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This paper investigates an optimal maintenance policy for a (k, n) module system under a performance-based
warranty. The system consists of n groups, each containing k identical products, and exhibits partial degradation
when some products fail. Therefore, a penalty cost is imposed once the system’s degradation exceeds a specific
limit. Due to this characteristic, maintenance is initiated when the number of failed products in the system
reaches a predefined maintenance initiation threshold, which significantly affects the total warranty cost. To find
the optimal policy, we develop a discrete-event simulation model to estimate the total expected warranty cost of
the (k, n) module system during the warranty period. Sensitivity analysis examines the effect of key model
parameters on the threshold and total warranty cost. In addition, three maintenance policies, corrective
replacement only, group-based opportunistic preventive replacement, and life-based preventive replacement are
compared in terms of the total expected warranty cost.
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Figure 1. Structure of a (k,n) System(Example)
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Figure 2. Failure Replacement in a (4,2) System (Example)
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Figure 3. Failure Replacement and Preventive Replacement in a (4,2) System (Example)
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Table 1. Model Parameters in Numerical Experiments for a (8, 15) Module System

Category Parameters Value Unit
Warranty Warranty Period 87600(=10x365x24) Hour
Number of Groups 15 -
System Number of Products per Group 8 -
Total number of products 120 -
Failure/ Failure Weibull(1200, 1.5) Hour
Maintenance Maintenance Normal(5.0, 0.5) Hour
Fixed Cost 125,000 KRW
Cost Replacement Cost 40,000 KRW/Unit
Penalty Cost 86.4 KRW/(% - h)

Note: Penalty Cost is charged per 1%p shortfall in availability per hour.

Table 2. Convergence Analysis Results for the Number of Simulation Repetitions

. Number of Simulation Repetitions Rate of Change(%) 95% Cl(=, %)
Maintenance - -

Initiation Threshold Bascline Comparison ElTW] EA ] ElTwd] ElA,,]
(50) (70, 100) o o

10 50 70 -0.065 +0.007 0.096 0.013

10 50 100 -0.008 -0.004 0.091 0.015

30 50 70 -0.006 +0.012 0.117 0.031

30 50 100 +0.019 +0.026 0.096 0.028

50 50 70 -0.134 -0.035 0.131 0.059

50 50 100 -0.054 +0.037 0.114 0.038

Note: 95% CI: half-width of the 95% confidence interval as a percentage of the mean, at 70 or 100 repetitions
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Table 3. Optimal Maintenance Initiation Threshold and Key Statistics by Target Availability

4 . ElTwd ELTC]/E[TWC (%) EA4,,,] E[TN, ] ElI ]
T " (Thousand KRW) H1C,] ETC] ETC) (%) (times) (h)
80% 35 375,843+484 6.8 85.5 7.7 77.94 204 428.7
85% 30 401,698+558 7.6 82.4 9.9 80.48 245 3571
90% 25 431,944+566 8.7 78.8 12.5 83.08 302 289.8
95% 20 468,080+£595 10.4 74.6 15.0 85.71 389 225.1
Note: + denotes the half-width of the 95% CI based on 100 simulation replications.
WA H]-E-9 Hl%OI 85.5%°M4 74.6% = ZHaste Wb, e oA AR Tae AF FHY 9EE, e 7Y
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Table 4. Total Expected Warranty Cost in Cases with Different Scale Parameters and Target Availability

(Unit: thousand KRW)

Scale Parameter 80%(m =35) 85%(m " =30) 90%(m =25) 95%(m =20)
1,020 436,399 466,572 501,400 541,100
1,200 375,843 401,698 431,944 468,080
1,380 330,052 352,900 379,300 413,000
1,560 294,691 314,700 339,200 369,800
1,740 266,500 284,500 306,800 335,400
1,920 243,300 259,800 280,300 307,600

Reduction Rate (%) 44.2 44.3 44.1 43.2
Table 5. Simulation Statistics in Cases with Different Scale Parameters and Target Availability
Ap Scale Parameter ElA4,,,1(%) E[TN,] (units) E[TP|(% - h)
1,020 76.52 9,309 404,530
1,200 77.94 8,029 337,134
1,380 78.97 7,045 295,352
80%
1,560 79.77 6,278 267,434
1,740 80.41 5,662 246,972
1,920 80.90 5,155 232,072
1,020 79.16 9,606 548,858
1,200 80.48 8,278 461,810
1,380 81.46 7,265 405,111

85%

1,560 82.20 6,461 367,344
1,740 82.83 5,824 337,916
1,920 83.29 5,297 317,427
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Table 5. Simulation Statistics in Cases with Different Scale Parameters and Target Availability (Continued)

Ap Scale Parameter ElA,,,1(%) E[TN,] (units) E[TP|(% - h)
1,020 81.84 9,894 723,547
1,200 83.08 8,506 623,912
90% 1,380 84.01 7,444 554,395
1,560 84.70 6,633 505,637
1,740 85.27 5,973 467,449
1,920 85.71 5,426 440,328
1,020 84.58 10,164 913,327
1,200 85.71 8,726 814,895
1,380 86.57 7,644 741,213
95%
1,560 87.22 6,790 686,606
1,740 87.73 6,112 643,893
1,920 88.13 5,562 611,078
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Figure 5. Total Expected Warranty Cost Comparison by Target
Auvailability under Preventive Replacement Policies
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Table 6. Comparison of Preventive Replacement Policies (2) and (3) by Threshold Coefficient and Target Availability

