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Operation Algorithm Design and Energy Efficiency
Analysis of Electric Propulsion System

Lee, Hunseok

Department of Marine Engineering

Graduate School of Korea Maritime and Ocean University

Abstract

Ships have long been used as a means to transport large quantities of
goods. Most modern ships have propulsion systems equipped with low-speed
diesel engines, steam turbines, or gas turbines. However, the demand for
eco-friendly ships and smart ships is increasing owing to rising fuel oil
prices. Furthermore, the regulations on ship emissions such as sulfur oxide
and nitrogen oxide have led to the transition from existing mechanical
propulsion systems to hybrid and electric propulsion systems. since the early
20™ century, countries such as the U.S.A. and Russia have been applying
electric propulsion technology to commercial vessels.

Since the development of electric power technology, research has been
underway to equip ships with equipment such as batteries and shaft
generator motors. Various vessel propulsion systems and operation modes
have been developed due to the development of such equipment and
environmental regulations.

In this paper, we compared and analyzed the energy efficiency of hybrid
power and propulsion systems in container vessels. Power management
systems compatible with existing mechanical propulsion systems are not
applicable in the case of hybrid powered propulsion systems. Therefore, this
paper proposed a suitable operation algorithm for a hybrid powered
propulsion system. For energy comparison and numerical analysis, a
ship-power model, main engine fuel characteristic model, generator fuel
characteristic model, propulsion motor efficiency model, shaft generator
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model, and battery efficiency model were developed. The proposed
integrated engineering control algorithm was applied to verify the energy
efficiency through simulations.

The operation data of an actual container ship was used to compare the
energy efficiency for different configurations of the ship power and
propulsion system. Furthermore, a comparative analysis of the energy
efficiencies of the propulsion and power systems was performed via

simulation
KEY WORDS: Hybrid power system, Hybrid electric drive, Hybrid propulsion
system, Specific fuel oil consumption, Shaft generator motor, Propulsion motor
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Fig. 2.1 Mechanical propulsion system diagram
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Fig. 2.2 Hybrid propulsion system diagram

1) AFE : Active Front End
SGM : Shaft Generator Motor
PM : Propulsion Motor
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Fig. 2.3 Full-electric propulsion system diagram

G t
eneFa or Alternator
engine Motor PM
G . | driver [
eneFa or Alternator
engine
Battery
F— .
GeneFator Alternator (Optional)
engine
7

Fig. 2.4 Integrated power system diagram
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Prime Mover

Prime Mover

Energy Storage
(Optional)

Ship Electric Load

Fig. 2.6 Composition of hybrid propulsion system

Table 2.2 Operating configuration of hybrid propulsion system

Operation mode A B C D E
General mode use not use | not use | not use use
PTI diesel electric mode use not use use not use | not use
PTI boost mode use not use use not use use
PTH mode not use use use not use | not use
PTO transit mode not use use not use use use
PTO parallel mode use not use | not use use use
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Table 2.3 Relationship between generator speed and frequency

Number of pole(P) Generator RPM(N) Frequency Hz(f)
1,800 60 Hz
‘ 1,500 50 Hz
1,200 60 Hz
0 1,000 50 Hz
900 60 Hz
| 750 50 Hz
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Table 3.1 Operation algorithm of simulation

Item

Remark

User operation profile
(Raw acquisition data)

Application of operation profile according to
acquisition data(actual operating vessel)

Ideal power management system Application of KONGSBERG's power
(Ideal PMS) management system algorithm

Proposal and application of power

Battery linked power management | management system algorithm to improve

system(Battery linked PMS) energy efficiency by battery linkage with

generator

Integrated engineering control
system(ECS PTO mode)

Proposal and application of integrated control
algorithm  of  propulsion and  power

management system by applying PTO mode

Integrated engineering control
system(PTO&PTI mode)

