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2 o E =R sojuit Auto tfF M 53 FHAAHPMS)O HA 279 FMEAS Z-g3tc], A5
FMEAS] H4 S4 sHAE Bt B34 28 H2he wrgdste A4 2898 98 371 ExE AAS
AtE PHe 7|29 dhe FTE FUIE HA| =) 7t P ndz sgsto 2, AYE Ao datd)
ARZE FHSI) o] o] HAE FHE-HELE SBA dojHo] 472 HAR(TFN)E ZEFH31AL, product
t-norm F&53E% centroid H]|HA|SH4x=0.1, &8 2AL [0-100))Z &3] HA RPN AESIt) A H7HEE
/98 RHY/2EAYS BE)oA HE RPN ofH] Hof-2AE7ke] B3} 9] Auix)7h A= Qek(]: 84 —
73.5, 72—+66.2, 56—58.3). A@AY FHE s TEN I}ulg], TS x IS— Output A FHHPH, olitzt=
centroid A& E&o| HAISIATH £ A9 e HHAAH AF At =g FHA7H, 2Is B Al
oF Wrlo] AaAyl duls) 7HsAS ASSHATh AlQ ZElde AY-HAF A EHE, BS 24 AFY 5 AE 280
3519, 71 RPN(WRPN)-FTA A4 ¥ tAE EY 7|9 28] A= ez & 7488 7H

ZFHO| : A FMEA, AZIA A" (PMS), stolBIE Adl 989 X44914 (RPN), HAE EY, HHA

Abstract This paper presents a fuzzy rule-based FMEA applied to the power management system (PMS)
of hybrid vessels to complement the qualitative limitations of conventional FMEA and to reflect the
operational context of complex systems. The proposed method extends conventional subjective
evaluation into a quantitative model based on fuzzy logic, thereby ensuring the consistency and
objectivity of risk assessment. Occurrence, severity, and detectability are modeled as triangular fuzzy
numbers(TFNs) on a five-level linguistic scale, and a fuzzy risk-priority number(RPN) is derived through
product t-norm inference and centroid defuzzification(dx = 0.1, output scale [0-100]). In a case study
on output short-circuit, input overvoltage, and overheat protection, the fuzzy RPN corrected over- and
underestimation versus the traditional RPN(e.g., 84 —73.5, 72—66.2, 56—58.3). The results
demonstrate improved diagnostic accuracy, reproducibility, and general applicability of the proposed
approach, which is practical for test/inspection resource allocation, protection-logic retuning, and
extensible to weighted RPN(WRPN), FTA coupling, and digital-twin-based online risk management.

Key Words : Fuzzy FMEA, Power Management System (PMS), Hybrid Vessel, Risk Priority Number (RPN),
Digital Twin, Safety
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1. ME

A&7Fset s gArd W FAARHIMO)2
ATA 5ol dh-gsto], AA XEHE Al 7|0l
FEREY Qitk. B3] 2A7MA HilE A5 s 58 )
A& 9o sfolBE|E 31 A|A”IT B M= 7|gt
9] A71541 71&0] == FAloltt. o3t & &
oA thF AP eZ B Aol = e oS A B
A AE(PMS, Power Management System)2] 7]
<4 P9 & A gHE 94y 948 B
stal ek PMSe HAE7], A=A, AUA A
Z|(ESS, Energy Storage System) % °©]7|% A=Y
B 2T EN A7I1EA AEtY] a&4T deES
o= A 74 84|tk

