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Zrap B x el A2k A28 142l Nonhomogeneous poisson process= 7146k, %7]
2 71t} H]-8-&(Long run expected cost rate) & F42Foh= A B4 25 2okt
Liu et al.[13]-2 F3Fst A]7H (finite horizon) & 7}A5IR o™, F 7] 2] H& o] 3517}

AzelA] AeE Eohe 7T #7149 Aitolehs BA A4S 448k 24 §7
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a9}t A2 2ok, v Aty £ HAF 5715 A =, of® At AE o
sl o= AAPEA 9] A= A sllee WA o= v 74 A %2 AAsHAT
Jiang[I1] T+ B 7] 2] HAte| s thFQl=dl, sid A+ B¢ 2 E3}ol| tis]
AAE F717F 2 E = Zlo] ofdzt 271 AHFE 474 A7 Bl 714 Q] A F
718 FokA 1 ol T S Folukch AAE ARt 2 7] B (quasi-periodic
scheme)= 4o}t Zhao et al.[22]-2 A|7tof whet &3} (degradation) 9} AH7] 4~&
(self-recovering) o] WEPITFIL 7Hg5LaL, thg AAEA 9] A7t Aot AHi 9 g2
UEFUW It} Drent et al.[6]> 712 2] Hapeh A 26 Yo ohg FE2] 1go=
AR HIF71A 2] By 26t 2 A {2] By JAS =& 2418 ohF 3l

o]9Jo % Chen and Trivedifli= A7t 22142 Tefss] 9la) Alu] oj2zm
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3.2 m=23x AA A (Markov decision process)

24 AZHE Chen ot al {el 49 Zo] Eols 149 Gste A4t 7Fs
A B A0S Hh G4 BAo 22 44 BAEE PRSI Fed £ BAE

2 TEG AL @A AT BAe] Qi BB 5 wdstr] giatolths. 7

A 8% 73
1. A= AR 9] €3} 3ol 14 (Poisson process)

filo
i)
i
2

2. |4 4] H4(minimal maintenance)+= G3} & 19HE Y3, FQ G4 K
(major maintenance)= A= A2 s} AHE 2 7|SHA It
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Aot g2 71 stolA mt2 R 24 S F-8ote] HA AH 7N /A B

e £ESAA ok nt2an 4% e dudos

(state), 35 (action), o] &-E(transition probability), HAk(reward)} &2 Q@47
o|FolAt. £ Aol Ae] slETn A mYe] GAAYAL Sk AAT A
olulstod, hejx] 24t thg3} ol Fejan,

Al (State) : i € I ={0,1,...,k}

& (Action) : a = (m,tp) € {0,1,2,3} x {tpltp= 7Fs T AAF F71}
- A o] &-&(Transition probability) : Pij(a,t) = ﬁ*l(L)
req(i,myty) +rep(i,m,ty), ifik
- HAH(Reward) : R(i,m, tp) =

re 'R x (cq X tr + cg) + Ry, ifi=k
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dP;j(a,t e
Jd(ta)_o’ if j <1 (3.1)

dPii(a,t)
Sl X Puat 2
dt (a.) (32
dP;;(a,t

gta ) =X\ Bj(a,t) + A Pij_l(a,t), ifi<j<k (3.3)
A BA)2 gt et o B2 o s "9ojd gHE2 00l7te AS on|eith

a9 A B2)e A B3 the AHE wA U A o]d AdEolA fdEE

T

9o} e vl EgAS 2hEeks Wakshe thawt o] ek 4 9l

sjo] 4 BA)et B39 ehEets BHFES o] B T, 453 FokH, ok
2 Aggo] W OFRET L(Py) (o, 5)7 k. oo 2B uehe FHohd

BAF Al caliom t)3 cpliom. 1) AES WEo] Eshe Hlg Felth
A §7 B Bl B2 G2 Ba 08T BT A7 08-S BEsh Aojn, 5
A= ARAA) Gotel net 27bH 02 WSS AR (=54) WS Uehit o2

Aog Rl thg Alat 2t
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(1-P)-Cr-e "1, ifi=0
(1-P)-Cr-eT, if1<i<k, m=0
ca(t,m,tp) = (1= P)-Cr-e T+ Cpp-e™m  if1<i<k m=1 (3.6