Proposal and application of integrated control
algorithm  of  propulsion and  power
management system by applying PTO & PTI

mode

Integrated engineering control
system(PTO&PTI mode)
with battery system

Proposal and application of integrated control
algorithm  of  propulsion and  power
management system by applying PTO & PTI
mode with battery
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B E=fodlAe ARt oA a&4S nlasty] st AA &&3F deoly AUt
o] A= dolE(raw data)E &I ZH Y Adubel HolE = Ao whe} 5& =
© 102 4oz 7o 3 3 2 Az=dol tid tolHE FAS53s3in. Table 3.2+
AA 2R Aol A ASFE tlolE ESoln, JduA E&4d £4S A AEdc]

Aol dY go= AgdT

r{m

Table 3.2 Input data list of simulation

Acquisition data list Unit
Measurement time Intervals of 5min or 10min
Length overall & extreme breadth m
Dead Weight Tonnage(DWT) Ton
Max, main engine power kW
Max. generator power kVA
Generator installation number EA
Design max. speed knot
Main engine power kW
No.1 generator load kW
No.2 generator load kW
No.3 generator load kW
No.4 generator load kW
No.1 generator on/off 1/0
No.2 generator on/off 1/0
No.3 generator on/off 1/0
No.4 generator on/off 1/0
— 99 —
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Fig. 3.1 No.1 generator operation date of 2,500 TEU container vessel
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Fig. 3.2 No.2 generator operation date of 2,500 TEU container vessel
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Fig. 3.3 No.3 generator operation date of 2,500 TEU container vessel
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Fig. 3.4 No.4 generator operation date of 2,500 TEU container vessel
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Fig. 3.5 Control system of mechanical propulsion vessel
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Fig. 3.7 Flowchart of ideal power management system
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Fig. 4.4 Result of linear interpolation
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@ 34 X 7HPolynomial interpolation)
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== Ft)h o]#d gk HEE gaka el A 2 A
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T3 67hA AEaRs Wel 9= @S JEbATh
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Fig. 4.5 Result of 5"order polynomial interpolation
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Fig. 4.6 Result of 6™order polynomial interpolation
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Lit1— L

A= (4.5)
Liv1 =T

B=1-4A
1

C= E(A I A)z;s, _mz)2
1

D= E(B3— B)(z,y, —x;)*

Fig. 472 Fig. 4.29] gol tha 23 =84 ~Zael B ¢S ekt

Raw Data ,._'
Interpolated Data W

900-
850-
800-
750-
700-
650-
600-
550-
g 500-
T 450-
E 400-
350-
300-
250-
200-
150-
100-
50-

0~ | | | 1 | 1 1 | | | | 1 1 | |
] 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300

Time(Min)
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Fig. 4.8 Front panel of data interpolation program
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Fig. 4.9 Block diagram of data interpolation program
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4.2.2 T34 39
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g oxE Aasshe 0 WY md A4S e
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nhol 7o} Ele] Tha ASE Fig. 4108 @9 2 Awe)E S o &dte] A
A4 ABHD 2 A UOL o3t 945 Aduth tharalel nijael wet o
@29 A4a,)9) A7 BAAR Y 2Rt G2 Mol Eole W AR
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(a) Bisquare fitting algorithm (b) Example of polynomial fitting

Fig. 4.10 Bisquare fitting algorithm & example of polynomial fitting
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Table 4.1 Specification of the simulation target vessels
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Table 4.2 Classification and characteristics of hull resistance

A =4
Resistance from contact between water and hull surfaces.
Frictional Proportional to the flooded area of the hull and relative to
resistance surface conditions and speed of the hull. Increased or decreased

in proportion to 1.825 squared according to ship speeds.
The ship must generate waves to navigate, so energy to keep

Wave-making the waves must be supplied to the hull. The required energy is

resistance proportional to two squares of the ship’s speed, depending on
the ship’s speed.

Vortex occurs due to fluid dropping from hull due to immersion
in water, proportional to 4 squared of speed but 5 to 10% of
frictional resistance.

Eddy-making
resistance

Resistance due to air by the hull part exposed on the surface of
Air resistance the water. Proportional to the square of the ship speed, but only
2 to 3% of the resistance to water by wind.