T8y PMSe 11E9] AAR S AARE dE
B4 7, vt A8 W7 9 B35 3] 7k
BAGE A58 07 oI5 1 HE(FM, Failure Mode)
Y 7hsAg0] =t B3] S SlA Y] =2 4lE)
I 28 AHEE 9= A AlAEoAE I o
W F4le] A9 91¥ B4l Foliet FastoH1][3].
71& RE 9 JFEH(FMEA, Failure Mode and
Effects Analysis)> APA oflifz] 14 24 7|gio=z 9
2] &850} o}, AE7t ol o B7F HA
B3 A" AE A HgA AP B 5o SAE U
2okal QITH2). A A= B HUEHY 7159
A kS A-Esto] A EY 75%, GHES 67%,
HAFA 63%2] AT 537 GRI=|darl], d&
FMEAS] 54 7F5A] 7o & QIgt &=9] 3 &A=
715 Y4 A(WRPN, Weighted Risk Priority
Number)} ZSHEZEA(FTA, Fault Tree Analysis)
AAE Bofl e 5= Qleo] BuEITH6]. okZd A
71%%1 Addrel fxd EY 7|9k PMS i wEoflA
FMEA 9] faAo] Hiusglon, fqAd Ed-2
& Hlojg AAE S 9 X<t At AFY TS
gol A3 & ST

olof £ =72 347 g4 Aol J8== PMS
o 8 H3 7|5 HEs R, A¥E 57k A
At AR A84E A7) Yol BA] o] E(Fuzzy
Logic) HE3F Fuzzy FMEA &g AHE AASHY.
£ A= “slojBeE Aur 2215 93t v A B
TR AAE A AR T Q] djEo 7 PE|glo
), 7R AEHIgA] U B 759 A et
FAFQ e A 7l& 75 viES ERE gt

I
o

[415]. &3] 934 14 EXu 7234 &

Aoz VHIIHA] AulA W= Hr 7[H(Fuzzy
Service FMEA)E ZSlsto], A2 AF: ggsle} ¢
A9 A 7HssH stk & d7= FF PMS
A4 g7 @ A JRAR ofugt s EoF APAjA
o Zbto=zo] 3k s AAlRIT

9= 5

S AN 4o
J

J A

2. 02X i3

2.1 Fuzzy Service FMEA

FMEAE AIARIS] 4847 184S 4o & Qe
BE 7R54S Ao T&sta, 1] Alat 1o uf

£ 92 2A51] AR o 245 AAISH= AAA
ZIHolt}, SFAITF 7|2 FMEAE AE-9-Ae9<=RPN,
Risk Priority Number)E /3% A|#2] AZ=(Severity),
AU T (Occurrence), AE7Fsd(Detection)S T
FO& AAtsly] giEe] B7iAte] 34 HAte] wiztot
w B4 AlAROl= A7 SAiT

ol& 7fAst7] el A o]&& 7|9te® 3t Fuzzy
FMEA 7|®Ho] AI=1, 2 =FollA= TFuzzy Service
FMEA 3 HOQ B HiE ol-87t AulA AJ2g 4
AL[2] =50l A AQFSt Fuzzy Service FMEAS %83}
i}, o] W2 F8& EA(TS, Tangible Service)@
g2 EA(S, Intangible Service)2 7|&C& 1%
HEO] AHA RIS Aol 52 B7iehH, 2 871 3
52 mA3et & A F278E F=E2(FRBI, Fuzzy
Rule-Based Inference)& 483l RPN & =&3IT)
o] WAl 34 weko] WAkE Folil 1 JFFe] A
AR ATGE BT &= Y= AL 7 5 HA
RPN2 5431 Centroid) 718t H|H XS Defuzzification)
< &9l HEEE, olF B Y BEQ] A E
ApHow wdstk £ 9ot

2.2 FAH H9|

Fuzzy Service FMEAQ] B7} AX&= of-23) 242
A4 gAR gekdEn. AR, 7+ 1 HEof tis 1S9
TSE 7Ieo® A dIiE Bt 442 w4
(TFN, Triangular Fuzzy Number)Z TA|3}stc}, 3
A3} = ofefe} Zo] Aoyt
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0, r < a
x—dl
,<zr=<a
Ll—éll
palz)=q o)
2
,a<x<a,
azi
0, = a,

71A al, a, a2&= 242t 4FZF BA] $=9] &gk 5
Ak, HdgkolH, o] #&2 HA AH|A TrEE9] 53
(o vie- T ~ v EUS)ol| wEt AgHh &
A, 182+ TS Aol tiet ojA] 278t 25 B9
&9 mA] WX (Satisfaction)S =&t T A
o] 2] oist x| 2 thSat Zol FgHr

