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An Experimental Study on the Charging/Discharging Characteristics and
Safety of Lithium—lon Battery System for Submarine Propulsion
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Conventional submarine propulsion batteries have mainly used lead acid batteries, which have proved relatively safe, but in recent

years, research on mounting lithium—ion batteries to improve the underwater operation capability of submarines is underway in

advanced countries such as Japan, Korea has world—class technology in the development of electric vehicles and lithium—ion

batteries for energy storage, but fire safety accidents continue to occur in electric vehicles and energy storage lithium—ion batteries,

In order to mount the lithium—ion battery in a submarine, it is necessary to check the safety as well as whether the performance
is improved compared to the lead acid battery. Through the charge/discharge experiment of this lithium—ion battery module unit,
it was possible to measure how much performance was improved compared to the lead acid battery. Safety tests were conducted
on the lithium—ion battery module assuming that it was mounted on a submarine, and it was confirmed that safety was secured
when applied to a submarine, Since many modules are mounted on actual submarines, it has been confirmed that it can be

applied to submarine systems by simulating charge/discharge characteristics through Hardware—in—the Loop(HILS), Through the
results of this study, the application of lithium—ion batteries to submarines is expected to significantly improve the sustainability

of underwater operations,

Keywords : Lithium—ion battery(2|S0 2% X)), Lead acid battery(£2f=XX|), Submarine propulsion(&f4=&t =) Energy density(0f|LHX|
A

), Charge/discharge test(ZR{M AlSH) Safety test(

1.ME

[—

sh=nely |sgrel At= (2020)0f 2 2|2 2[§0l2
MX| MAAE MR 31%0 siEst, olUX|Z=rt =2 of

ARER| SAD|S TS Slot Me] MU Xl Zatstn 9l
of. Aol 2150ISMAIS KB AP 7IEe| HEMA| oy

S X HI7|RISAH LaphtA
1} 4420 20194 621t 20204 28 2l of AX|MEER|(ESS)
SIYALLL ZEARRIRIBIOIA AfRRIQl & okHY Zalths W

—
2 WE 4 oLt FHE
o

Ty Ag)

2ol Zo| 2lF0I2%%[e| ek Mol thal
Cf Al2e| 21212 = 7|A/M7 1Kl 715

O K=o 28 2y, 4 3 o oky MU Zat 52z of
Mg 5D Q= FAO|CE TRiM Ere FHECR 2|5
o

OI2TXIE MEsP| 2leiM= FARECH oHHMo| &H2=UZS
t

5ol % Xgy Q) x
slel ARRR|ZA EoRYE 2IETLS SIO2 AIBSHL 9

Cf. LXX|Z Bo| &8=l= 2|FHRIE Y2RATR| the| 2F 2
|

el XMt XHod, ofX] =T 5~10 8f =7| mfZof

Received : 25 March 2021 | Revised : 5 May 2021 | Accepted : 25 May 2021

T Corresponding author : Seokjoong Kang, sjkangb4@korea ac kr


https://crossmark.crossref.org/dialog/?doi=10.3744/SNAK.2021.58.4.225&domain=http://jsnak.org/&uri_scheme=http:&cm_version=v1.5

Jéll-ﬁl\_él-

of FTE 2|50 A

=
S o

=

al o|-7tl_-|

—

0x

I —

1

RAA/Z W2y 73/ 287 H7] Soil 2] ARg=|1
x| 252 dlEases He=led 2lge 35
712 S20[1 M| & oHX|Z =Tt CfE M| Che| of
< 7| fzof A2
Slo] Zdbet = QU= g
AL 2|Fol2a0| U=t
H sh= gAjo|22 HekA

o
CHH 2[FHX(ol| the|

A

=25 37| 39 FEUE
2| FO0|2TX|(0|RFHR]) =
=2 =2
H|of

Fx

)l

ojo

ikl
|0
HU
o
o
ol
3]
x

o

(o)
>
>
X
d
-
£

r—l—
[e]]
i}
B
+

ol
S

2 roe re

0f0
ol
i
N

b
A
)
|0
Hu
S qet T
AN

mn
2
I

d
&
c

QO

rr
7 D

0t

dEfe| 2l&E

SH2Z A

>
net

0
E@

o

ok 4o
i
ret

2 o
2
A
i
10
mn
i
it}
=2
x
mx
=l

},7

_O'L
5

kd
b

Ho2H AH|
EEMX] tiH] 52 "HelolM 280] 7ks510d

Lt R2IEHK(of chal Eelsiict

, A28 ot

2. 2§02 g2 &

2.1 2|50|2TX|

=]
=

ek

2| B0|2MX|= ORI E, =&
FUM DHoM 2|F0I20| =21t S3A0IE
|Ssk= |e(of7| miEol| HEHX|et 2| Motk
M S 3fsk20]| gICH (Ana-Inna et al., 2014). 2l§0|2X
of sk fl2|= 220 HoiM L2 2|§ 0 S30A
{ZHEM)sIFC | C| 2F=Eez Hul=(Uh) eso| ayg
HH=E5k= Zdolct of mh &b olsshke EMe| ML of|LX|E Al
5101 HESLZFE oUXIE MESI T30l oHXIE 3=
S| == f2lo|ch 2|§0IRMK = &= F=Z2l0| 22
Slof| efs R=I *U20i 0|2 0]S0] 7
1 RJch MX|T| 2SS ZIEOA] B A
=518A A2 anode, oxidation)=| D 222

