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A Study on Energy Management of Hybrid Power
Source for Electric Propulsion System by LCS

Jae Hee, Jang

Department of Marine Engineering
Graduate School of Korea Maritime and Ocean University

Abstract

To protect the marine environment, the International Maritime Organization is strengthening
regulations on ship emissions such as sulfur oxides, nitrogen oxides, and carbon dioxide. In
addition, according to the 4th industrial revolution, research on the application of
ICT(Information and Communications Technologies) and artificial intelligence technology such
as Big Data and IoT are proceeding in shipbuilding and marine fields; therefore, an electric
propulsion system that is easy to monitor and control with its base technology is required.
Consequently, the future development of ship technologies that enhance energy efficiency
while satisfying marine regulations on emission is expected.

The purpose of this study is to improve the performance of the load control system (LCSD
algorithm applied to an electric propulsion system. An LCS reduces energy by increasing the
power generation efficiency of generators through load sharing in generators and batteries.
The LCS has been applied to the power systems of mechanical propulsion systems. As ship
propulsion systems move from mechanical to electrical, the propulsion load is integrated into
the power load. To apply LCS to the electric propulsion system, additional load analysis and
improved LCS algorithms are required considering the load condition.
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In this study, an LCS for ‘the electric propulsion system was applied to a container ship.
Hitherto, no electric propulsion system has been applied to container ships; as such, a virtual
electric propulsion system was designed and applied to the container ship. In the power
system design process, the generator and battery capacity were designed to operate the
generator at the highest efficiency power range through load analysis.

In the LCS algorithm improvement process, the total power load (including the propulsion
and auxiliary loads) was analyzed through load analysis. Through the load analysis using a
self-organizing map, the load data were classified into several clusters and the
characteristics of the load could be extracted. An algorithm that divides modes by the load
characteristics and control them according to the load characteristics was added. The ship
load condition data were collected and used to calculate the energy coefficients, energy
flexibility, and energy efficiency. Energy flexibility refers to the ability of the generator-
battery system to supply power to load fluctuations. Energy efficiency refers to the ability
of the generator to produce power at the highest efficiency power range. Energy flexibility
and energy efficiency were applied to the load sharing control of the LCS between the
generator and battery. Finally, an improved LCS algorithm was evaluated by simulation using
the virtual electric propulsion system model.

KEY WORDS: Electric propulsion system 77]3ZA]l~Hl; Energy Management System ol 14 %]
Fe]A]2~®l; Load Control System F3}A|oAl2~®l; Load analysis F3H&4]

_Xi_
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(chapter 4.3)
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Table 1 System features and configuration of ship propulsion system
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. Diesel engine + Alternator
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Fig. 3 Configuration diagram of electric propulsion system
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Fig. 4 Example of SFC curve of diesel generator
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Table 5 Ships using battery as main or auxiliary power source[8]

Ay =7} g e e & A
Carolyn dorothy USA Tug 65 kWh 2009
Edda freya Norway MPSV10) 546 kWh 2012
Campbel foss USA Tug 65 kWh 2012
Viking lady Norway (OS\'Y 442 kWh 2013
Prinsesse benedikte Denmark Ferry 1.6 MWh 2013
M/V prins richard Denmark Ferry 2.6 MWh 2014
Bhagwan dryden Australia DSV12) 130kWh 2014
Viking queen Norway oSV 600 kWh 2015
Viking energy Norway oSV 650 kWh 2015
Savannah Netherlands Yacht 1 MWh 2015
Fannefjord Norway Ferry 410kWh 2016
Texelstroom Netherlands Ferry 1.6 MWh 2016
M/V berlin Denmark Ferry 1.6 MWh 2016
Spirit of the sound USA Research vessel 91 kWh 2016
Seaspan cargo ferry Canada Ferry 546 kWh 2016

1J ferry 60, 61 Netherlands Ferry 136 kWh 2016, 2017
Elektra Finland Ferry 1 MWh 2017
OV Ryvingen Norway MPSV 3MWh 2018
MPV 30 Norway MPSV 882kWh 2018

A 7 2 879 ey @A" A€k Rolls-Royce?l 2o
%A} Mitjar  Mekaniske Verksted ASe} #HAxsE=E o&z xAuk OV
o3}

Ryvingen®. 2, 3MWhe] ]l Eol< wie 27} g5 S

10) o+&=-& A HMulti Purpose Service Vessel, MPSV)
11) 3l 9F=] 1 48K (Offshore Support Vessel, OSV)
12) #4214 ¥HDiving Support Vessel, DSV)

r{o r{o

_17_

Collection @ kmou



2.2 Ad6te oA g A 21

Autel e FXo AMgste 3dEy, A i HxA2Ho| Agste
Ag3 doyx] & b duALES A == & FH
ARgSt glew, 1 F AolE FF YA B F ol
Aga2dolty. oldg vt W AYA2"le] oux] #HYE FIPse
AR AYA| 2" o7 Hdute] A7) 9 FHskheavy load) &7 g s}
$AES] A & EdsteE dH A A =®l(Power Management System,
PMS)3 wiElg]E 2Z3sh= Adube] A9, wWiE 2o " RUEY 2 dHE
F3ysl= v e g B A 28l (Battery Management System, BMS)e] 1t}

A2 FAAzEe el HATHS Foz M ALete] F7s]E
TESE P wE, @Y RAAzEe FAAEs dEe  TEed
230718 TEeA  HBm  FuReyt  dAdTsll xgEn.  wA
A zE o] A BEL ¥ol7] daAE M Fde 59 He g
Baw oA w6, 2715028 oA BYAZHL Aut ) e} RUE DT

Sspabelel wE demelAsms W AsE g SakAlols s ok

gty U A B A 2L AZ|FRAI2EHL] HA duX#EE HFHO=Z
AN2"ld Bl A7rs o] HEIA|A S 53 A8t oz 84 A
7eE Zreth

2.2.1 71& AHe] A B A 2=

Collection @ kmou



k7 7]
o]l

o

1A

9

=y
-

% 9

Sl L
]

129

Xl

d o]

ste, HE o] Fad A

S

ragel

=

=

A7

shel gol wepd wHe] F7hE

S

3 4]

S

‘?’]