(1—=P)-Cr-e T+ Cpy-em if1<i<k, m=2

(CdXtR—I—CR)-ethR, ifi==k

P = Py(a,t), Cr =cq-ti+c, T =1t +t, +7(i,m), Cpy, = cq - tm + cm, Cur =

cd - tv +eym

0, ifi=0
0, ifl<i<km=0
T(h,a) =t fl1<i<km=1 (3.7)

ta, f1<i<km=2

tr, ifi=k
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Z]‘Zi Ca(I)'Pij(a7t;j1;f;r(tp+7(i’m))’ im0
ZJZZ Ca(I)~Pij(a,t;fzzfl—r(tp+r(i,m))7 i1 S i < k7 m=0
cr(i,m,ty) = S ca<f)~Pu-(;f)(;tﬁ-le):itp+T<ivm)), fl1<i<km=1 (38
iji Ca(I)'Pij(a,t);i-le_r(tp+"'(i’m))7 i£1<i<kom=2
\ 0, ifi=k
AEHe dr 8 Aokl WE F742Q Az w2 thehith & el o(D)
& tho} o] Holgn,
1
col)=—=—-1] xc 3.9
0= (5-1) <o 3
gI)=1—-p-1I (3.10)
g(1)2 Estof met Aste= aaa oulettt. Amdx] A3t w2t A7 a-&o]
AstElE A2 o9 A€ Fof BreA AR, 17, 2 dFolH e A=A Esket
Am -89 Aol WAE 23 FEi(Closed-form) =2 UEHY 7] ¢ d=a &8 #5l7}
ARgA o g AT 7HYsHAT. [2 439t S Aulst, p= d= a8 st
ASE T 4 EO)L AR & Asto] G F7HA Hg2 Jug) o2 5
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Figure 3.1: €3} 714 A+

sje] Figure BTk 2o, t, St iol A j74x] Qsbr wyaits s1gsta, 4s
S R A (rajectory) & 18 4 ek 7 g} @A) MR AL
it o PRSP, A8 Eobd M mED, 7t BACNAY Ao iid
g w2r] B, 7 9t wACA MREL A A%e SUste Hebs, 93

A oA 9] 7]t A7 o5 A (3.11) 3 Zo] & 4= it}
t
— <h< P )
Elty | tittipi+..+tj=t, i<h<jl= TTiTT (3.11)

7] di2oll cf(i,m, tp)> ZF Aot DA A MF2s ARE et A7 a8 #5

2 Q& F7tsE 9= 8 atte F5S HARS o oM j = EobE FEs Hoh

Btk 3G 22 BE jof] sl delg oz e 5 Qlek A B.8)elA A B
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BE= otA = me o Meh glal, m = 12 4 {7 By 52 HA%es W
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3.3 7} ¥4=(Value function) % 9]

i) when there is no failure i) when there is a failure between inspections

S

failure

(m, t) V() (m, t) ‘, V(0)
| | | | 1 | 1 1

T(i,m) T(i,m) +t, t(i,m) +t,+¢; T(i,m) T(i,m)+t,

Figure 3.2: 24| A=t A

V(i)e i FeiolA o]l% &9 ARt o AT vjg o=z Aot 277 mizel,
V(i)E & ™ cali,m)T cr(i,m,tp), Ry R of 2 V(j) 2 o] & Al olA] EAgsH=
A Aoz dRls i, ALE A7HE oA 73 Al Hi 9] 1% S7t=

ghatsl = WA o2 ARt 910 B 4 R(i,m, 1) A cali,m, tp) 9k cr (i, m, tp)
ol ro] FiA A= AL 7 AZEe] A& 57t FAtshs WA Fixl Aol
BA| /48L& 919 Figure B.2pl| Ao} o] 27| & 712 B2 v 4 Qloh &=

, A 2] B

o

T3 o, AR AEeIA AR 1,744 Tl WA ehe A9

A}

AZE 7, m)7HA] 72 Bz Qeh Se Hl-go] 'FASHL, o] 35 E deprt HegE o

Am BE At T 271 Ar vlgo] WD 1T A4} U8, A vlgT
AR QT FT A7 ulgo] A4 FR Aol AT AT uge 7} ulg
g Al B SASew, the AN FhX E Ho| BT HAES

sregate] 7)) 7HAE ol gelsfect

920 29 B9, AT AT 1,0 ZFSH] Hel 1ol AT A9E 1}
ehdth. 287] B 94 B4 A7 B AR F9 A7 vlg 3 2ol AR
A R BT F7 AR UG, T Se] B ISk ST AT g, 1 g

