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Wind turbines are prone to frequent failures due to harsh environmental
conditions, and maintenance and repair (M&R) costs constitute a significant
portion of their lifecycle costs. This paper presents a mathematical model for
simultaneous optimization of M&R strategy and resource allocation in wind
farms. The model considers three wind farms with turbines consisting of four
main components (rotor, bearing, gearbox, and generator) following a Weibull
failure rate distribution. Maintenance operations are defined as preventive and
corrective replacements, and resources are classified into four categories: tools,
technicians, transportation equipment, and lifting equipment. The objective
function minimizes the average total cost of resource allocation, maintenance
and repair costs, and resource shortage penalty cost over the typical lifecycle of
wind farms (20 years). The model is solved using a single-objective genetic
algorithm. Numerical results show that the optimal preventive replacement
plan includes 7 replacements for the rotor, 6 for the bearing, 4 for the gearbox,
and 6 for the generator, achieving an average total cost of approximately
$68,529 per year. Sensitivity analysis is performed under four scenarios
(individual and group replacement with and without resource constraints) and
on Weibull distribution parameters. Results reveal that reducing available
resources decreases the number of preventive replacements, and individual
component replacement incurs lower cost than group replacement. Moreover,
changes in the Weibull scale parameter have a greater impact on total cost than
the shape parameter. Future research directions include real case studies and
integration of resource logistics.
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1. Introduction

Wind energy has experienced remarkable growth
over the past two decades, establishing itself as a
primary source of clean and competitive energy
worldwide. It is projected that wind power could
supply 20-38% of global electricity by 2050.
However, wind turbines operate under harsh and
variable environmental conditions, making them
susceptible to frequent failures. Maintenance and
repair (M&R) costs can account for 12-32% of the
total lifecycle costs of wind farms, underscoring the
critical need for efficient maintenance strategies.
Despite extensive research in wind farm
maintenance optimization, a systematic literature
review reveals several research gaps: (1) limited
integration  between  maintenance  strategy
optimization and resource allocation; (2) insufficient
attention to shortage penalty costs for maintenance
resources; (3) lack of comparison between individual
and group component replacement strategies under
resource constraints; and (4) short-term planning
horizons in most existing studies. Recent research
has moved toward simultaneous optimization of
maintenance  strategies considering resource
constraints (Ji et al., 2025; Li et al., 2026; Xiang et al.,
2024), yet the mentioned gaps persist.

This paper presents a novel mathematical model for
simultaneous optimization of maintenance strategy
and resource allocation in wind farms. The model
integrates preventive and corrective replacements
under Weibull failure rate distribution, while
considering resource shortage penalty cost as a key
component of the objective function. The main
contributions of this work are: (1) simultaneous
optimization of preventive replacement strategy and
resource allocation in an integrated model; (2)
modeling of shortage penalty cost for maintenance
resources (tools, technicians, transportation, and
lifting equipment); (3) comparative analysis of
individual versus group component replacement
under different resource constraint scenarios; and (4)
long-term planning horizon (20 years) aligned with
wind farm lifecycle.

2. Methodology

This study considers three wind farms (A, B, and C)
with 20, 20, and 40 turbines respectively, sharing a
common maintenance system. Each turbine consists
of four main components: rotor, bearing, gearbox,
and generator, each following a Weibull failure rate
distribution. Maintenance operations include two
types of replacements: preventive (scheduled) and
corrective (failure-based). Resources are classified
into four categories: tools, technicians,
transportation equipment, and lifting equipment.

A mathematical model is formulated to minimize the
average total cost over the typical lifecycle of wind
farms (20 years, equivalent to 240 months). The
objective function includes three cost components:
(1) resource allocation costs to wind farms; (2)

maintenance and repair costs (preventive and
corrective replacements); and (3) resource shortage
penalty costs. The decision variable is the number of
preventive replacements for each component (IV;),
while auxiliary variables include total average cost
(E[C7]), number of required maintenance operations
(NPy;), allocated resources (NVy;), resource
consumption (L;), and resource shortage (S;).

