulsion systems utilize diverse
energy sources, requiring an effective method for evaluating their efficiency, This study proposes employing Bond graph
modeling to comprehensively analyze energy dynamics within hybrid propulsion systems, facilitating better understanding and
optimization of their efficiency. Modeling of the ship's energy system using Bond graphs will be able to provide a framework for
integrating various energy sources and evaluating their effects,
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2. Bond graphe| 7iid 2! FeU&

2.1 Bond graph 7R

Bond graph= 1959 Prof. Paynteroll 2|5l M|ok=l diHo=z
2M tjate] Zt Q4 (element)S power2 ¢4 (bond)sto] TS}
Sh= 2Ho|C} (Refrieved from hitps://www. scribd.comydocument
/48821925/Samantaray—2001-www—bondgraphs—com—abott. ).
2+ 24 (element) Z1oll power W&t 3! S22 bond graph2 A
Olet= ZofA AlZf=|o] LHME|0f Rk

Bond graph2| &4l YE|= of|LX|2ZEHE (conservation law)
oll 7|ekst of X[ 2Henergy exchanging)Ol2t & 2= 2Uct. ol
Xl= gel7t HeE & 2E=7| 2ol 7(A, M7, & ¥ 73
ot S Clekst W (domain)oll CHall SeXoz EI|sh =
7| (notation) Tt EUECZ ofqX|e| HEkS ClR= b
HMAlok= 0| bond graph2l & = QUCE of2{sh siAl {2
7|89 2 bond graphs &= 0lsi5H| 2lsiAM e bond
graphE 74510 U= B=(variable), 24(element), B4~ 7t
9| lnfEbA|(causality) ¥ E7|HE OlsHE eIt Ut (Rochdi
et al., 2013; Wolfgang, 2010).
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2.2 Bond graph2| B4

Bond graphE& TAlsk= W= power #H4=1} energy B2
TEEICE Power H4== CHA| effort(e)2t flow(f)2 250,
energy === momentum(p)2} displacement(¢) 2 T2=ICH

Power Big= Zt 24 (element)E ¢4Z5H= bonde| 74 H
Folch 2E 24 (element)= bond2 HZ=0{ AT bondE
effort(e)2t flow(f)Z2 FA=CH T2|0 powere effort(e)2t
flow(f)el 222 Ho|=ct,

Power = Effort(e) X Flow(f) (1)

Bond graphollA effort(e) 2t flow(£) 2 B5E MEA Holst
O|F= Clekst Q% (domain)2l CHA CHaH powerE TAISH
HE effort(e)2t flow(f)2 St FEsE7| Iol|ch
2 X o224 2t A (domain)oll CHE HIE effort(e)t
flow(f)2 F&otH Ckg &l 2Tt

rr rir

Table 1 Power variable of various domain

Domain Effort(e) Flow( f)

Mechanics

translational Force £ [N]

Velocity v [m/s]

Mechanics | Angular moment A4 | Angular velocity w.

rotational [N-m] [rad/s]

Electronics Voltage u [V] Current 4 [A]
. Volume flow @

Hydraulic | Pressure P [N/m2] [m3/s]
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Table 2 Energy variable of various domain

Generalized
Displacement(q)

Generalized

Domai
omain Momentum(p)

Mechanics

Translational Momentum P [N-s] |Displacement x [m]

Mechanics | Angular Momentum Angle 6
Rotational pw [N-ms] [rad]
Electronics |Linkage flux A [V-s]| Charge ¢ [A-s]

Pressure Momentum

», IN/m2 s] Volume V [m3]

Hydraulic

Energy B1& momentum(p)2} displacement(q) 2 T+=25H=
O|F= effort(e) 2t flow( f)Ztol| H2ks 2{aiA{0|ct Bond graph
2 2 st o= 2E odZ(bond)olMe] effort(e )2t flow( f)
a2 Alkksfior stk olmf, effort(e)2t flow(f) & 24 24
(element)| At2lol| ket Zk2 7|X|&Hknown)Ol |11, oflL4X] X
& 24(element)= AlZbol| 2} BisksP| miZod| H(variable)
2M 0]X[gHunknown)o| EICk w2i 7|X|gHknown) S SalA]
0|X|gHunknown) 2 & 4= 2A0{of StH, o] ZPYol|lA effort(e)
ot flow(f)Zte| Hzto| ZeshA| =t of2{sh HEt DIHollA A}
&= I} energy =21 momentum(p) 2t displace—ment
(@Ol 282t Mol= cigat 211 AM(eh tet npd2

_II. z
Zke| QlnkabA (causality) oA AHSE |2 Bhch.