A, Maintenance EA,,] (%) E[TN,] ETC] (x10° KRW)
Policy Value A Value A Value A

?) 72.07 ] 6,233 - 66,603+201 ]

e=0.5 72.08 +0.01 6,235 +0.03 66,580+195 -0.03

80% 3) e=1.0 72.27 +0.20 6,143 -1.40 65,046+195 -2.30
e=1.5 73.23 +1.16 5,599 -10.20 57,931+159 -13.00

e=2.0 74.46 +2.39 4,624 -25.80 49,606+147 -25.50

2) 73.84 - 7,098 - 86,008220 -

e=0.5 73.81 -0.03 7,108 +0.14 86,138+190 +0.15

85% 3) e=1.0 74.04 +0.20 7,002 -1.40 84,444+216 -1.80
e=15 74.98 +1.14 6,512 -8.30 77,426+172 -9.90

e=2.0 76.26 +2.42 5,666 -20.20 68,146+166 -20.80

@) 75.82 - 8,170 = | 107,495:208 -

e=0.5 75.85 +0.03 8,160 -0.12 107,267+£216 -0.21

90% 3) e=1.0 76.08 +0.26 8,045 -1.50 105,545+188 -1.80
e=1.5 76.91 +1.09 7,646 -6.40 99,292+178 -7.70

€=2.0 78.04 +2.22 6,920 -15.30 90,781£160 -15.60

2) 78.02 - 9,462 - 128,529+217 -

e=0.5 78.05 +0.03 9,435 -0.29 128,287+236 -0.19

95% 3) e=1.0 78.23 +0.21 9,354 -1.10 126,952+191 -1.20
e=15 78.78 +0.76 9,098 -3.80 122,8124+214 -4.50

e=2.0 79.75 +1.73 8,539 -9.80 115,439+£194 -10.20

Note: + denotes the half-width of the 95% CI based on 100 simulation replications.
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Table 7. Warranty Costs and Key Statistics of the Three Maintenance Policies by Target Availability

) EA,, E1TN) ElTP| ElTWd A
A, Policy g o
(%) (units) (% - h) (x10° KRW) (%)

1) 77.94 - 337,134 375,843+484 -
80% 2 72.07 6,233 770,871 534,160+£816 +42.1
(3)e=2.0 74.46 4,624 574,138 481,642+644 +28.2

@) 80.48 - 461,810 401,698+558 -
85% 2 73.84 7,098 995,457 590,958+900 +47.1
(3)e=2.0 76.26 5,666 788,727 539,074+700 +34.2

@) 83.08 - 623,912 431,944+566 -
90% (2 75.82 8,170 1,244,154 658,910+932 +52.6
(3)e=2.0 78.04 6,920 1,050,704 609,817+670 +41.2

) 85.71 - 814,895 468,080+595 -
95% ) 78.02 9,462 1,487,600 734,480+£978 +56.9
3)e=2.0 79.75 8,539 1,336,104 696,415+905 +48.8
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Table 8. Re-optimized Maintenance Initiation Thresholds and Warranty Costs of Policies (2) and (3)

A, Policy m' (thof:z[iﬂngW) A vs (1) (%) ElA,,] (%)
(1) 35 375,843 + 484 - 77.94
80% @) 90 441,430 + 478 +17.5 5321
(3)e=2.0 90 442,398 + 513 +17.7 5321
(1) 20 468,080 + 595 - 85.71
95% @) 80 551,220 + 661 +17.8 5739
(3)e=2.0 80 551,634 + 591 +17.9 57.34

Note: Thresholds for policies (2) and (3) are re-optimized over m = 10-110

S5 80% 7] 28.2%, BXIFEE 95% 7] 48.8% H&
O = lﬂc}ﬂxﬂ A9 HlE 9 FUHA Gt g
BN ZR7HEE ZHMA F 7B 821 95%
B e £0.2% oW =2, 99} 2o A 7k
tol= AlEdold A 9IS FA| 433
9 A= AR ()€ 7F0E 529 HF AuAE
71%& A3 ()9 (3)°ll FYsHA HE3 Zlo|nZ, o]t A
A7 Aol B3l FFe ERI87] Sl N E FXVEE 25
Z(80%, 95%)1A1 A& (2)¢F AA (3)e=2.09] AHINZ7Z=
< 10~110 9folA FPH o2 AR ATHEZAT 1003]
R, A A = AR BE Z 7| o) REH] 8o] Hu A
712 tisl UAF #*da st o, AeAE 27 gulA
27122 A3 (1) HA@Eg 2 2 o0(EE7HE 80%)
I 80(EEHEE 95%) .2 UEFSTH<Table 8>). AIEAE
A ARAZ7)EANM A (2), 3)2] F 7| EEFH & A
A ()9 AAZE Y] 17.5~17.9% & $F0 2, o]= A3 (1)
o] A AR A2 2S 1A TR S W o] A 2H28.2~56.9%) K
o A EAqch. 28U 1ZnA A (1) HE 9
A3 FAEAT @ G HH U AR A=
BH7FsEC| 53~57% T Steste] HR7bsE A
ngtd =, ol £ Ao ©rt AA A A A A u}
2 nANE Aol HdEHE 7S A357] wEolth
E}F/W ot u A A9 A8 Ao B8 H 489} HRIHE
5 79 4S5 BAE A 1HE H8U) et

S

qu
rln

Z o>y
AN ret oo
m[o o2 e
=)
rir F—E ON.
1
nr[n rlo :‘

B ATNAE A58Z A8o] A48 (hn) BE 29
IOE % HRFH §& AaBehs HA JuAL)E

& BEaST, ol Agdollg Teslel 0510
(kn) B8 Azdel HE7V5 B0 5 700082 4
shin o) & whero 2 A A3 gaAl A2 vms)

At =3, FAAE S B T4 vy Wshrr A A
HA A7) 23 2 7|t B Z0] 0 n)2)e JakS ngs 24
o2 AEsY.

with 100 replications per condition; + denotes the half-width of the 95% CI.
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