Due to the NP-hard nature of the problem—arising
from discrete decision variables and a nonlinear
objective function (including Weibull failure rate
integrals)—exact solution methods are impractical
for large-scale instances. Therefore, a single-
objective genetic algorithm (GA) is developed as an
efficient  metaheuristic = approach. The GA
chromosome consists of four genes representing the
number of preventive replacements for each
component (values between 1 and 240). The
algorithm uses roulette wheel selection, single-point
crossover, and mutation operators. Parameters
(population size, crossover probability, mutation
probability, and maximum iterations) are calibrated
using the Taguchi design of experiments method
with an L9 orthogonal array, maximizing the signal-
to-noise (SNR) ratio criterion. The optimal parameter
values are: population size = 100, crossover
probability = 0.8, mutation probability = 0.2, and
maximum iterations = 1000 the methodology section
of your paper, you should provide details of the
methods used in your research. This includes an
explanation of the data collection methods, tools,
techniques, and statistical analyses used in the
research.

The goal is for the reader to be able to understand
how your research was conducted and, if necessary,
replicate it. In other words, the methodology section
should be clear enough to allow for an assessment of
the replicability and validity of the study's results.

3. Results and Discussion

Numerical experiments are conducted on a dataset
from (Zhang & Yang, 2021) with three wind farms
(20, 20, and 40 turbines) over the typical lifecycle of
wind farms (20 years). The optimal preventive
replacement plan obtained is N =[7,6,4,6],
representing 7 replacements for rotor, 6 for bearing, 4
for gearbox, and 6 for generator, with an average
total cost of E[C;] = 1,370,586% over 20 vyears,
equivalent to approximately 68,529$ per year. The
resource allocation matrix (NV) and average
monthly resource consumption (L) are:

5.2197 9.6620 4.3962 4.3962
NV =15.2197 9.6620 4.3962 3.962 |,
10.4394 19.3240 8.7925 8.7925
L =1[20.9,38.6,17.6,17.6].
The genetic algorithm convergence diagram confirms
proper performance, with the objective function
steadily decreasing toward the optimal wvalue.
Sensitivity Analysis is performed under four
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scenarios: (1) individual replacement with unlimited
resources; (2) individual replacement with resource
constraints; (3) group replacement with unlimited
resources; and (4) group replacement with resource
constraints. Additionally, sensitivity analysis is
conducted on Weibull distribution parameters (f8
and 717) and inflation rate.
Scenario 1: With unlimited resources, the penalty
cost has no effect on the optimal solution. The
preventive replacement plan remains constant
at N = [7,6,4,6] regardless of penalty cost values.
Scenario 2: Under resource constraints (10% to 80%
reduction), the optimal replacement plan changes
significantly. With 20% resource reduction, the plan
becomes N = [5,3,4,4] under heavy penalty and N =
[5,4,4,4] under light penalty. At 30% to 80%
reduction, the plan stabilizes at N = [3,2,4,3] under
heavy penalty and N = [4,3,4,4] under light penalty,
indicating a saturation point where further resource
reduction does not change the optimal plan. In the
light penalty scenario, the model accepts a small
penalty cost to maintain more preventive
replacements, avoiding higher corrective costs.
Scenario 3: Under group replacement with unlimited
resources, the optimal plan is N = [5,5,5,5] with
total cost of 1,410,8008%, higher than the individual
replacement scenario. Although group replacement
consumes fewer resources (L = [18.4,34,15.5,15.5]
vs. L =[20.9,38.6,17.6,17.6]), it results in higher
total cost due to increased corrective replacements
caused by longer intervals between preventive
replacements.
Scenario 4: Under group replacement with resource
constraints, the plan stabilizes at N = [3,3,3,3]
under heavy penalty and N = [4,4,4,4] under light
penalty, regardless of resource reduction level. This
demonstrates that group replacement strategy is less
flexible than individual replacement in responding to
varying resource constraints.
Weibull Parameter Sensitivity Analysis: Changes
in the scale parameter () have a much greater
impact on total cost than changes in the shape
parameter (f8). Under 40% resource constraint with
heavy penalty, reducing 7 to half (0.51) increases
total cost to over five times (from 4,187,868$% to
21,263,547%), while increasing 1 to 1.5 times
eliminates penalty costs and significantly reduces
total cost to 933,3353%. Increasing f8 to twice the base
value reduces total cost by up to 72% under resource
constraints.
Inflation Rate Analysis: It is mathematically proven
that a constant inflation rate appears as a fixed
coefficient in the objective function and does not
affect the optimal replacement plan. While inflation
impacts absolute cost values, the structure of the
optimal replacement plan remains unchanged.
Key findings from sensitivity analysis:

e Resource constraints have a direct and

significant impact on reducing preventive
replacements.
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e Lower shortage penalty costs encourage more
preventive replacements.