=

=

s
FE FH

S

or

Lq_.

) By

zZt

o =

0o

T

o

, SOC(State Of Charge) EUHE 7%, &%

==

71

1

|

],

[e)
Al(cell balancing)

_‘I

T

e g Al A =2 e e o] A,
=

() v g HYA 2

e Y
222 oA BYA 21

/%1 =1}

L=

e

X

11
~
file)
;OU
B

38

e S5
s7AG AUABYA DS

3

Z1FRA 2H o) oA &S w017 F

%

3l

U A ] Al 2=F] o]
AR A A== (W E

| —
) By

o5
El
5t

-

s

=
=

R
NS WA A 2T

A

o

7
o
Ho

il

By A E

quAFY A 2" S A&

A 71531 4] 226 o]

1

R

A Lo A
HolHE 7]

5}

=

=K

A FYA =" e 7]s

[e)

T

Fig. 7

o

1=}
_19_

i o

o
u

33

=
T

=

=

JE= wiEE &% A
Collection @ kmou



Joyop uoisjndoud : jad

fousnbaiy a|geuep, pue abeyop BjgELEA  JAAN

P Ji0d SARIY L 34N

Wwaishs joaued ued wooy awbul : 53443

wayshs jonuos dwng Guood T 5342

we1sAs Buiucmpuod)-iiy pue Bunepusy 'Buiteay : SOYAH
wa1sAs jouoD PEOT : 5D

wi2ishs awabeuepy Aalleg : swg

wiashAs juswabeuep ABisul @ g3

SALIP
dAAA

(z) peor eainses diys T@I@@L

(1) peo ea1mies dius T@@@L_
|
|
|

SALP ]
JAAN —

I
|
-
| |
I
L Sod4u3
_ _ 1 80d2 /| SOVAH
I
umopInys Jopesaual - o
P :Locao_w _ | lonjuoD uoneseusb I -
wizshs uoisindoad - _ _ jonuoa Bunyys peoT -
onuog Aouabiaw | lojuoa
i _o._w_ou Sumiys umo_m. 1| A_peol Keyeg-lojeisuss -
i I
|0uoD peoj Areay - 7 {Buaes
1O/UO JOjEISUSE - | Aflaua)jonuod Yoo peo -
|
[ofjuod peon i S01
I
SW3 |

Siid

|
|
_ uonoajoid-
| Buioueeq jj2o-
| Juawabeuey Lispeg
|
_

ud Sig

- | 7

iy ' [oaup]| 2Vi0Q || (weysds Auspeg) 7
T mn_%  uonoap H wieysAs -
" -1g9 abelois ABisug \\

(sbieyssip/abiey Jono)

Fig. 7 Functional diagram of EMS

_20_

Collection @ kmou



AR AT A 28> Auke] o =] dejell wet ok Al=EIQl RshA| oAl 2~E],
CPCS(Cooling Pump Control System), ERFCS(Engine Room Fan Control System),
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Fig. 8 How to manage energy demand
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EMS
Energy saving system
-— CPCS I | Pump system
| |
_._,‘—’"; 1 [
:‘ ERFCS > | Fan system ‘
- ,:‘ HVACS I:_. Heating system,
: Air conditioning
system,
Ventilati tem
Propulsion Used power g LCsS s
control Load analysis
:T: | | Propulsion Battery control Battery status
load
e 1 @)
fH  Bus
v Load distribution
Load sharin
txdite algorithm d Generator control Generator status
1Y
Generator é/ J
H o PMS
load Load disfribution
Battery SOC

EMS : Energy Management System

CPCS : Cooling Pump Control System

ERFCS : Engine Room Fan Centrol System

HWVACS : Heating, Ventilating and Air-Conditioning System
LCS : Load Control System

BMS : Battery Management System

PMS : Power Management System

SOC : State Of Charge

Fig. 9 Functional diagram of LCS
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Bi-direction
AC/DC | Battery system

Variable
frequency
drive

Propulsion}__
Variable TRtk
frequency
drive

Ship service load

Fig. 10 Configuration of electric propulsion system of virtual container ship
31 tid Ak Al 2 Holy 3 AL

3.11 tig/detel A<

ke 6,800 TEU EH YA E 69 MW MAN-B&W HAdz 1=
F8tH, 3,000 kW 7] /= FAET tdAdEte] AlYE ths Table 69
sttt

Table 6 Specification of target ship

A% BLE RIS
o] 29 m
£ 40m
=5 135m
AF =Y 68520 kW / 93,120 Bhp
ExdEE 3000kW (4th)
AgEE % knot
TEU / Ys7goly 4 6,732 / 550
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et Ratde BAow Bisle] ¥, R 5o AY 1 1 EERCEIE
=9, £& F9 dHolHE FHsT HelEE= 2014d e 20159
12€7kA], oF 411493y =g eH, dHolHe #3F7= 10&elt. o+
Table 72 33 HolHE A3 Folth
Table 7 Acquisition data list

No. Azrg i)

1 54 N4 YYYY-MM-DD-TT

2 1 7] 58t kW

3 I 7] Fehks %

4 1 7] 23/ 10

5 29 TR 7] et KW

6 29 7] Feks %

7 29 A7) 5/84 10

8 W ] et kW

9 3W W7 Foks %

10 3 7] S4/4A 10

11 4H HH7] Fef kW

12 4 7] ek %

13 | 49 T57] $3/44 10

14 A7) oA A9 kW

15 TR F5/84 10

16 M knot

17 FAH E= kgf - m

18 TR HEE r/min

19 Tz AlsvHe hp
3.2 33 dlole] £4

33} dolE BAe) BAe RalAol Fmelze] gtk H/FAA 2T
rdS T3ste Aotk A FXAEC] AgH AA Aol A=
tHeolHE utgeg 7Hde A7FXA~Ee 2Edgstr] 9 A =9
HolElg He FaRstz wAsiy, Aul dgdolEst Eielel £4¢
gz, 4 AFAE g R 73 HHEolY At A7 FXIA2~E Y
TR 7] 9k viEl g &S Ao
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Fig. 11 Energy conversion efficiency of electric propulsion system
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@ #2735 : ALelUA T LLHE FARAE o BT
® A L% B3lE, navsie a5k

e
(o

(D BxHs(7|E A2Ee AHFsh

L7171 o] & Q1 el diste] HdHE ALS W&

o+ Fig. 129} 2t}

o
i
o
=
(g

25%
~1,800, 19.55%
;51“20%
w
&
E 15%
k)
)
et 10%
8
2 5% I
0 ~500 ~1.000 ~1.500 ~2 000 ~2.500
QOutput range(kW)