<Generalized momentum(p)>

p(t) = p(t), + fote(t)dt 1)

<Generalized displacement(q)>

q(t) = q(t)y + /Otf(t)dt )

Power B1Z=2} Z+0| 2394 (domain)® =5 momentum(p)
9} displacement(q) 2 TH=61H CkS &2t ZCk

2.3 Bond graphe] 24

Bond grapholiA= 2element)S source, storage, transform,
convert, dissipator 2 distribute2 2512 Act 2+ ZkS Al
2H ckEa 2ot

Source(.s,, ;) T Al2HO| powerE SEcE RL2M
Axle| EF(effort), HHEZ| MF(flow) S WIZE & + UCh

Storage(Z, C)= powergE XMsls 42M SMUME K
&5k= inertia, ©7[Hol| &t capacitance S0| UL,

Transform( 7F)= effort@t effort, flow2t flow Ziof LA

2

st
HIEZ HEt[F|E 240|0 EXOI o2 gearE & = UC

At
Transform( 7F)0ll 2|8t effort(e)2t flow(f)el Hsh= cksal
Zch

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

=

Convert( GY)= effort2} flow, flowet effort 210l L&t |
2 Hs|7|= 240[ch MotorE OlAEISIH ofof sHEEHCL
& 4= Uk Convert(GY)0ll 2|t effort(e) 2t flow( £)2 HEkh=
ChEeE HolEIct

! o

e, = GY X fy,e= GY X f,

a
<))

Dissipator( 2)2 MaQA2AM M| AARA of x| &4
Uo7|= 40|t tEXo! o2 M7 |Ag o= nfEAl S0| RIT
Distribute= 2FM 2A=E AIZSIL powerg EHllskE £
olc} 0 junctionZ} 1 junction@2 F2=|0q 0 junctionof| ¢4
£ Q4E effort7b 23, 1 junctionol] iZE 2= QA=

flowZt 2.

AT

rn

2.4 Bond graphel| oIzt

Bond graph@| %= 7F Hisk2 olnfaly| st(causality) 2 ot

oz PRI B Zte| it

0 2ot Foja M effort 2 flow

A Al MBS = 0|28S 29 EMof| 9 HBsts 22
o

kx| ok 2Exoz ME510{0} Bt (Kim and Park, 1993).
2.5 Bond graphe| ¥7|H

Bond graph2| ¢4z (bond)S F7|5k= 2HH2 Fig. 1, 29t 2
1, power, effort & flowe| SEYskS SPA| LIEKHCE BHE S}
AFE(half arow)= powere| Waks, 2| LUTHEA|(vertical bar)
= flowe| SEYSES LIEKACKefforte] SEEER2 flowe| <dtt
sho|c}). 2|1 ¢4Z(bond) lokHol effort(e) & flow(f)E Lt
EfACKe, rol EAIE M2RP|E SHof) (Jjia et al, 2021).

e

[dt 1
T
f
<Integral causality>

<Differential causality>

Fig. 1 Integral causality vs Differential causality

e e
Element If4 Element  Element %‘ Element

Power — Power —
—Effort Effort—
Flow — ~Flow

Fig. 2 Mark of bond on bond graph
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Table 3 Load cases according to operation scenario

Operation Torquel RPS Torque/RPS
scenario N m] (B) (A/B)
(A)
In port 5787.60 38.88 148.87
Transfer form
port to fishing| 10403.40 53.83 193.27
ground
Working 8292.99 44.86 184.88
(Fishing)

Table 4 Equipment specification for bond graph modeling

Description Mechanical Electrical

S, (Battery Voltage)
1 671.6 [ V]

Source | S, (Engine Torque)
(9 124616 [NV s m]

J, 'p(Inertia of engine flywheel)

0 1.612 [kg « m?] L(Inductance on PTI")

: 0.000859 [ H]

* Power Take In of motor

Storage
(2 J ' (Inertia of motor rotor)
2 0.84 [kg « m?]