RPNfuzzy = #[5<1‘) X #TS(-r) (2)

AR, HA5E RPN vHz]|3le E5) A5 FEo]
% RPN gho® wgte. £ d7olie FAF4Y
(Centroid Method)& AM&sto] TR} Zo] Aklslyict

fx X ptppy(2)dx

RPN=
f/.zRPN(x)dx

©)

o] #}4L &g =&9 RPN PMS B3 7|58 11
2 2eo] 9y A Wy 9 JjA HEF o) 28
=} 53], o5 A8 9 S8ol= PMSQ] Exb4e 1

g0l ofEfem, WA ol 7|t BY-AHF &%

3.1 MX| et HIHX|S
£ dAoMe oF AgeE B8 Helotke g A
dk8 PMSQ] BS 7]550] tht Fuzzy Service FMEA 7]
gk A 24 7S HE3it Fig. 12 Aljlsh= 24
7199l AAARl 555 vehdch
AE, SHE, AEEY Aoy Jr(me 25
L =2E A HASE Aolstal, HA] 2715k
2

22 530 HA RPN ANl ol =3¢ AikAt

¢

=

=

51
=]

AlE ARSI, ALEE HA] RPN 4% BlHAIsE
3l 25 H=FsHE RPNCOE Mgttt 2] fy 4
o} qF27Iet F2-vHAgE Aas A A7E 8
SFATH2].

il
N

Start

k2

Identify
Protection Functions

+

Define Failure Modes
& Root Causes

+

Assess Service Attributes
TS (Tangible), IS (Intangible)

v
Fuzzification
Convert TS/IS to Fuzzy Numbers
v
Defuzzification
(Centroid Method)

¥

Prioritize Risks
& Suggest Mitigati-n
Actions

[Fig. 1] Detailed Flowchart of Fuzzy Service FMEA for
PMS Protection Functions

3.2 B4 Hi U 74 24
AQFsH= Fuzzy Service FMEA 71 t}ea} 7o
THA Y AR FgEh
O HT 75 Al PMS Al&H9] 2 BT 75S
AR &9 9 e, 94 oY HE,
2= A5 BT B).
@ 7 HE 9 49l Aol 7k BT )50l tisf LAY
7hed 1 RESL AR AAH R L&
@ A2 B4 H7HTS/IS): 02 TSOF ISE 51
A H(Mf B ~ Wi =)E ZA4 BRI
@ T A 3HFuzzification): A4 H7HE TS 2 IS &t
< TENO & HElgict,
® MR 22(Fuzzy Inference): TS} ISof Hisgt 7
A| 7+ Ho]E&S 7|Hte 2 2] RPN AlAlsict,
® wv]|H RS Defuzzification): AAFE HA] RPN
FASAHOE =3k RPNOZE At
@ 9% 459 4 QM =& RPN g2 7182
2y Bl SARRE viZla, Y A
st AA AR guElE 24 5 Vel £

g &3
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371 T2A A B A7 ° PMSe] S]]
Holor, A4 7te] Fd HA FEo= A
CH2l. ol2fdt ohetA mA 7k 24 diale 153
FMEA®] H]sf 317 FFe] A3 sf4fo] 75,
E4%E S| AL ARt A A =
E 7158 &, Be VleE I Re-dQdE AEd
H TS/IS 7IEL2 A dHS 25k, HA| 3
53 WA RPNS AtE-HIHAeRIe =2 A1E0E

FoT Y A7 2AF AAHOR AU & A,

3.3 TFN I2tO|E (TS:IS, AAY 0-10)
Table 19 TS¢ IS TYst 594

(VL/L/M/H/VH)E AHgstH, 24 & A

(al, a, a2)= o3ty x4y g HE AY

(Piecewise-linear)o|® x(a) = 1o|t}.

o

(Table 1) Triangular fuzzy number (TFN) parameters
for TS/IS (scale: 0-10).