Fig. 12 Auxiliary power usage ratio in operation of more than one generator
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Adh Mulz RetE "HYske 2RV H4& 500 kWA Ho 4,400 kW
HeelA  =&HRT. 2 F 1,600

kW~1,800 kW ®elolA H& HEE
=85 T
() F 73}
F Aol 2 T dEel tste] ¥ ARE HlE&S YERY U+ Fig

Ratio of operations(%)
o
X

1% |

o
=

0 ~3,000 ~6.000 ~9.000 ~12,000
Qutput range(kW)

Fig. 13 Propulsion power usage ratio in operation of main engine

FAA "L HA 600kWolA Ho 18,700kW WHY oA 8EHAOH,
1300kW ®W9lolA He Wew e8HAT. Ba Fo| Afat FRale
W97t WA BEslr] wEel Q&% A T2 AEsE 1200-1300kW Ha
Mol AgNEsl Ao B et

OREEX

ZHs e} ZxH32 P AFRE= HA 500kWolA 20,300 kW

gegom, 1,300kW H9oA e vg2 LLHUT o

2ol £§ Aol 1 9 AYAxHY o8 AYRT ¥7)
E AARste] AT AE B &S YEhi
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8%
i ~1,300, 9.11%

Ratio of operations(%)
o
=

1% |

o
=

0 ~3,000 ~6.,000 ~9.000 ~12,000 ~15,000
Output range(kW)

Fig. 14 Total power usage ratio in operation

@ A&

30%

15, 26.65%
25% .

20%

15%
10%
————— —---.III I._

o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Ship speed(knot)

Ratio of operations(%)

)
=

=]
=

Fig. 15 Operation ratio of ship speed

Fig. 155 thAaAdute] M<&S vehdt it Auke A< =71 25 knoto) 17,
15knotoll A =& H&E2 &5t
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71E H3tAlo] &L SFEREE J|FoRE FHI 8 58 1H3HY
H8s Rt Aule] gRE 71BH o 2= &dl(seagoing),

e o

(harbour), “A®H(port)o.= FolRTh  of7]e]  AHelyYXHde H§-
5

3} Auke] 2A3 7)ol whel
Lo %

(load/unload ==+ cargo handling)

In e = 2 &
o{t
2

fncyl FrEg, 8w uwa v o) ttex 7 &
gyl FUlEY. EE8EE MEFHo = = ¥4, d8 A8
o R
ZO] = ;< -
&3l - T A& | A o] FX1H-3tel )
O &3l - & AE Aok HEo| FRHslo T3
2 HP22E SOl FRIAE AS
@ Y= : vhe-2g 2y 5o FHIE A
o g4 Aee ASTHSR AUR 23 HE BF Rl mheh Aol
@ AH} J AES AMEUSSE dEH R I = o X atof) 4
[e) T =) : LY = 0
AEE FF = YAH(@nchoring® AMP(Alternate Maritime Power)%-2]
S A ]/\4 ]‘] O STIIPr= O ; ;\EH]_OLQ_
FAANAANA AEE e S 94 hore connection) A EI7F 13
TOTAL LOAD TABLE
| AT SEA o iy, B ] AT EMCY lRemark
CONTINUOUS LOAD (1) —
MOTOR RATING ATSEA| AT AT AT
— e | NO. OF [OUTRUT vonm | one |NeUTX| PORT | LOAD | HARBO —
NGO  conTiNuoUS LOAD (3)
REE| MOTOR RATING | ATSEA| AT AT AT
— NO. OF NO. OF |OUTPUT LOAD DIV, INPUT X| PORT LOAD | HARBO
Bow | 1|m |NO PARTICULAR NAME bt | WORK | (kwy | EFFT [anpuT | LU PO | LFX | INOUT | UNLOA| UR [REMARK
T SET |INPUT X| (%) (KW) / * | WORKS |[INPUTX| D |INPUT X
tor, | 2|M EFFT ETXDF| LFX |INPUTX| LFX
[oro | 3|CF| 1 |DRY PROVISION STORE FAN 1 1| o.2es] 67 04| o3 1 032l 032 032 032
acTi | 4|M | 2 |BosuN STORE FaN 1 1| 126 84l 15 08 1 1.2 1.2
IINTE | 5 |M | 3 |UNDER PASSAGE WAY FAN (FW| 2 2 2.61 87 3 08 1 4.8 48 4.8 48
TET/ | 6 |M | 4 |UNDER PASSAGE WAY FAN (AF] 2 2| as17 81 5710 o8 1 o1zl eazl a1z eaz
TOT. | 7 (M | 5 |E.C.R UNIT COOLER 2 2 4.042 86 4.7 0.8 1 7.52] 7.52 7.52 7.52
Ig:' 8|M | 6 |HOT WATER CIRC., PUMP 2 1| 0402 67 0.6 0.8 1| 048 048 048] 048
2 L
9 (ST| 7 IMG.P.S 1 1 4.3 86 5 0.8 1 4/ 4] 4 4
LOAl ——
= | 10[s7| 8 [conTROL AR DRVER 2 1| o8t 81 1 08 1 08 08 08 0.8
i ] b
AFTE [ 11]H. | 9 |F.W. GEN. EJECTOR PUMP 1 1| 2s.025 91| 275 08 1 22
[ON.{ —1—
ONl 12|L.t | 10|F.W. GEN. DISTILLATE PUMP 1 1 1.539 81 1.9 0.8 1 1.52
Loal | 13[H. | 11|w/H UNIT cooLer 1 1| 252 84 3 08 1 24 2.4
L [ [BOOSTER PUMP FOR W/H
142 12 LRI Coi e 1 1 2197 845 2.6 0.8 1 2.08 2.08 2.08 2.08
SEN [ 5] [ 13]1ccp sysTem 1 1 12 os 1 § 6 5 6
CAP, |16|G, | 14|AccommoDATION LIGHTING 1 1 35.4 1 g-: 2832| 2e32 T ——
% [17]6; | 15|E/R LIGHTING 1 1 20.5, 1 1| 205 205 205 205
— st | 16|pECK FLOOD LIGHTING 1 1 162 1 o8 51298 &
Af : J :
~ | 17|CARGO HOLD LIGHTING 1 1 19.3 1 0.8 15.44
—[suBTOTLA 10086 95.64| 10292] 8142
AFTER P.T 704.3] T127.6 1783