e A saturation point exists at 30% resource
reduction under heavy penalty, beyond which
further resource constraints do not affect the
optimal replacement plan.

e Individual replacement outperforms group
replacement in terms of total cost.

e The lowest resource consumption does not
necessarily imply the lowest total cost; a
balance must be struck between current costs
(resources and preventive maintenance) and
future costs (failures and corrective
replacements).

e The Weibull scale parameter () has a
significantly greater impact on total cost than
the shape parameter (f).

e Constant inflation rate does not affect the
optimal replacement plan, only absolute cost
values.

4. Conclusions

This paper presents an integrated mathematical
model for simultaneous optimization of maintenance
strategy and resource allocation in wind farms. The
model incorporates preventive and corrective
replacements, resource allocation costs, and resource
shortage penalty costs within a 20-year planning
horizon. A genetic algorithm with Taguchi-calibrated
parameters is developed to solve the NP-hard
problem.

The optimal preventive replacement plan (N =
[7,6,4,6]) achieves a total cost of 1,370,586$ over 20
years. Sensitivity analysis across four scenarios
reveals that: (1) under unlimited resources, penalty
cost has no effect on the optimal solution; (2)
resource constraints significantly reduce preventive
replacements; (3) lower shortage penalty costs
encourage more preventive maintenance; (4) a
saturation point exists at 30% resource reduction
under heavy penalty; (5) individual replacement
consistently outperforms group replacement in
terms of total cost; (6) group replacement is less
flexible under varying resource constraints; and (7)
Weibull parameter analysis shows that the scale
parameter () has a significantly greater impact on
total cost than the shape parameter (B).

Theoretical contributions: This study introduces a
four-component integrated model for simultaneous
maintenance and resource optimization, models
resource shortage penalty costs, and compares
individual versus group replacement strategies under
various resource constraints with a long-term
horizon and provides comprehensive sensitivity
analysis on Weibull distribution parameters.
Practical contributions: The framework provides
managers with a decision-making tool for
determining optimal maintenance strategies,
resource allocation, and cost management under
different resource constraint scenarios. The
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sensitivity analysis demonstrates that investing in
resource availability (e.g., warehouse fortification)
enhances both reliability and cost efficiency. The
sensitivity analysis demonstrates that investing in
higher-quality components (with lower failure rates)
and maintaining adequate resource availability can
significantly reduce total costs.

Limitations: One limitation is the assumption of a
constant inflation rate over time, while in reality
inflation may  fluctuate. = However, it is
mathematically proven that a constant inflation rate
does not affect the optimal replacement plan.
Additionally, the model does not consider the time
required for maintenance operations or logistics and
transportation of maintenance resources.

Future research directions: (1) extending the model
to multi-objective optimization including
sustainability and environmental goals (e.g., carbon
emission reduction); (2) incorporating uncertainty in
failure rates and costs using stochastic or fuzzy
approaches; (3) investigating weather conditions'
impact on resource accessibility in offshore wind
farms; (4) developing an integrated model covering
maintenance strategy, resource allocation, and
logistics simultaneously; and (5) developing age-
based group replacement models considering
remaining component life the conclusion section of
the article, a summary of the main findings and
content of the article should be provided, so that the
reader can have a clear understanding of the topic
and message of the article.

Also, the questions raised in the introduction should
be answered and the importance of the work done
and its impact on future research should be stated.
Avoid presenting new information or detailed
discussions and focus on summarizing and
summarizing the main points.

Acknowledgments

The authors sincerely thank the Editor-in-Chief, the
anonymous reviewers, and the editorial staff for their
constructive feedback and timely handling of the
manuscript.

Funding
This research received no external funding.
Conflicts of Interest

The authors declare that they have no known
competing financial interests or  personal
relationships that could have appeared to influence
the work reported in this paper.