Linguistic Term al a a2
Very Low (VL) 0.0 0.0 2.0
Low (L) 1.0 3.0 5.0
Medium (M) 3.0 5.0 7.0
High (H) 5.0 7.0 9.0
Very High (VH) 8.0 10.0 10.0

3.4 A= H0|Z (TS x IS — Output)
Table 29] AND 914HA}= Product t-norm, HAl=
Max, &9 o8 VL/L/M/H/VHE Ar&sit.

(Table 2) Rule matrix mapping TS X IS to output
risk linguistic terms (VL, L, M, H, VH).

TSxIS | WL L M H VH

VL n L M M H

L L L M H H

M M M M H VH

H M H H VH VH

VH H H VH VH VH

3.6 8 AU} H|IMX|g AH

9 2AAYLS [0.1001°019, &3 Aol TENZ

Table 33 Zt.

(Table 3) Output fuzzy sets as TFNs on the output

scale [0-100].
Output Term al a a2
Very Low (VL) 0 0 20
Low (L) 10 25 40
Medium (M) 35 50 65
High (H) 60 75 <)
Very High (VH) 80 100 100

FE0HA3E 449 H9 AND=Product, Al
(Implied Rule)=Min(z¢_AND, £ out), J7(Aggregation)
=Max. Centroid H|HA|3}= o]4std S41%E A8t
o, 4x=0.1, x=0,0.1,-,1000014 4] (3)2=& AKXk},

4, Zu

p L
Hm

9

4.1 Fuzzy Service FMEA Z1t

Fig. 2= PMS E% 75 5 ‘&9 o2 23, 'Y
FAY S, ‘2x A B350 igt Traditional
RPN # Fuzzy RPN & H|w gt Aitolc}. Fuzzy RPN
2 Traditional RPN thH] Q- =04 Iha/3efjg
7kel B 3p7t gl glon, Akl wat 9d 94
£9E AIAEE HojEnt £ A= T HA
SHEE A83t 71E FAHe] SHAE FESH] flsl, H
A 3 7R F2S Aol AFE A A
< A3ttt A& &0l A% FMEA°IA= 53t 7t
FAE 48go=N ‘8 T HS' 7|59 RPNo|
84% AAE Yo, HA] BE TSet 1S9 A% 285
wtgsto] 73.5% A ol sig i Best A
Al F8olA A 7Fs/dol =il HE3R9] g ofF
7t 2 1Ee 2aE, djgriE S ey
o8 HARL Alglolrh. RIE ‘R Al 17 9] A,
71& FMEACIA Atz oz @2 569] RPNo| AF&E]9)
Ou}, #7] B2 7R AAT 2§ A=/ Aot 89S
Hhgsto] 58308 A% 2ot ol=eh HFH x
2 AA PMS 8149 F2EE © dHHoR
Fop, A FEo] T F7IYEY wHA|stETE &y}
Al AFHOoR Hojrh Ao 2 ndl g
2E 7Ho] Aid SR8kl g SAeE AETL
24 99 A9 UL FIAZIM, FF WRPN H
FTA 6% 2= &4 5= Sla= gRlIskqlt
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— (Table 5) Reproducibility and extension of Fuzzy
80 ! Traditional RPN RPN It
Fuzzy RPN results
60 . o Reproducibi ;
[} Validation Criteria/ ; Extension
T:; | Category Item Range lity Feasibility
> 40 | (Ax=0.1)
b |
o
4 Output Short- ) RPN 73.5 o .
50 Circuit IGBT failure 01 99.8% Applicable
|
0 e = | & Insgl‘[tagger Transients RP':‘O?G'Z 99.6% Applicable
(s} ) A 10.
s proe oV protec® reat protect®
ol
OutP \npY 25 Overheat RPN 58.3 , )
Protection Temp sensor 01 99.9% Applicable
[Fig. 2] Comparison of traditional and fuzzy RPN _‘

results for PMS protection failures.

Table 4= 7+ B35 71548 314 Lo i) 2] 7]
Hto 2 Zg7ke RPN 8931t} A& RPN 49| &
7 dlo|ele Y5 FMEA R4S wgom (5], B4 o}
gHE A% AR B AgATs E8ok3tH2l

(Table 4) Risk comparison results of conventional
and fuzzy FMEA for PMS.