Fig. 16 Example of electric power load analysis
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Fig. 17 Distribution of the total load at all state
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Fig. 172 AdHte] RE EEEOA A Fahe] x5 Yehdith 7H =2
HNEg $85e Fat H9e 1200~1,300kW = dut &8 7|13t 5 9%E
AA Y 9] Feks el wet $3e W&kl 1.25% Hle= 3,300~3,400
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kW wefold =82t o Wl 7k Fspielol tisir 7] §3<= AAskaL
AlEdolde Fall wiE e &S At Hrbstazt g

B g0 &% wHsl-eE 39

331 71& 27 dA ¥
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sgFoRRE Ty 8% =5, AEAH AU AdAsERE @)
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total,peak

=max(P, ;+P, ) (6)

047] OﬂAﬂ Ptoml pcakl‘:; _%]]:Hl?_é‘]- [kW]’ P@lvijt

Fa A FRES kWielth #3% R3l HolH2REH P,
Aot

iR jHA BERSHKW], P

b 1]

= 20,135 kW=

otal,peak

(2 2A7] TRV HLEF ALt
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P. =keP

min total,peak (6)

AZIM, P, L&THv ERFY HLr|Ed T
SHAAF [FALFIZ 1.27F ALEQUT o] S AMetd A e HAEHS 24,162
kW o< wh=efofglitt,

Q@ A7 & =% A3

WAAE HARSN LEeE MEE ol A %A HIRMW
§2 7o WAy ¢8 2¥S WAGT AR A TAYAALEFL
Hl

© T@7] 3t & A, HHAFE AL} LA RH LTS W= of It
@

T

7l ANRe He oA 80% Fal&=E xF ook gt

oA Z=3F HHIESI= P17Ps OS2 477102 Aoy

p = 1,300k W
p, = 3,400k W
py = 1,800k W
p, = 10,100k W

AN E3Hp,~p)e W2 FHAVE 3 &3ty A S uw, ©S Table

83} ¢ &Y =gl sbrainh.
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Table 8 Reference case of generator load

=% T4 80% -5t [k
1 3p; 3,150
2 3D, 10,050
3 3p; 23250
4 3p4 33150
5 py + 2p, 7950
6 P+ 2p; 16,750
7 p1 Tt 2p, 23,350
8 Pyt 2py 580
9 Py 2Dy 18850
10 Py T2py 25450
11 ps + 2p; 10,250
12 D3 1+ 2p, 14450
13 Pz + 2py 29,850
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Table 9 Selected generators capacity combinations

GENI GENZ GEN3 GEN4 e
%3 T4 80%load) | (80%load) | (80%load) | (80%load) ;
[kW]
[kW] [kW] [kW] [kW]

X » 8375 8375 837 8375 33,500
i (6,700) (6,700) (6,700) (6,700) (26,800)
) A 9750 9750 9750 9750 39,000
Ps (7.800) (7.800) (7.800) (7.800) (31.200)
; A 12625 12625 12625 12625 50,500
bs (10,100) (10,100) (10,100) (10100) | (40,400)
165 1625 12625 12625 30,750

4 2p, +2p,
(1,300) (1,300) (10,100) (10,100) (24,600)
4,950 4950 12625 12625 36,000

5 2py +2py
(3.400) (3:400) (10,100) (10,100) (28800)
9750 9750 12625 12625 47,000

6 2ps +2p,
(7.800) (7.800) (10,100) (10,100) (37,600)

st 27l &7 FHol p,,0l He =R 1 HuTOER S,

HAWRSE VEor AR 2] &% =33 WiEYE Rludo.
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Pop - {Opl’ 0Py = ’Opn} (7)
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Aq7|M, P, A" HAAFs & [EW], opy,opy - op, = T
28 =gel e HA¥s £84 I Pl OE Table 108 W)
8% 23 40 thelA HARE £8UE £EW Ao oA oL

Table 10 Optimal load operation by generator combination case

W71 8 (kW] 71 82T kW] 8% ﬂ[xz{w?;}*%

GEN1 1,625 GEN1 / GEN2 1,625 1,300

GEN2 1,625 GEN1+GEN2 3,250 2,600

GEN3 12,625 GEN3 12,625 10,100

GEN4 12,625 GEN3+GEN4 25,250 20,200
GENI1+GEN2+GENS3 / GEN1+GEN2+GEN4 15875 12,700
GEN1+GEN3+GEN4 / GEN2+GEN3+GEN4 2687 21,500

AARE e8Ue NEoR R Holx AYE olgste] WA

ARnst 8¢ s WEHU/L Tasior ¢ Be §¥A P A 4

Bdiff - {bpl’ bp?’ '"’bpn} (8)
bpl - |p1_Ptl|' bp2 = |p2_Ptl|’ U bpn = |pn_Ptl| (9)

Bdiff,max = max (Bdiff)’ Bdiff.,mm = min(de‘j‘f)v Bdiff.,avg = average (Bdiff) (10)