283 2715H8 AE o) S FRIshect o o] WA A9, REA Sl

20



B

Zo wut 22 v Al(Bellman

optimality equation)& PHEA|7] 7h|2] 27hg Zrolof gt

V*(i) = min | R(i,a) + Y _ Pyj(a,t) - V*(j) - e " TEmH) 4 G(i, ) (3.12)
Jjzi

t
G(i, CL) — e—rT(i,Ub) . / P re "t f)z'k(aat) . V*(O) Ce TR gt
0

o714 Crl 14 H|gol1, Cpe YolA] HoJgtz i AelolA agis P52

HS Wk AR ASHER] BAshe 27t A gL ojmgit.
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3.4 7}#] o]g o] (Value iteration)

OPH

stesm A4 3ge] 4%, 49 A (Linear programming)oltt 2 A3

(Dynamic programming)< &-85to] A& & 5 Ut} o] T 52 A= H2 thA] B

o},
_{’\_

rﬁ

r

1>

]

_|\1
N

o

o]g & o] (Policy iteration)a} 7}2] o]Efg|o] A (Value iteration) © 2 Ll

o]
S

e edol EAskedl, A9 Aol A9 Y A HE 2@

N
=

_,J
ox
ot
3

At Bxws} vt &, A2 ogo]do] A oa 714 ogaold Kt
sl ATE 5 QAT A BAES} v B A7oAE 717 olgelolde B8
M2 w2519}

713 olglgflo] Me] o)At TE L Thg} 2t

sfol

Algorithm 1 Value Iteration Algorithm

Require: Degradation rate, cost parameters, time parameters, discount rate
Set V(i) = 0, Vi > Value initialization
G(i,a) := [{" e x Pyla,t) x e " x V,_1(0) dt
while V,,(i) — V,,_1(i) > €, Vi do

for1 <i<kdo

V(i) = mingea[R(i,a)+3 "5, €™ ity @) . P(a, ) - Vo1 () + G (i, a)]

end for

Vo(k) = e "R x (rcg x tg +reg + Vi_1(0))
end while
return V*(i), 7w

> Value iteration loop

*

> Return value and policy

7hA] ol ol de Sl 4 wetrlE =, doks, vl uetnlE, A7 upeo]E,
el a7EY. WA, g2 271eRt o, BHEE WolA 4 AEEE THA (=4

)2 H2otehe B5S Pk MEEL A o 49 WA wE,
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Asfl Lol = B4 cr2 & AAAE "AISH] S Blge =, 4 AARF B
A=HA] ol Bl $35,000 ASFA. o]t FASH, en> ARAAE HAISHE
H-8 0 & $11,000= AR A 72 B HE e ey 7152 2 gha A5t
At A= G cp B AL 42 AN o4 7ML Fof ALt g ARESHA T
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Abstract

An Economic Condition-Based Maintenance
Model Considering Inspection Interval
Optimization : An Application to Fuel Cells
of Forklifts

Seokhwan Hong
Department of Industrial Engineering
The Graduate School

Seoul National University

Global climate change has prompted an increasing recognition of the necessity for
carbon neutrality. In response, the construction industry is developing environmen-
tally friendly construction machinery, such as fuel cell forklifts, to address environ-
mental concerns. However, it is important to consider the perspective of users, who
must evaluate not only the environmental impact but also the economic viability.
In the context of fuel cell forklifts, fuel cells constitute a substantial proportion of
the overall expenses, thus emphasizing the need for meticulous maintenance. More-
over, fuel cell forklifts experience degradation under harsh operating conditions,
leading to reduced fuel efficiency. However, research on maintenance costs reflecting

this degradation is limited. This study introduces a novel Markov decision process

43 :



(MDP) model that aims to optimize both the interval to the next inspection and
maintenance decisions, while effectively considering the degradation of fuel efficiency.
The primary objective of this paper is to establish a cost-effective condition-based
maintenance (CBM) policy that aligns with the distinctive attribute of fuel cell

forklifts.

Keywords: Fuel cell forklifts, Condition-based maintenance, Degradation, Markov
decision process

Student Number: 2021-25320
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