B o7 zuAdHwave-making resistance)¥ Z<}A dHeddy-making resistance)-&
A do A gHresidual resistance)o] 2kl F21, vl gH(frictional resistance) % Y]
Agtel Hlske] F7]A3H(air resistance)> =3 AoB=E FASE 7971 BT Table
420 YERR AMube] FoAe A& gL ARG E 7T mebA ko] e
2 3t £Y0 7 Fafsty] 9 28 99 AN JAAGT AEE nesor gt

}\

-ﬂ"}

S A7) 938k CFD(Computational Fluid Dynamics)E &8-3te] Htf 43 o
2 58S 2=3174, Froude 2 Reynold AR RS o] &3ty o H8€S 718
4 Atk Froude ¥ Reynold FAPH A we =3 Advte] B4 9 £ A=
2} (4.99 Zo] vehd = ATHTE]

bo
r&’ﬂ

2
Pup=kxD?*xV?C 4.9

(Prp AN PFEIHP], kW& s, Di=<rlton], V:&Hlknot], Crofl=w|=E A=)
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FX71#He Ag8vtg S st WHdE fFEEA F <
cu|ZE] AS¥(admiralty coefficient method)S #-&3t= W, 238 FxAF
y 2 Lo}

I, HaAe S&3te MR 50l . & AFolAe Exd

APetA] ga A& de 8 AN + e HerZH Alsie A8

H=m B Aol mEY Aduto] W ARH(R)ES WHEAIR)C] HFES AA
1

stoh. Froude mHaAg) 2lollA] wpaAghe 4o 1.825 <ol vlEshy vEeE3sle 2%
o Hl#ste Ao ®7|Fth wepA v EE AeHE BEd A& It
HAI= oot 2ol BT 4 AUtk

R, = fAV? © R« AV? (4.10)

2 (4109 AE Adure] FJFHA(mN)olH, fE Adute] dojoh Ao A AFE

Mk el ZtS Table 4.3% ZTH76].

Table 4.3 Coefficient(f) according to speed and length of ship

Lo gm(if’)eedﬂmoo 12 13 14 15 16 17 18 19 2
30 034 043 053 064 077 091 105 125 145
90 033 041 051 062 074 08 103 121 140
150 032 040 050 061 073 08 102 119 137

el QoI ES(D)E Adute] gole] 3 ol masiy, A5RA(A)E Aol

dol()4 2 woll HHZT. mepA ofgfet 2ol Fyd 4 AUt
D« L°, A« L? A« D3 “.1D
R, =fD**V2, R,« D**V? 4.12)
duke] ARR)F (VK2 Falsts Adute] FE}E(Py,,)T AA v}
(Pyp)®l BAE Aelakd oefsh 2ok

Pyp = 0.00686/ D> V>, Pryp= Ppyp/n, 4.13)
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2l (413oA = FIEECIM, 1,/0.00686f S NEWBEA SO Frh o714
ANEES UE FdolA dukzd o=z 0.6~0.89 & 7IAH, B =FXH 0.752 &3
2 Aystd AL 2 wjsFo] Wi 29 AATEL 2] (4.9)9 o] Ay

of el 4 d5o] Adute] 31 428 FHL Aute] £ 3 Al Fe vdEste A
FE Bt oE W AUt FA &3l 60%914 @t A2 A4 9 gy

oF 21%%] EYF3tE Zteva & 5 Aok v ZE Algs AlF(HS A e
WA ol wet Table 4.49F o] yYehd < Ut

Table 4.4 Admiralty coefficient(C)

A

e Adute] ol e ) 2= A& oj=wZE A
L(m) Vikt] (0)
< 4 8-14 0.28-0.38 7-10 65-70
3 8 E 60-115 0.40-0.48 12-20 165-170
oA 25%39 0.45-0.50 9-10 110-120
0y stEAl 140-230 0.76-0.78 11-13 240-280
4% A 45-115 0.73-0.78 8.5-11 100-230
324 230-270 0.70-0.72 14-16 270-310