A7NH, Byre Aol ohe wER 25 de kW), P, A ohe 2a
[kW], Bdiff max’ Bdiff avg? B(liff min% Z—'L Bdiffgl 54 EH%)\- [kW]’ jé]ﬂ‘%;]\' [kW]’
-‘4 %}\'[kW]o «]‘:’]5]'1:]' Bdff1__ -"]X‘]EEL;\(_{ 6‘]‘ T%'g—xt‘!] Py Doy -0 pn:ﬂ]- }\]Z_]_-Oﬂ

=]
5
ﬂ'% “l"é‘}‘ Ptl‘o’] i]'o]?_]_ bpl’ bpz, bpSs 4 E— ;L '/'F 9}]\@

et

Fig 188 674 =3l welA AT wEe FUU AT wET
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Fig. 18 Charging and discharging trend by generator combination case
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&ZFo] "tk (b) voyage 8olAeE Yl WA ZFoE THVE &F AT
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199l = A WA 2Fo 2 TH7|E 28T A9, 7 A2 wiEY &S
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Fig. 19 Battery capacity by generator combination case(1)

Collection @ kmou

_42_



16

14

12

10

battery level(kwh)

16

14

12

10

battery levelikivh)
[=7]

. 195 Case 1

+

+

-
+ 3
Tt
+
=
I

min average max

. 105 Case 4

.

[H o+ ++

+

F™

min average max

battery level(kwh)

16

14

12

10

battery level(kWh)
a1}

'/,105C3592
+
+
+
3
= o 52
+ '
|
_ & 3
:
-+
+

min avefage max

4 105 Case 5

+

=

_

min average max

Fig. 20 Battery capacity by generator

Fig. 19¢] A

Collection @ kmou

HA Tz wiEg FHEakel
A1 o)ty Case 3(Table 99 %3+ 33 Case 6(Table 99
tlolele] 49 256% A 1 AREAFS 349 25 %A A3 ARE S
FAAZNY Ae As AT

/\

ek 1 F

_43_

battery level(kWh}

battery level(kwh)

16

14

12

10

=

=1

tf gt 1A ]

L7

B 105CESE 3

_|_

-1+
-

min average max

% 105 Case 6

I I

-

min average max

combination case(2)

&% Case 301 +5



= R = b S S ] D i S i B
e #AAL = vk Fig 199 F WA Zdz= i gl o
P B Abzt o)) Fig. 199 5 WA 1@ oA Case 5(Table
9] =& 59 A7t A7y 7V #aL, oG AI7F Ay T Al S A8k
H o HAE Zolvk Mg FAe AS FAE Ao wmY B 879
S Case 4(Table 99 =3 dHollA B} ZA vepbdo} Fig. 199 A HA
= wlElE AR U Ay 83 23 Axado|th Case 59 A]
AR P AL, o] B AdAket Al iAske] AR BEwt
Apol7b 7 e A &dE o Ak

Fig. 202 Fig. 189} & ZAx g =s A7) &% 2FHEE FTEIAT
7] &% =¥ diHg 87 &7 X s Ay EW Case 594 o] A=
AHERI B9l 23 As @ Ut B Table 112 H7] &%
Zgel g HA, He, HUEY 1829, 2EAF(ESRD, 3EATE

g2l st

Table 11 Battery capacity by generator combination case(3)

VA7) S 23 8 7R 135915 kWhl 0B 8] 2(Z 7D [kWh] 32915 [kWh
71 A% 20,89 5633 5,274
K HEk 88 40,151 10476
(Case 1) 29zt 838 %1 18507
9 EES; 16902 8,169 64,366
gk 1,042 44614 129,140
(Case 2) BB, 1,068 78,042 225,490
3 3 355k 1,581 71,891 202,710
K Bk 15% 112970 276,480
e 3 BB, 1612 28,660 517700
o 4 EES; ~37,403 13351 1441
" Bk 3,468 A7 7807
(Case ) Zgz o0 2009 8078
a5 A% 0,803 4363 25,165
At 316 14,368 44,087
Case 5 Iz 33 26,760 70984
6 A5 1,041 30,305 86,234
FERT 1,057 54491 140,830
Case EETR 1079 101,300 274170
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T3t Table 12« 7PAdErel &7 21 vig 2] &3F< dehdo. 237
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ERIRRE
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g% Aol Nmos FAsol FEAH Wl k

S
fru

Table 12 Generators and battery system capacity of virtual container ship

7] % oujE e &% 4% (0898)
1 ¥H47](Generator 1) 4250 kW 5313kVA
291 2 7](Generator 2) 4250 kW 5313kVA
39 ¥h47](Generator 3) 12,625 kW 15,781 kVA
49 94 7)(Generator 4) 12,625 kW 15,781 kVA

Gl 48500 kWh -
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A FA 2" AR dugFe A F AR YEs F
A z=®loll iAol AE dxHetr] 9% daelE
BEAE Bole ¢uEgFoE dyA 584 daudEe 2 58&E Fola,
AN 2" oA A Al2E
AIAE ditstes dagFoltt. s Table 132 ZF A

UEh T it
Table 13 System configuration of virtual ship
Az =4 9%
LS Heb wHlE S | 2] Saks, FRIgel dEE] SOCE RUEHES PMS9}
oy &&4 S | BMS Afele] F-shiwiE 3l
71 2 g 7)Y A fA8] 8 A SE5 Al
ERFCS ouiA] At A% AR Zoli A <0
7 2] 2~ 3 3L e}
CPCS U] A7k o el mel g P A2EE Alojste] MY ARFES
ZolE Az
I3 g A3 = 5 o Wi ]
HVACS oA A%k Adute] ‘@_L‘% A&7 W) 2= vlaste] s WE Al AaE9)
AL Faf) A8 AR Fole Al2E
EMS R Autel oyz] Adejel kel 1CS, ERFCS, CPCS, HVACSE
&% BUEE 2 Alofshs Al ad
Auke] AAlES Ao 9 AAske Alaglor wdrle] 4
PMS G 3L AR, EA7] HERA, SRek e W 2] Aol 5
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BMS HE e 2 IS WAste] wlEele] B Soiek FHAsh WA, A
WA o= 79

1 55A0] Yxelze] BE

ﬂ% AU BN 2R AAA FAANZHE o He
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AR oF . daugEs Eo tdstA FASH] HsiA #3aE 7 e
A4z oA FAA(energy flexibility)¥ o x| & &-A(energy efficiency)<
A7gste] &8sttt

(4) FstAo] dagE

ol eEEIE R} U As FHL Bl AT A 2ol
Fahe Rabsh wEUBHA 2ol RREE RHE AolsE IuYES

Mol £8REE PS4 w
Azeole 2 Hol riolide] FAEA

54< FE5o REE AAENH.