Author Contribution Statement

Hamid Moakedi: Conceptualization, Methodology,
Supervision, Validation, Writing — original draft,
Writing — review & editing, Project administration,
Resources, Visualization, Formal analysis; Mobin
Efati: Investigation, Software, Data curation.

Data Availability Statement

The data supporting the findings of this study are
derived from the work of (Zhang & Yang, 2021),
which is cited in the manuscript. The numerical
example in this paper utilizes the failure rate
parameters, cost data, and resource requirement data
from that publicly available source. The datasets
generated and/or analyzed during the current study
are not publicly available due to the ongoing nature
of the research project, but they can be obtained from
the corresponding author upon reasonable request.

References

Ji, X,, Shen, X, Dy, Y., Ali, N, & Tan, R. (2025). Two
phase optimization method for corrective
maintenance of offshore wind farms considering
vessel fleet size. Ocean Engineering, 341, 122669.
https://doi.org/10.1016/j.0ceaneng.2025.122669

Li, W., Xiang, D., & Liang, F. (2026). Multi-objective
opportunity maintenance optimization for wind
farms considering multiple factors. Renewable
Energy, 256, 123868.
https://doi.org/10.1016/j.renene.2025.123868

Xiang, H., Liu, Q.,, Dong ,M., & Wang, Y. (2024).
Hybrid group opportunistic maintenance
strategy for offshore wind turbines considering
maintenance resource allocation in harsh
working environments. Ocean Engineering, 312,
119147.
https://doi.org/10.1016/j.0ceaneng.2024.119147

Zhang, C., & Yang, T. (2021). Optimal maintenance
planning and resource allocation for wind farms
based on non-dominated sorting genetic
algorithm-II. Renewable Energy, 164, 1540-1549.
https://doi.org/10.1016/j.renene.2020.10.125

\o)Lmﬁ/V o)sé/\f‘7 Jb»/é)somsw‘sww


https://doi.org/10.1016/j.oceaneng.2025.122669
https://doi.org/10.1016/j.renene.2025.123868
https://doi.org/10.1016/j.oceaneng.2024.119147
https://doi.org/10.1016/j.renene.2020.10.125

SOCIETY

>

IRAN LOGESTlCS
C Dalsiuual. \JAN

S90 2 9 o (gwdife 4

TYQY ) amio [V ol 1Y 0,03 N F+F JLoo /(5590 0 3 rimmsns (ssiiides

w2

4.0 10.22034/5ep.2026.2092529.1517 J/M’ u’/»-/

Fay0 b Gob &yl 30 Of ot 5 55IeR S F1 il 9 @l awadd Glojod (g jluding!

&Uo 39m0 40 32> 4y 3 (8
AL o (605 50 Do

bae p

S35 onS

5 wlSin slpamss giledoe @
J=ly ol 5 b (Nl

s slag b 10 Cowlus o o
Bl cudgaza b (29,5 5 50l

sle S5y sl gleesly @
Sz Jsb o S anie jleanas
3L &)l Jolate yee

Y pot o)

3551 5ol

Ao Slasine

PR

:llio azmsn U
gy allie g4

VE- O/ F el o
VOOV e S5k
VRO 81V by
VB 51V oty )