2 =FoAe 2,500 TEU ¥ 6,800 TEU ZH oA Fxlo B8 &9 wvhe, Hj
TF 9 Z4 £9& vgoE A HE5S Hdu HolHE ol &3ty jEvZE AF
& BASTH 7P Adube] &9 mE X Y& AlstH, oluf i dE 2 AAE

2 9% 1HIA EeTh 4 @1DE 83t AR ME&E-FEHo JAAAE
Yehl 7] st Aute]l A g FFE=<(Dead Weight Tonnage, DWT) % o =n|ZE A
T2 Qg 3t} ourZE ASE Table 449 S 3 A(regression)dted A3 210
m 2 300me] Adute] tig S &3 HNEwBE Al AE 915kl Table 4.4
A A FEA e Aute] Zolzl 210m R 300mel dHFEE Mol wE AF(HE T
3l Table 4.59 2T} Fig. 4112 Table 4.32] A4 #k3k AlE#@ ol thad Aute] A
F s A Yepdth
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Table 4.5 Coefficient(f) according to speed of simulation ship length

Speed(knot)

Length(m) 12 13 14 15 16 17 18 19 20
210 0.31 0.395 0.495 0.605 0.725 0.865 1.015 1.18 1.35
300 0.297 0.392 0.492 0.602 0.721 0.859 1.012 1.173 1.337

——30m —=-90m —4—150m 210m —#—300m

1.48

Coefficiency(f)
o o o = =
5 @ ® o N
co co [o2] [o=] [o2]

o
)
o

Vessel speed(knots)

Fig. 4.11 Coefficient(f) according to vessel speed

Table 4.6 <o) lknotoll A FE Hl 4520 24knot7hA| o] A &-Aut Aol st
AFE AT %S YeEldH, Fig. 4125 &= o2 AS(f) @S 2 0.75/0.00686f
of Hg3tNS w N=wZE AL ERYATH

Table 4.6 Coefficient(f) according to speed of simulation vessel length(2)

Speed(knot)

Length(m) 3 6 9 12 15 18 21 24
210 m 0.048  0.085 0.15 0.31 0.605  1.015 1.51 1.78
300 m 0.045  0.078 0.13 0.297 0.602 1.012 1492 1.741
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Vessel speed(knots)

Fig. 4.12 Admiralty coefficient of simulation target vessels
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Aol @ g F9& 7€ 4 Aok 2500TEU HdH o]y Adure] oj=nZE Al
(O Y+ 24 @149 #Zo] vk Aoz yehd & o, A&V wE 2
8 EYPyp)S A @159F ol &3ty 78 4 Utk

C = 0.75/(0.00686 (— 0.023v + 0.0256v> + 0.33)) 4 280 4.14)
1.825/3 < 13
Pyp = 0.7457 SZ400 C % (4.15)
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Fig. 4.13 Vessel speed - power curve
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HQl e e wE dm AHFS AH ASste Aol Fou, AdtlA d=
2HFS 44 73 5 T AHEFS Filet] SAsER 9o g A4S A8
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5 54 mde wEH
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Table 4.7 SFOC of GIOME-C10.5 Tier II mode

Load Rate(%) 25 37.5 50 62.5 75 87.5 100
SFOC(g/kWh) 168 164.3 1615 160.1 1604 161.6  166.8
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Fig. 4.14 SFOC of diesel engine
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y= 215.04429 — 2.84737x + 0.14758z> (4.18)
— 0.004042° +5.72682 < 10 °z*
—4.12578 %10 "z° +1.2108710 %z°
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Fig. 4.16 DC/DC converter efficiency[97]
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Table 4.8 Specification of battery module

Item Value

Type of battery Li-ion battery
Number of cell connections 11S(Serial)
Energy 30.1kWh