TLoad according to operation
scenario)
. Refer to 'Torque/PRS' on Table3

v (Load of battery charing)
S 6.516 [V« m/(rad/s)]

R (Resistance of motor coil on PTI)

Resister 1 0.162[42]
Resist; f stern tub

(R) ﬁ %isg.?gg*o stem e R (Resistance of converter coil)
[~ m/(rad/s)] $0.145042)
* Friction coefficient
’y(Resistance of motor bearing)
- 0.0038 [N e m/(rad/s)]

Transformer| 7F(Gear ratio)

(TF) |:1:35(N,> N, N, =m,, N, = m,)
K ClConvertor) KMMotor)
. 3.86° 1 3.23

Gyrator

*172.4 motor ampere(flow)
changed to 557 motor
torque(effort)
= 557/172.4 = 3.23

*671.6 battery voltage(effort)
(GY) change to 174 convertor
ampere(flow)

= 671.6/174 = 3.86
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Fig. 3 3D Modeling of energy system
(It is not real information of objected ship and just only reference image)
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* To» W2

" Se (in) ] 1e
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: 30
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J918AU0D
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Se(in) Motor

Fig. 4 Scheme of energy system for bond graph modeling

R:Rc  RiRe Ry R:B N3
o o 9| 8 o
Se —AGY A1 ——~ 11 GY —~ 1—~TF 1 TF—1 = Se
D k@ @© @ «m® ® N1/Nz® ©m1 m2 ’
I:’L 1:JR RT R

Fig. 5 Bond graph modeling of energy system

Fig. 32| AlEfollA bond graph& HIZ 2HZ k= 242 ofH
7| mj2ol| engine & batteryollA propellerol 0|27 |7kx| Z+ £
Z(component)2 bond graph ZHES 25t 24 (element) 2
8315109 ofefet 20| schemeS ZFASICH (Tom, 2009).

2| scheme2 HIEoZ Cjak Muto| £XAHSS bond graph
2 o|Asfstol ZHY st offiet 22 ZuE Z=Ct (Gerardo
et al., 2022).

5. o|lLA] EZAIL

Fig. 52F 20| 47 &k Muto| F=XIAHES bond graphZ =
HE At ch22Z Fig. 59 Y| w2 Zt bonde| effort
2 flowE Hbksl0d ol x| BISIE mergh = TS sich of
IO TFE =26 22 storage element?| energy HEE
AEHZ=(state variable) 2 A&510{ 0|X|EHunknown)= 7 [X|&
(known)22 7Pdsk= Zdolct. o|F AeliBig(state variable)ol|
sl Al Meletd o An|Eedaloz ZECh ofm,
Z7| 442 tislo] sHE FotH ZE bondel effort 3 flow

TE 4= Aok ChA MEle] 28 2E F 71 585 sio|=
2|= ZEof s AlLSIH ofehel 2t e X f2| ofzh AL
ZAk= 2t bond2| numbero|ct. Bond 10iIA 1971X| =Xf&o=2
AlbkotH chgat 2ot
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611 : 68 :€9+610+€11,€11 :68_69_610 (16)
Ps P1o :
= KMX ——~yX ——
L ’7 JH plU
P1o
S
11 JR
N, 2 DPs P1o :
€1y = TIX €1 = TI(KMX T_WX J_R_plo)
Ny Ny pip
fo="Xf=x— (fru=Ffiz=/ u=/r i)
12 N, 11 N, T 12 13 14 15
(17)
# N, >N, (N, =my, N, =m,)
N, Xe =N, Xe,, —e, =—Xe
CRAIST 1 7€ 7€y N, €11
NoXF =Ny X frg > fry = —=X
1 fll 2 fl? f12 ]\/‘2 fll
Ny pw
613:R><f13:ﬁN JR (18)
fo= Db P
1 Ny Jp my Jp
1 Pio
14 14 NQ JR
po= b Mo P Py
M Ny Jp my Jp Jr I
€19 — S€ (FEngine) (20)
p17
fi9= (f16 f17:f18:f19)
1 P17
ey = RX fi1g = ETF (21)
P17
S
18 JF
(used to charging mode only)
€17 = p.17 (22)
P17 P17
f = — —
T T
€16 €19 = €17 T €4 616' — €197 €17 (23)
= Se(Enginc) — Di7
P1o
fio="7"
16 JR
m2 m2 .
€15 = —1>< €16 — (Se(Em/me) _p17) (24)
PR
15 m 16 My ‘]F

elpte;; = 613 ten
Ny P1o : my :
Nl (KMX f_ X T_pw) + m—l(Se(Engine) _p17)
_ Mipw N
Ny Jg N2 JR
(25)
Zt bond@| effort X flow HIAHA! (6)~(25))2 BIZHSZ Mef
=55