2kel(cathode, reduction)=ICh Bz
FESIHA Mt =2 2lgol2zt
[2XX|= 3A AHolz, 2=,

o/ 32t 23, Msf, 22

A
[

oflAf 243t
g2xoz

|'|_|IIO|__|

A

o oln

®

Sl
ol

ol

i)
0jo

4
!

o
2l
ol
12

[0
e
ok
3

or

Rl
>

u
o

rx
>
o

|_

rir
0jo
1l
rlo

2

T M
ol
om
o
g

S
el

oﬂ.
r_l.
>
rir
00
i
lo

a3
>

>
i
ne
S
=

0
LT
ol

o
[

[l
40~
i

o
0 o
Hu ro

r
o
=
:Oll__l

2

il
d
T
= os

L]

&
i
2
[l
>

18
18

_I
|

—
A

2

ot
0

k=
olok
s
N

4718, MIRA So| wE|D 9ict
27| w20l HEFRIS BAfsks
% RIS MAIsHD §
AEEAZ17| 2/t
R B43HEDE

]
s Mo

HO
T
L&
[0 o
H R

bal
N

0]
-
i
__!'"I_
o
oim
o
Rl
i

_|

mo mju

)
o

r

r
:(I)I__I
2
2 oHr 2
rlok

o
Ral
i
0
g

25k AOME et FEO

Mx|e| 4 SM H|wE Table 12t

L]
oim
o
ro

Table 1 Characteristics of lead acid and Lithium—ion
battery (Iclodean et al., 2017 ; Park et al., 2018
; Karthigeyan et al., 2017 ; Keshan et al., 2016)
ltem Lead acid battery Lithium—ion battery
L Pb+ PbO,+ 250 +4H™" | [i( NCM) O4+ C6 —
Principle ﬁQPbSOi—O—QH;O LZ‘L‘,(NC’M) 04+ Liz C6
Voltage 2.0V 3.7V
Energy
density 45 Wh/kg Over 150 Wh/kg
High
power Bad Very Good
efficiency
Eco-
friendliness Bad (lead) Good
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Prismatic

Cylindrical
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Cylindrical(Can) : Steel
- Liquid Electrolyte

Pouch : Aluminum

Prismatic(Can) : Aluminum

- Liquid Electrolyte - Polymer Electrolyte

Standard Size (18650,
21700)
- Diameter 18mm, Length 65mm

Intermediate Characteristics of Ultra-thin type

Cylindrical and Pouch

- Diameter 21mm, Length 70mm High Productivity, Resignljsizelilchbilty

. - Mechanical Robustness
High Productivity,

High Energy Density

Fig. 1 Classification by Lithium—ion battery type
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Electricwiring &  Power Managsment
Structure Busbar Davice

Cell Tray

B

e

.

Fig. 2 Configuration of the module

Table 2 Specification of Lithium—ion battery module

ltem Development specification
Size Below
404mm(W)x703mm(D) % 1,600mm(H)
Weight Below 810 kg
Nominal voltage 706 Vdc

about 600 ~ 800 Vdc
Over 84 kWh(120 Ah)

Operating voltage

Energy capacity

Rated current 40A
MIL-STD-901D

Shock criteria

Temperature IEC60092-504 (-2~50°C)
criteria
Humidity criteria MIL-STD-810G
Electromagnetic MIL-STD-461G
compatibility
IP rating P 34
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(Table 3’ Table 4)' - Charging at low temp.(-2°C), 0.17C-rate .

Table 3 Charging characteristics of lead acid & Lithium—ion

Battery
Criteria Lead acid battery Lithium—ion battery
1 Ste SOC 85~88% SOC 97%
P (about 8 h) (about 6 h)
SOC 85-88% =\ 500 979 — 100%
2 Step 100% (about 0.25 h )
(about 3~4 h) :
SOC 100%
3 Step (Once a month) Unnecessary
By BMS
Cell balance | Once every 6 months (Automatic)

Table 4 Discharging characteristics of lead acid & Lithium—ion
battery

Criteria Lead acid battery Lithium—ion battery

Normal mode
SOC 20~90%
(Discharge of less
than 20% is
prohibited)

Normal mode
SOC 7~97%
(SOC less than 7%
can be discharged)