JQ““‘“‘" OM}:*
moakedi@qut.ac.ir

ol gauls

Ol a5 (5,105
Oloyar (g3l
abe sarass
@b g)l5e

R HINIY

9 M 86 Sla ol dtes o e Ll Jds 4 ool slagm
L s @35 a5l (sl pe Lol (20 Sliasd 5 )l anje
G5l plosen (iludig lp £2by Joe Sl (pl o a0 o0 JeSES
L ool ae 50 aw Jolds Jow 0gd o0 &SIl g0l gl 0 mle Lamass § <o
3 2L G155 5 oSS (S y9r 959)) shol addse Yoz gl o8
éJL.A 9 [ w].u @’)Lo‘ 9 d..ll).\i..».u ua;s.u éy 9o o <o g_JL..Lo.C o J.uls
U Sl g Jaig e Oliger oSS YTl aws BIPE R
orrass sl je fgeme lawgie (ilwaieS (Bun Bl W08 e (snail
Eolye Jslate yos a3 32 Jsbo )3 wlis 35005 doy > auje 5 &5 slaai o wrlie
e ol ol o > 405 K5 w51 b e ol (o ¥4) ool
L% sy e LY Jeld ang &l Si g el p ams oo (Lis goae
POV FABYA a4 5 anje oS0l g Conl 53135 b P g oS L T oS
5L (295 5 il L) Al S ez )3 Colas oS o0 JLo
@l el oad plml s mjss sleyiell o) 25 (Rl Casgame o
oeolS 1) il Ky Gl olawi (uypws o mlie malS was o olas
D) (g8 anie ()5 LAst @ Cond adlie 0lAl (Aigel 5w e
bl s IS an e i 550 Jaly obke el Sl (aizres
Olyre 4 @l Jaig o Siitward (5luaz LSy 5 6890 anlllae ploxil o jls 53

Cewl Creative Commons Attribution (CC BY 4.0)

E 3 some Lalss 5 Ll o 8l3T s s b allie S5 ol (Sl ol Lawg st piiie iy gi Y- VY ©/VAYA-Y1A0
)4 o . . . ]



https://creativecommons.org/licenses/by/4.0/deed.fa
https://creativecommons.org/licenses/by/4.0/deed.fa
https://systems.eyc.ac.ir/
https://doi.org/10.22034/sep.2026.2092529.1517
https://orcid.org/0000-0002-7242-7738
https://orcid.org/0009-0007-1650-6224

&be DganS dny 2> a3 (38,8 JLai )0 b (g0l & 450 10 Dl yren 9 (551 (§ 5|l 3 Bl amas Glojed (55l Y.s

Je (Besnard et al., 2012) oadplxl daslllas G o
Slreni 5 NS Sletiy plojle Siludin sl
O TS T N N
5 el 0039,5 B ,ee (Schrotenboer et al., 2018)
3 sw)» (Balasubramanian et al, 2020) lalie
&y ook gl ileainnr sladoe anslis
ol ral.‘?o‘ uL..wL?bo CA-CJ.A.AJ 9 p.g)jﬂ‘ (;..\.m (Bud
(Carlos et al,, 2013) oulplzil adllas G o .ol
g ok Cep Bolar )8, (185 Ll o b alaee
G0 gk 5o el oad &L Glebl oLl
&;lwaige (Atashgar & Abdollahzadeh, 2016)
B Sl 5 (g8 llbias p Slasd 5 (5 e

el 00 I uLoJ.o..Q h.))?.aé‘\.!
0,50g, (Allal et al, 2021) ool plxil (glasllas o
Slr OBz Sl wi,s b il g iloand
Sl 55 Slesi 5 IS Gryaebn 5 (2l
G dlie jo ol ead slpay Jelold sl
5 Gilwdas o Sluol j96 (Ding et al, 2013)
odd ploxil (g3l Slagm s ;o & sl (gsluange
oty 3 e A 355 il ol il 5
c..\:{éjf @L.»L».w (CBM) \Q‘..:.subg 5 w LgL“Q)i.‘.S)
g b > (Ambarita et al., 2023) iogh S o .ol
Jao 55l 60k &)l 50 anwgs sl wiily slacs Hslid
6)5.19 o..\...ural.‘?o‘ asJllao o Cewl oo I
Glyp Solus i Jow (Golestani et al., 2023)
b gl @bl Cunse 5 nyaeln silean
G5 e o cwl ean Wl delulg
Jols 4z LSS (6 8 puoual gzl (Li et al,, 2022)
pae iledoe 9,509, 5 Sled 5 SIS Joe
Sy 50 Geitred el 0030,8 slpainy Jleis| coalad
dwloes gl 209, (Rinaldi et al., 2021) Koo jupgh
Gl sl b glie Slboe 5 aloym slaazls
2b) Siledse oje> 5o olaiagh b (o mhaw 5o
(Ramezani et al., 2026) il Ky Sl pasd 5 (65,1095
Sleesd 5 SIS slosyal, golatdl Julos