Emte‘?t'on Failure Mode | Traditional RPN | Fuzzy RPN
unctions
Output
Short-Circuit IGBT failure 84 73.5
Protection
Input Overvoltage Overvoltage 7 66.2
Protection transients ’
Overhgat Temperat_ure sensor 56 58.3
Protection failure

42 TWEY AE U EEY W)

OO O

2 A7 AR S T‘i“tl T dEeE 4

k. TS/IS9] TEN mehi]g, T
THYE, &2 2A LT} o4l Q}ﬁ %ﬁ%k AHE %6
AbEE nix RPN ZHel: 73.5, 66.2, 58.3)> &Y a4t
T(4x=0.1)°9014 +0.1 $F02 A& 7Fs35tAct.

o|fst A= ATo] XA AFAY AY Hxje
T4 A5t Ee, TEN mebu|g ¥ MAst
A A8 202 24T Aol E3l, A =4
PH=7} BF A B EHF(ESS-AEA] sto|EF]
©, HEAd 5orr A 7RssE Uubge S5ty

voag Tuw

.—@

°l A= Xﬂom A FMEA 27t A2 0= </t
e A¥E BUE A

AAAZ AL % UeH6l,

T8 24 7l PMS A% ATTIINE 98 94
&91 AR I, B AT Arh) Qv A
o s,

5. 48
£ A7 slolne Ave] o Hel 53 B4
%o W7] F27]5F FMEAS A§3le], HEA FMEA

o A A IS Hesha 5 28 S vl
sl HT-94 $39 FUE W7 BAE Ao
AAE PRES T 'G‘EHE HEEE STA dolH
T2 Aosty, ZF =S AZF HASLE REEgsho
Product t-norm 'ﬁ‘ﬂ-r‘%ﬂ]r AL BHIEAsKH 4%
0.1, &8 274 [0-100)5 &3 BA RPNZ AF=st
L 722 G226 0|2 B3 AEsle A B
= AT, fEe Ao A AREe T

o

=

o2, l‘ﬁ

Ol

ARl 2498 B0 2 <i7e] WA} A A AE
2H9] ol3 Q42 W} AUslA vk =3}
ﬁ1 ] FMEAL: F% FMEA tH] Iha 3718 BAs

T, BT 715 99 $Aegle 4d 98 2o oA
Ak B3 Bk oleitt Aske HA) e
283 YA welo] AEI} A ko] Wrie B
of, B35t A U B3 A AHC] A4 gHo
/:z_‘él@i 7108 & S BTG =3
Ui FMEA dlolEjete] HeHdE &8l 214 *1?4*51—
SHsIA o, Ajbd WA FANES}H TEN Jﬂrﬂ‘rt’]EiL
5 A kst B4 VIEes 88 Thsoit2l
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A7) F8 ool o2t 2

A, WA 32 719 FMEA 22 9 4444 371
o EFAEE AAZ R RO RN, SiF AL
o] 913 A HE=E FLARHBITIOL.

A, TEN mpetolg, #2338, &9 2A1d 5 AF
HAE ARt 5l 24d(4x = 0. 1)011*1 +0.1 22}
e el A AAdS FEsIHH2I

A, Ak ZH AT Thdst ;L*;}QLA 2t 4%
ol2AT 14 35 WES T3 WRPN @ FTAR &
A &4 7hssttHolI8IN0].

A, gAE EQ 7|9 -8 @43 A5, 8
glofel 7ute] 52 e A H AARE oS 24 3
2ot 7hset 2Rl #E AAR Edd 5 ol
(711141(15]). o]=i3t 58 F2= E5 A9 AAR9 #
FI(Closed-loop) /g HHE

{n

gho] Hrt.
Tk, 2 A= HA =20l 7HIgt FMEAS &
3 slolE = AHF PMSY S A og Frlsh

, AFE gl8o] 7hset 24 AAlR EHAR A A
sholtt. At WHEL FF AeF- 715 A

S oofuix|Ee] AlAg Auke] bdA 7 BESkR
FHE F U Ao ZqErH16]7114]1[15].
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