421 "lo|g ulo|ds ZAEA

tlo]E wmlold(data mining)> TlCEE tidoeZ BAZ oY HEHS
ot = WHES omgit ElolE mield 7IW T 154178 WHartificial neural
network)S 7|¥to 2 Sl= WAooz = A7) XA SR =(Self Organizing Map,
SOM), Al7A®, H&E7F A" So] St dHlolg wmlo]d Fig. 22 ¥ o534
2o ZH0 g &go] "3l

@O #F(classification) : HolE & AH EHOE EFITH

@ T 3Hclustering) @ THFd EAZES Zke= dlolHA diA fFAS SRS
71zl HolEHE TFOE RhEo] EFITE &7 AolHorE FF3e]
B 58S AoetA &=

@ A#A EA(association analysis) : Hlo]Elo] EAst= FAS Zropiit)

@ dA<£A EA(sequencing analysis) : EF 7|FS ztE HolEo dislA
#AE Zrohdth

© ol Z(forecasting) : HI°|E ] HE& HBOE 3t t5 HOHE &3
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Data Mining

Descriptive Predictive

Clustering Classification

Sequencing

. Forecasting
analysis

Fig. 22 Classification of data mining techniques

o] F FHEAL(cluster analysis)& ThH# HlolE|S EA40 E}E} T3] 5}
o

S4e sepd ¢ gtk #HY A5 BEHA GUAL, 54L& F Qe
<) doldel BA FASE B AolHad fAd ATE Besd
dole Bxsp 7= olsfe] BAoE Bgo| b5k BF Masge

H &% B
ZRste FHowt MO SAH 5Tl setEx A Aed &
Aoks Aotk webA ElolE w4 ZIGANA A&Ete] dlolE 2he]
i T

o B, 7= olsle] EHo Fgo] HArk
B AFoME ZHEANS B Auteld A3 doEzte] #AES
TAss Y AYdolHe Huk & wEole] {oj4S Wusta, I
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v
i)
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4
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N
2
i
E
o\
£

423 A7|ZAZAEE o] &3 AT F3} HolH S 2HT

>
N
PN
)
ot
B
bl

= 1980ty H#=9] Fsa Z s wl(Teuvo Kohonen)ol] 2] 3f

AFAATe] dFo= HAE3F(unsupervised learning)oll <]t
Ze2Eg W 2 stuo|tHl4l AV zAHFAES g = ERE
N Zr3H(visualization)9}  Z<F3Habstraction®, ®xZol Izwojy A= glo]
AR o2 StEge APt FASEFS Tl aade HolHE Axd
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=t AR5 B9 BHHANL 2
= AAAA shiel 9 Fde dddn. oW ddd FdL &
doletm e, Uuelst A gol HAx =EE M, Hdw
FH koo M THSAIE FARMEA gl AET. d™
Wl 3]

e zte] Wl Aol QAU AAE st

input layer

Fig. 23 Concept of low dimensional map transformation of SOM

A7 Z2A A == JgS(nput layer)Zt 73 A S(competition layer), 12|l
¥ =93 (output layen o2 Urojzith JE€FS FE HoHERH dox
oY dHolHZ  nAle pakd  dEAAGnput unihE  FARAED. Z
MAelE= 745X #E|(weight vecton)7} 271834 AS Az dojgro=w
Hoh 7beA dWEe 278t Wy M3 Z7]sHlinear initialization) <}
2] Z7)3Hrandom initialization)7} @1t} thS Table 14= A7) %A 842 =9
T3zt A g elstd T
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Table 14 Step for performing SOM

ol T3 g
Al t= 12 271318 mle pad 7R (weight)= %2713 WS Ea) 27)
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"
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H'j/ju ] = R By 1

VAL &3 wrg k(i) @ W, §2eE AE AHee] SARE kE T

ovt7] | @ RS AT UeoR He
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ok
)
i

7
s
.
I
=
3

N = PR, Wy = =L k()] AEAE s

FEY= Azt M A s k()Y 2 FH w89 RS Lo ¢
dlo|E g},
w; < 'I,Uj+01t h’t (k’(Z)7j)*fl'l_w]), || T3 Tr(s) H = dt

A7 wE s e o) e §HH0la, 85 Eearning rate) o, 2713

aodllA HEGE a7 toll wE A EE ARE b, (k) E TR

=

o}

S (ol wigh) 241 Aesel 20l gl 218 32 Ageb] 8oz e
Yo% g, | o S RS ARsEd T g A9l 95 4
=y
h(k,j) = exp— Iy —rll 2/ 207)  (ofE tol uhet 22
vAg o2 ¢, % to wEh Aiske Agdgolt
St ANAZE SA 29F 30wt AHE AE & 19 S7ARITE v gro] A

e g5 A dEgor HEoRgith & BE Fakgle] Wil 7o) FojEo] ¥3tW

o A= k(1), - L k(n) B FF wy, - w, T FHITL

423 B3 dlole] S FF ¥ BT AA

D) HHwsH Y

ANZAFAEE FAs] s dolE A AP wciE
okt B ATlAe dolgel Agel met AANFE HPshgon,
Hole Aol weh wid A FALe Festdth AR AFE e A
(122 78 % ATHI6)

_53_

Collection @ kmou



M=~5+N

(12)

