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Abstract Recently, due to the frequent occurrence of fires in energy storage systems (ESSs), related
research is actively conducted on risk factor evaluations considering safety standards in ESSs. In
particular, leakage and unbalanced current are evaluated as major causes of fires and have the potential
to affect the safety of batteries in ESSs. Therefore, this paper proposes a risk priority number (RPN)
evaluation method that is composed of severity, occurrence, and detection degree in order to assess the
safety level in ESSs. The severity degree is weighted differently depending on the magnitude of the
leakage current, the occurrence degree is considered as the frequency of leakage current, and the
detection degree is evaluated based on the possibility of detecting leakage current. We also modeled the
leakage current based on the distribution system, PCS, battery system, unbalanced load system, etc. We
analyzed the characteristics of the leakage current as well. From simulation results based on the
proposed model and safety evaluation method, it was confirmed that leakage currents caused by the
distribution length and unbalanced load were evaluated as having priority rank in affecting the safety
level in ESSs. Therefore, detailed design and monitoring of the distribution system conditions are
necessary to ensure the safety in ESSs.
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Table 2. Scenarios of leakage current by stray
capacitance and insulation performance
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Case 11 - 1 1 insulation
Case 12 - 1 30
Table 3. Scenarios of leakage current by unbalanced
load
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Table 4. Characteristics of leakage current by stray
capacitance at IGBT

leakage current[mA]
IGBT pCs | battery |BOUMM| grig
@ @ ©® & | @
Case 1 7.01 13 0.6 4.8 0
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Case 3 21.4 4.47 1.97 15.7 0
Case 4 20.4 13.1 5.8 1.54 0
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Table 5. Characteristics of leakage current by stray
capacitance at battery

Table 6. Characteristics of leakage current by
insulation degradation

leakage currentmAl leakage current[mAl]
IGBT PCS | battery |grounding| grid IGBT PCS battery |grounding| grid
@ [©) ® @ ©® @) @ ®) @) ®)
Case 5 0.68 0.13 0.06 0.46 0 Case 9 0 0.01 0.004 0.037 0.05
Case 6 0.67 0.44 0.19 0.05 0 Case 10 0 0.03 0.013 0.003 0.05
Case 7 1.78 0.35 0.15 1.26 0 Case 11 0 0.33 0.14 1.19 1.69
Case 8 1.77 1.14 0.5 0.13 0 Case 12 0 1 0.44 0.11 1.57
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Fig. 16. Characteristics of leakage current by
insulation degradation(Case 12)
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Fig. 17. Characteristics of leakage current by
unbalanced load(Case 16)
Table 7. Characteristics of leakage current by
unbalanced load
(a) with NGR
leakage currnet[Al
1 |unbalanced| .. | PCS | battery |groundig
total current grid(®), @ @) @)
Case 13 | 11.7 11.1 0.61 0.12 0.05 0.43
Case 14 35 32 3.1 0.36 0.27 2.22
Case 15 | 14.3 11.9 2.44 0.49 0.21 1.73
Case 16 | 43.1 35.8 7.35 | 1.49 0.65 5.21
(a) without NGR
leakage currnet[A]
unbalanced| . PCS | battery |groundig
total current grid(®) @) ®) (@)
Case 17 | 11.7 11.1 0.61 0.12 0.05 0.43
Case 18 | 35 33 1.8 0.36 0.16 1.29
Case 19 | 14.2 12.2 2 0.46 0.17 1.42
Case 20 | 42.8 37 6 1.22 0.53 4.28
5.3 +4 I =TT CHgt ESSQ| 2tXd HIt
324004 ANE KY S BrRgeT 5.240)
Agold Ane vioR, WAAAE w4 U £9

AR AZtwE Wrlshd Table 83 Zth o)A,
IGBTS 7148 ATA 20 5] HHE%E]% A==
FAARE 0.6 ~ 5.87[mAIC|EE, AZ4EE [~280
& grreo E3L g 714 ﬂuﬂﬂﬂ*oﬂ ofsf HiiE
g&07 FYUEE FEAFE 0.13 ~ 1.14[mAle|Eg,
A e 1~28 02 AT, AAYE Astol ofsf =i
HEZog {=E F44FE 0.004 ~ 0.44[mAl°]