Ship
operation
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Fig. 3 Charging graph at —2°C and 0.17C-rate

Time [min]

Charging at high temp.(50°C), 0.17C-rate

Current

Voltage |

Module Voltage [V]
Module Current [A]

120 180 240 300 0 420

Time [min] S0OC 97%

Fig. 4 Charging graph at 50°C and 0.17C-rate

SOC 100%

Charging at room temp.(25°C), 0.17C-rate
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Current
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Module Current [A]
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Fig. 5 Charging graph at 25°C and 0.17C-rate

SOC 100%

Table 5 Charging test results

ltem Low High Room
(-27C) (507C) (25°C)
Start voltage 641.4 V 636.8 V 636.9 V
Upper voltage 808.4 V 808.5V 808.4 V
Charging capacity | 123.92 An | 125.36 Ah | 124.97 Ah
Energy capacity |90.57 kWh|90.71 kWh | 90.57 kWh
Total charging time| 6:26:34 6:14:19 6:17:04
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Discharging at low temp.(-2°C), 0.257C-rate

Current

Module Voltage [V]
5
g

Fig.
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7 Discharging graph at —2°C and 0.17C-rate

Discharging at high temp.(50°C), 0.257C-rate
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Fig. 8 Discharging graph at 50°C and 0.17C-rate
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Discharging at room temp.(25°C), 0.257C-rate

Current

Module Voltage [V]
g

Voltage

90 120 150

Discharge Time [min]
Capacity 50%

180 20

Module Current [A]

Fig. 9 Discharging graph at 25°C and 0.17C-rate

Table 6 Discharging test results

ltem

Low
(-2°C)

High
(50°C)

Normal
(25°C)

Start voltage

7941V

971V

97.7V

Lower limit voltage

600.7 V

596.3 V

601.1 V

Discharging capacity

114.2 Ah

123.51 An

123.86 Ah

Energy capacity

80.08 kWh

87.19 kWh

87.37 kWh

Total discharging time

3:42:13

4:00:18

4:01:00
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Charging Simulation (Lithium vs. Pb Acid)

900 Lithium lon Battery : Current
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Fig. 11 Charging characteristics of Lithium—ion battery
using HILS

Table 7 Charging test results using HILS

ltem Lead acid | Lithium—ion | Remark
Charging capacity | 10,846 Ah | 17,496 Ah
Charging time 8:00:00 6:02:16

(charging rate) (85~88%) (97%) 1 Step
Constant voltage oA -
Charging time 2:30:00 0:14:48 2 Step

9 o
(charging rate) (100%) (100%)

Total charging time| 10:30:00 6:17:04 | 142 Step

900

g

Voltage(V), Current(A)

g Cvmp'lthageGmp Volgage

3 2 700

w

” SR 600

Y String1,2 Current, String 15,16

@50 500

=1

T 40 400

o

o

£ 30 300

(3

= 20 Group 2 Max. Temp. 200
10 100
0 0

0 1Is 30 95 60 75 90 dos 12p 135 159 165 189 195 219 225 24p
Time[min]
Fig. 12 Discharging characteristics of Lithium—ion battery

using HILS

Table 8 Discharging test results using HILS

HILS
simulation range

Real test : 1 module
Simulation : 40 modules
(2 Group, 4 String )

Test method

CC(Constant current) discharge

* 0.257C-rate

s0C Start(0 min) : SOC 100%(800 V)
End(240 min) : SOC 0%(612 V)
616.7A@1 Group
Current (2 String = 20 modules) *
Results 0.257C-rate(30.8 A/1 module)
Time 4 h (240 min)
Temperature Start(0 min) : 28 C
P End(240 min) : 34 C
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Table 8 Cell safety device

Safety device Function

When the OSD operates or an overcurrent
occurs, the safety fuse melts and blows,
stopping charging and discharging.

Safety fuse

In case of overcharging or overheating,
when the pressure inside the unit cell
0sD exceeds the standard, the anode and
(Overcharge |cathode are electrically connected to
Safety Device) | generate an overcurrent, and the internal
fuse is melted and blown to prevent
overcharging.

When the pressure inside the cell exceeds
the standard during overcharging or

overheating, the vent opens to lower the
internal pressure to prevent explosion.

Safety vent

CCS Heat-resistant safety reinforced design
(Ceramic and porous ceramic (Alumina) coating on

Coated both ends of the separator improves heat
Separator) resistance and thermal safety.
An SFL made of a ceramic insulating
material is coated on the anode active
SFL ) ) .
(Safety material (graphite) to form a safety coating
. film between the cathode material (AL)
Functional ) .
and the anode active material, thereby
Layer) . . o
preventing an internal short circuit by
blocking electrical connection.
The mechanical strength of the aluminum
Cell case can itself is secured to prevent corrosion
anode potential | of the can by electrically connecting it to
the anode.
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