AZIM, M AA AL N2 dde]l #5 dHeoly s g o,

ojof wz}x T Table 159 Zo] dHlolel 7ol disiA AX s
AA 3o
Table 15 Selection of grid according to voyage case
A HlolHAS A2 AR 8} glo|g A<= Az AA
1 1017 10x16 29 A3 11x14
2 339 9x10 30 1598 10x20
3 697 11x12 31 139 6x10
4 552 9x13 32 629 9x14
5 33 6x8 33 1243 11x16
6 423 8x13 34 625 9x14
7 264 9x9 3H 531 9x13
8 196 7x10 36 247 6x13
9 117 6x9 37 179 6x11
10 652 9x14 38 600 11x11
1 118 6x9 39 387 7x14
12 135 %9 40 216 <12
13 645 9x14 41 255 8x10
14 674 10x13 42 383 5x9
15 216 <12 43 664 10x13
16 8 5x9 44 177 6x11
17 81 5x9 45 33 5x9
18 123 %8 46 145 6x10
19 267 9x9 47 335 7x13
20 973 12x13 48 293 6x14
21 175 6x11 49 973 12x13
22 1582 11x18 50 197 7x10
23 623 9x14 51 1417 10x19
24 184 12x18 52 132 <8
s) 601 11x11 53 240 7x11
26 397 9x11 5% 8 10x14
27 392 9x11 55 1342 13x14
28 518 3x14
- 54 -
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(2) 55 Fatel thF AV =HA = 3 A3

&

& 55&Atel disiAd  ATIEAHIAEE FISAT. LR AE
dolees Hzxisl, FFsh, HAAFs, HxRs HE, FIAES
olty. THI}E FEA FAE Fe A =

gjFol Z8&3t}h Fig 24+ Ak 1o died Ar|z=43x e 3 23
Uekdth 9 &bl disiM s 5 1ol BElsith

ok
jad
= 0
o

T
9‘15
K
e
p‘lt‘
2
iy 2

SOM Neighbor Weight Distances

(a) neighbor weight distance (b) hits

Fig. 24 Results of SOM of voyage 1

HU

Fig. 249 (@< AAzre AzlE deidid, oA Aas AH S0
Zes TR At e ouE Zheth Fig 249 (e ARkl A
|
1

ofe S oFEth #a 1e A e FHOE Ureld & Atk
Mupe] £ mES MEaA #5 Feol U du, 245 svo] YHIYH,
$Z0] Y3l JHZ 2FEY 5 Aok
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Q) AV =zANAE Az 1A

55& el Wik A7|x=A A= Aol disiA 4 FE2H EHE P B2

Holeg 7ta Axe 54

.

dolHE FEstach o BE¥E, FARS, AARs, nzRs,
ZA%E N, M Ze2E dolEzte ARWAE BT A7 A YA
AAFEE 7€ 2 HolHE LE8x<e AEste] dHolEzte ZadAAE
glstdth. U Fig. 25 XAl Fsbe] WElte] wE Hxhstet F31Hshe]
7] 9 ¥&S UEha, Fig. 265 A F3te] ®sge i A&E3 nxHRs)
9 FA%ele) 2708 depdd,
= = = Auxiliary load = = Propulsion load
Auxiliary load ratio  #+++<#s+ Propulsion load ratio
20,000 1.2
i 1.0
15,000
0.8
= AU
-8 10,000 [ /#a 0.6 rt;_g
S 0.4
5,000
0.2

-t P e s P e

705 920 1,031 1,373 3,580 8,378 10,845
Total load(kW)

Fig. 25 Load and load ratio due to changes in total load

nzRdte] A% FRash vlastel ARt e W e oz
goldch W FARSE AARS} IS T For FukeA Hv
gekd A REh 2 FRAAE FAREL 2 WS A At
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Ship speed Auxiliary load = =—===- Propulsion load
20,000 20
18,000 y 18
16,000 1 16
— 14,000 ‘; 1z
=< 12,000 gt 12 c
.4 ¥4
< 10,000 o 19 =
o™y
T 8,000 Lt g 9
- Fa o
6,000 o 6 &
4,000 e 4
2,000 _41..,-’. prret A 2
[ R IR RIS 0
705 910 989 1,192 1,923 5,820 9,241 11,167

Total load(kW)

Fig. 26 Load and ship speed due to changes in total load

I Ao
Aol WAYSIHA FFS7E Gl 71 Tl o) Aol FAEIAAY
HE- 2~ 2~Ho gk Adgo] HAleE AElE AT £ Jom, HEHSE}

Fig. 277} Fig. 28 717t RzRal&o] s
e AEusE Yea Jo REReg

AA R = FARSE gy, BREPESEo] H1 FRRFEo] Fe
TFHME AARsE RzEREE gyl f@o m=3 FREEe] vgo)
Fold g Balo] ¥F Zo] AA7] Wil AF AYS FE3] Fraorgct
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Auxiliary load === -+ Propulsion load  esssssses Total load

25,000
20,000
< 15000 i
== - ?:-,
= iﬁ‘i:""' oy =3 1
10,000 e RS
QO ’ e, )
== | ¥ ‘.f .‘,4:‘1’5.%\
L e,
5,000 i,
. - L s
0 '.J."_"' st o B <ol
0.08 0.16 0.22 0.47 0.97 0.98 0.98

Auxiliary load ratio

Fig. 27 Load change due to the variation of the auxiliary load ratio

Auxiliary load =« -—Propulsion load  eeeeeeees Total load

25,000

20,000

15,000

10,000

Load (kW)

5,000

0.01 0.02 0.02 0.02 0.02 0.03 0.03 0.04 0.54 0.72 0.79 0.82 0.84 0.89
Propulsion load ratio

Fig. 28 Load change due to the variation of the propulsion load ratio
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AAFtANA FL BlES A= A4S, Foke W
AT AgEE He HEel ety A T
dasttt. o] A" BRI Fesol A/E F
gr7} Jhsstth. #wAVIE WH &80l E2 FA 8 Adde
ofdge] FFsHA HE=Z WY AfIFE FEs] FHRIoF I
HopAlo] darejEe F3Fske] Ws7bs Welek wiEE e SOC 3 T3
=
A