H==(state variable)oll CHaH A2 HE[5104(4] (26)~(28)) 2
O matrix HEf2| A HO|ZLYA(4 :

(LN

9 .
Nl L Y TR_ + Fl(‘ge(Enginn) - p17)
Ny pro Nl P10
=N T VT, gy s Ny = ma)
(26)
Al (26)2 p,,0ll CHoll A2lstH chaxt 2ok

1

. KM
Pio — ( 1+ JF/JR KC Se(Battery) (27)

1 1 Ny
(m)JR[7+(ﬂ+ 7)( 2) Ip1o
1
1+ Jp/ Ty

)

+ ( )Se(E'ngine)

AL (26)2 p,.0f Ofsh Szlsie chent 2ok

: ( 1 )KMS
P17 = JR/JF+1 KC (Battery)
1 1 M
(—JR/JF+1 )= P [y+ B+ T)(Nz) [p1o

1
i Jpl Jp+1

(28)

)Se(Engine)

S Matrix GEo| HE] do|ZeyAoz #3

A+ Jx/Jp) KC (1+Jz/Jy)
1 KM 1
(Jp/Jp+1) KC (Jy/Jp+1)

Se(Battery)}
Se(Engine)

(29)
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Fig. 6 Bond graph modeling of hybrid mode
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Fig. 8 Bond graph modeling of motor mode
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Fig. 9 Bond graph modeling of charging mode
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Fig. 10 Bond graph modeling of hybrid mode by 20-sim 5.0
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Fig. 11 Result of 20-sim 5.0
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Fig. 12 Result of study for bond graph modeling
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Table 6 Effort and Flow of major bond on hybrid mode for
transfer to destination

Mode Operation velrzi;deregli/b_ 20-sim rSetlsJLchlz E(;c))r

in port D1 201.8 208.2 | 3.2%

transfer Do 155.4 160.3 | 3.2%

Hybrid working D1o 162.5 | 167.6 | 3.1%

in port P17 387.3 398.2 | 2.8%

transfer Di7 298.3 | 306.4 | 2.7%

working D17 311.8 320.3 | 2.7%

in port D17 315.4 | 3249 | 3.0%

Engine transfer Py 242.9 250.3 | 3.0%

working Di7 253.9 261.6 | 3.0%

in port D1o 37.5 38.6 | 2.9%

Motor transfer Pro 28.9 29.8 3.1%

working Pro 30.2 31.1 3.0%

in port D17 207.8 2119 | 2.0%

Charging | transfer Di7 173.6 1774 | 2.2%
working P17 179.2 183.0 | 2.1%

Average 2.8%

Bond No.| Description Effort Flow
1 Battery 671.6[ V] 171.7[A4]
19 Engine 24611 [N m]| 190.4 [rad/s]
Resistance of
13 Stern tube 0.27[N « m] 54 3[rad/s]
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Table 7 Efficiency of various operation scenario with mode

Hybrid mode

Description In port[ k W]|Transfer[ k ]| Working[ k£ /]
Output
(Required| PO 14 | 225 560 372
(Element)
load)
powerl | 606 071 | 467.888 | 489.114
Input (Bond)
Powerl9 |1 4g 578 | 116.533 | 121.417
(Bond)
Efficiency 0.297 0.958 0.609
Engine mode
Description In port[ k W]|Transfer[ & W]| Working[ & T/]
Output
(Required| PO 14 | 225 560 372
(Element)
load)
Input p&ﬁig)g 496.139 | 382.221 | 399.476
Efficiency 0.453 1.465 0.931
Motor mode
Description In port[ k W]|Transfer[ k 1] Working[ & T7]
Output
(Requiredi| POV 14 | 905 560 372
(Element)
oad)
power1
Input (Bond) 35.117 29.230 30.099
Efficiency 6.407 19.159 12.359
Charging mode
Description In port[ k W]|Transfer[ k ]| Working[ & T7/]
Output
(Required| PO 14 | 225 560 372
(Element)
load)
power19
Input (Bond) 323.582 270.899 279.450
Efficiency 0.695 2.067 1.331
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