03, AZEE BE Casedl disto] 1502 grhgct
3, EYFEolol o) viEzEe s flse <8

2L 50 ~ 650[mAIC|EE, AZEL 5~7-08 A
EHc}
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Table 8. Evaluation of severity degree for leakage
and unbalanced currents

items Case 1, (mA) S

1 0.6 1

stray capacitance of 2 1.98 2
IGBT 3 1.97 2

4 5.8 2

5 0.13 1

stray capacitance of 6 0.44 1
battery 7 0.35 1

8 1.14 2

9 0.004 1

degradation of line 10 0.013 1
insulation 11 0.14 1

12 0.44 1

13 50 5

14 270 7

15 210 7

unbalanced load 16 650 7
17 50 5

18 160 7

19 170 7

20 530 7

Ef‘s_} 1’—_/‘5_ A= g] HHHE.‘: Table 99]. 71—0]
SIS Hho g WrlElH, IGBTS) 2919 2 ¥
2] 71 AsfAE ] e B == ESSO S Al
ot st g 39| gro = Hriww, dA/ds A5t
gt BT ol Fgto] A dojunz 29) o=

»ﬂ
r-1>

gl

APt gHH, B AOH HAEE £8HR
o IYE= A EASHEE =& 7R ARl 5 3
7hlc},

Table 9. Evaluation of occurrence degree for leakage
and unbalanced currents

items criteria of occurrence
occurrence degree
charging and
stray capacitance of IGBT discharzinz in ESS 3
. charging and
stray capacitance of battery discharzinz in ESS 3
degradation of line long term 2
insulation degradation
operation
characteristics
unbalanced load of distribution 5
system
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TH, FEEON PR 27 T4 v
2 WA, T IMDO] Jste] AEEEL IGBT

o] 717 AMAEL, wiER] o] 718 AmAEA, AR
dAds, EBFToll Ht AE=E T4 BB)e=

BriEch weba, 4719 3.280A Aket RPN w4
< Hgog A4 U &£3HdFo] 9t ESSY S
B7ketH Table 103} Zo] Yepd 4= itk of7]A],
IGBTY] 7|4 AwjA|e 2ol o3t 4479 RPN gk
9 ~ 18802 W=, 4714 Caseol et &2 633
oF At 3, viElE] 714 AwjAE 0] o5k
A7l RPN Z2 9 ~ 188o® HriEH, 4714
Casedl tigt g2 45802 AgHt.

SHH, AAWY Astel oJgt FEA7F2 RPN #2 6
Hog grlEn, 47}4] Caseol thet g+ 24402 AF
g€t vpReto g EgygRolo] o5t 379 RPN
2 75 ~ 105822 H7I=H, 471A] Caseoll tHet &
2 390407 AHgHrt &, IGBTY 714 AA €A
ofsf IE FEAF= wiE S 71 AvjAEAe A
& AsAstol ool WAE FEAFE ESS9] kA
o Y = 7150l Eou g IGBTS W] A
AE AAH HES Zart Sk &3, EF Pt
o3t &3k F+= ESSY] A TS & 7ol
Foug A% 7o digh Wdst 44 AE 9 2y
go] a7ES & 4 Stk

Table 10. Safety evaluation characteristics of leakage
and unbalanced currents

items Case S O D RPN total
1 1 3 3 9
stray
capacitance of 2 2 5 5 18 63
IGBT 3 2 3 3 18
4 2 3 3 18
5 1 3 3 9
stray
capacitance of 6 L 3 5 9 45
battery 7 1 3 3 9
8 2 3 3 18
9 1 2 3 6
degradation of 10 1 2 3 6 24
line insulation 11 1 2 3 6
12 1 2 3 6
13 5 5 3 75
14 7 5 3 105
15 7 5 3 105 390
unbalanced 16 7 5 3 105
load 17 5 5 3 75
18 7 5 3 105
0
19 7 5 3 105 3
20 7 5 3 105
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