Max : 46.2 V

Voltage Nom : 40.7 V

n : 33.0V

Weight / Volume 260kg / 132L
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Fig. 4.22 Battery equivalent circuit and model flowchart
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Table 5.1 Input data of simulation
Acquisition Data List Unit Acquisition Data List Unit
Main Engine Power kW Main Engine Max Power kW
Ship State State® Generator Max Power kVA
No.1 GE Load kW No. 1 GE Run/Stop Run/Stop
No.2 GE Load kW No. 2 GE Run/Stop Run/Stop
No.3 GE Load kW No. 3 GE Run/Stop Run/Stop
No.4 GE Load kW No. 4 GE Run/Stop Run/Stop
8 0 : In port / 1: Standby / 2 : At Sea
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A6dHAE & 1%

Al 6ol A= 580 AlEdold AAE Aol B uFEIoh Table 6.1 AlEd o]
283k 2,500 TEU 2 6,800 TEU HEloly 71 Aol HF AYe Yepith A&
olde Ztz+e] Adup 3 B AY Azgle] ®Ad wWE 8§ dagFe WMIFAIAT
H 7)Y &8 54 2 duyA 284S vt AlEdold A, 7]E Aute
TS WA W AW of 27%0 AERFE AT JE Aoz FAFTh
Table 6.2 9 Table 6.3 ZtZ+e] ZEoj Aulo] thgk A& ol ZA34E YR

i
4

i

Table 6.1 Specification of simulation target vessels

2,500 TEU 6,800 TEU
Length overall 210 m 299 m
Extreme breadth 32 m 40 m
Dead weight ton 80,000 ton 32,600 ton
Main engine power 24,000 KW 68,250 kW

Generator power

Max. speed

Simulation time

1,450 kW X 4EA
20 knot

32 days(1min)

3,000 kW X 4EA
25 knot

109 days(1min)

Li-ion battery capacity 1,926.4 kWh 3,913 kWh
Charging max. C-rate 05 C 05 C

Discharging max. C-rate 1C 1C
Battery operating range 20 ~ 95% 20 ~ 95%
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Table 6.2 Simulation results of 2,500 TEU container vessel

Main engine Generator Total Total energy  Generator
Case - -
FOC(kg) FOC(kg) FOC(kg) efficiency efficiency
1. User operation profile 789,119 112,892 902,011 100 100
2. Variable speed generator 789,119 110,955 900,074 100.22 101.75
3. Ideal PMS(fixed speed generator) 789,119 110,170 899,289 100.30 102.47
4. Ideal PMS(variable speed generator) 789,119 110,116 899,235 100.31 102.52
5. Battery linked PMS
i 789,119 109,894 899,013 100.33 102.73
(fixed speed generator)
6. PTO mode(fixed speed generator, ESS) 850,255 39,618 889,873 101.36 -
7. PTO mode(variable speed generator) 850,337 38,234 888,571 101.51 =
8. PTO & PTI mode
. 848,786 40,981 889,767 101.38 -
(fixed speed generator)
9. PTO & PTI mode
) 849,231 40,066 896,297 100.64 =
(variable speed generator, ESS)
- 100 —
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Table 6.3 Simulation results of 6,800 TEU container vessel

Main engine Generator Total Total energy  Generator
Case .. .
FOC(kg) FOC(kg) FOC(kg) efficiency efficiency
1. User operation profile 2,786,610 782,717 3,569,327 100 100
2. Variable speed generator 2,786,610 762,822 3,549,432 100,56 102.61
3. Ideal PMS(fixed speed generator) 2,786,610 761,476 3,548,086 100,60 102.79
4. Ideal PMS(variable speed generator) 2,786,610 756,890 3,543,500 100,73 103.41
5. Battery linked PMS
i 2,786,610 756,525 3,543,135 100,74 103.46
(fixed speed generator)
6. PTO mode(fixed speed generator, ESS) 3,270,010 208,430 3,478,440 102,61 -
7. PTO mode(variable speed generator) 3,269,910 205,951 3,475,861 102,69 =
8. PTO & PTI mode
. 3,255,680 221,674 3,477,354 102,64 -
(fixed speed generator)
9. PTO & PTI mode
3,260,550 246,205 3,506,755 101,78 =

(variable speed generator, ESS)
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