Wehee nestel Wwasl-MEe el RE weedt wEe F3A
=

st
M BEPSTE AARstel Ee wEe AXsE A4S, Hekel wEel
Aty pasy Rsustl sy 9% wds] L e o fdd

Ao a2 nel A4 A ZHAZ UEs £ o, o= XMulo &g
neg Ayo] 753tk v Table 16& Al 71A 2o thdk R xX3)9)
FXIRe g A Fete] SAo tsiA Fest #Folth

Table 16 Characteristic of mode of propulsion system operation

Mode_S Mode H Mode_P

Sh
B2

e Az | BT | A | B A | Az | BF | A

B
Br
M
¢

it | 2

HEHSHKW) | 1215 | 1,656 | 2037 | 172 | 1,507 | 1,638 | 1,952 | %6 | 632 | 1,033 | 2,157 | 287

F5SHKW) | 3612 | 8152 | 1820 | 2492 | 777 | 1,097 | 4436 | 1,451 | 16 24 | 101 9
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EAL J=3 Fo FE YehtE EA o F Mode H(harbour), Al WA 2E=9
EQe AupgeiolA F2 YehdEs E4HO2 Mode P(porh®E Astgth 2zt
red 54L& v Table 173 2t
Table 17 Modes of propulsion system operation
BE Mode_P Mode_H Mode_S
23] (%) 0~5 31~65 69~92
B8] (%) 9%H~100 3Hb~69 8~31
@ Mode_P
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Fig. 29 LCS algorithm based on load analysis
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Table 19 Determine mode according to load ratio

and total load

Mode_P Mode_ H Mode_S
A58k (%) 0~5 31~65 69~100
H25-5k(%) %~100 3Hb~69 0~31
A 5-3HEW) T06~2,177 2476~4436 5202~19846
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Fig. 30 Load sharing algorithm of LCS

_68_

Collection @ kmou



TZEol A

&
. U EEA A7t 15 ZS A ARe Lo,

g

a|

S
|

SEEH™E, oy A

EREREP RS S

AAAEEAR AFrt 19 7hers T1717F F

}

9
pi

BE

1 sk},

A FAY A5 1uck =

o

3}
el

file)
o7
o

el

v Ef 2] 7}

e},

H

2l

S7HN2. e 7L

= o
SAEHS

7]

el

P 3

DR

4

XA

o

sk

S

Zdo] wEt @A 12 olF

A3t
_69_

445 A28 28 T= o 12 o)%
Collection @ kmou



A5 A AEHIR

B Ads HAdRe dErl2 ARgske 2] 4diel olyvA AR

oz24 wHWEHy, FIAHEFVIE FUse AFIMzEHS dde=

AES)

nalAe] YnEe Agole] Amavlg HnE il HA oz el

SielEe ALsr] Sls AgHAS FASAT. weq AgdHelde

e ML BEshel SAHET

O AgdHelde 9gE wa A e FyHth

@ wdden HARds], WEPE rIea, AURsz FUAE),
nayaE TR

@ w7 Hetg By 4 st AgnAs vEHY 25 7S e
M e s e EPshn, $3 BUHIS Bd AdwngAsdd

ARZT AEHNAL oux APES
sy 93 EHozr FPdn (FuglFe] AAA Hie FHA
&)

AEFold e FH o wet Algdelde Yee AAsta F H, Al=H
7l wE Alzd TAase] AdEHelz Ao, wiziEs &, £ s 4
[e)

s9 AR ol Bk oo ABHolM wd Azt sEH Ao THA

O Azg FHaxe] Esols o« akel mddl M U Wys 29
MEE Aotk B AT HaAUTes Ul dmames
Masls Zol FAom, R mdol dEAE o Zxel R

_70_

Collection @ kmou



@ TH8x AFEFEe Al

JEjFolzz2 AEd ®WHeE =€ F J3 =gdoz st

TE e Y e AT

51 AlEHIA 74

AlE#o]/de Matlab SimulinkE o] &3le] FaFE Ao, H7|FZA 2H)
YUeldl= AAl Alz=" shglo]l  HAAI2®E,  wl A 2H,  wjEE A2

wapa|ol A 20, A Aol A AR, WE e felAsm o T,

o

i)

’

511 AA A|2H

ANEHo)lAHAe  MATLABS]  work  space2FE AlxEHlo A A

Geles Relob dold EE wasleh eI 3R
= o

&g glgol  wet
g Fotol w2l BAUE &St AHAA =R, AYaga ="

_7']_

Collection @ kmou



[e=vest

sjauued
uoRNqL3Si(

kb e

]

o

siojelauan
S )

( a

LE: ]

o S [ - >

| m_ll — :
[T +
|m |
E!I - [ ;Hn.._.ﬂ_ﬂ — e
indino ejeq | :”UIA; — oan jndul ejeqg

Fig. 31 Simulation program of electric propulsion system
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Fig. 32 LCS model of simulation program
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Fig. 34 Generator model of simulation program
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Fig. 35 BMS and Battery model of simulation program
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Fig. 41 Generator load controlled by LCS of voyage 1

Fig. 412 Fspalo] <dargfsol ofs wWdlste dx7] Rakes yeh

al
YR A28 B Aot Way] B5E oM L83 AL AT & Uk

_78_

Collection @ kmou



@ e
PR

Voyage1: Battery SOC
100 4 g y

80

60

SOC(%)

40

20

0 200 400 600 800 1000
Time(10min)

Fig. 42 Battery SOC controlled by PMS of voyage 1
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Fig. 43 Battery SOC controlled by LCS of voyage 1
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Fig. 47 Generator load controlled by PMS of voyage 25
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Fig. 48 Generator load controlled by LCS of voyage 25
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Fig. 49 Battery SOC controlled by PMS of voyage 25
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Fig. 54 Generator load controlled by PMS of voyage 48
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