' Condition-Based Maintenance

doddo —

Godxie bYo 4 pdiagasd slags il 5l eolazwl oyl
9 6‘43[5:15 6&}[5 )LM...J f ;L......S : @L;.a SgaaS o )|
S35 ol 48,5 5 09 55 4 50 nn) il
4 g andly S Koz > A, FURALY Jls Y- Gb sob
el o s ple 5o St (5551 bl glie S
(Zhang & Yang, 2021)  isghy ,0 45 shiles
Ao, YA L Ve wilgd o ol (59, il 00l gomien
Glasdlae jo S el Yoo Lo b1, Gl Gy g
,giS & a5 Cowl oals o Ll 5.5 (Bilal et al., 2021)
ik 3] oS s o Loy Yoo Jlo b o aqe
3929 b ales i 1) 055 5l pdyanans slagss
5 Conw Sldee slalas (g0l (535, Olaly® sblse
Dylse 55 Gl 4 e ool Glac s prie
9 6)‘01.}0).@‘.} 6Lb=\...>).® 0L 43‘)| LSLQ)LJ u.ul...u‘ »
Sz anip S5 s B e Slgiee 5l
Sy JSis (Sis g ol ol gl ol ol
5 IS s (gldigy 50 5, Lo s (o

Lol 10,95 10 oYU Coenl 5l (20) Ol pons
Aoy 50 o la ey ol bl o
30 el 00l bl g0l sl e Ol puass g (5,005
Cedlw  polie o ylas 1y (Zhao et al., 2018) (glasilas
oST sees 6 F0b slais, 5 oolinnl b baop s
(Froger et al, 2018) (5,50 iudgh ,o .Cuwl oo
Gl Sl Bas b Glpesd 5 6)lS b,k
Casgimn 555 15 55 5 G S Jol sl
sldlie o cwl all deny eSS
Gryaebp sly ol slo g, (Dalgic et al., 2017)
oas &l Jolul 3 ol g5 50 Olpeni 5 (6l
(BErguido et al, 2017) 5,50 adlas ;o .ol
bl glaalnl i IS slacasbes
3 eimed ewl oaun )8 sl e lisbl
o Goxbplxl S ey
b 4 (Stalhane et al, 2015 Dai et al., 2015)
Slr e Gl e (8L 5 Sl en 5 (5,55 OB9L
wslo, Jdolul g ol gl o gbas b s

\o)Lmﬁ/V o)sbl\f‘7 Ju/6)5°ﬁﬁwww



Yev

(e 9 T

Wl Sy e Aol p s c0nls Sl Juws 5l Gus
SilwaeS b ool lagrm,s sleaddse glp aige
alivss ol o Gl cwl g0 JS sloas s agie
Bl 0y0) 5o e 5 SLeS 5 Coale Jdo 4 oS
i3l 5oyls )8 P Vo Slowlxe (Sauzmn b
ooy oolaziw! MUS o,&ulls vy <SG Glaae 4 S
Oloyed ilwange Jolo iagh lag,gly ol
Aoy aie (gledoe mlie jaras g o (g5l
sleadlge (29,5 5 (g0l,al agai duslie (ulio dgueS
Dol w9
5lasle pols gt OYl5w (wlul cpl 5
aie o lp @lpSin (A A by O
G5z ook gyl ke jas A3z 0 e
Ay bosol gl 4 mle aige pamass (Y
505 oo plol g plie ST,551 45356 (555,8
3l 2 65 4z glio s9aS oy anie (¥
S50 mbo amasd g Co aiyo
o boawlic jo leaddse golyal angws (Y
S5 anze Sl ) 6 o See Sy plaS (o295
ks
o 50 el sals paibeile ) e 4 allde aslol
Epoge Slodl jgpe Jold gkl Sl N
Gieok Syl 5 Sk s @l eealis
Joe zo il G i 4 ¥ e 05 o0 &Sl ol
2 e J> Gy oeies g olidn (L
cleasl F pow o o)l plais! Sy e, 6K
5 ol il @S soue Jlo Jolt gl
05,5 oo @) Gl el ez s el Lol
5 buogame Gl o6 Sz 5 Som 40 ise Bl

D3l 5 oo oan | Glidss ol p leolpi, «l)|

o5 B (Sl Y
ondpbl Dlidiod aiy 5 4l eeolie (230 cnl 5o
(63b Gy Dlpesl g IS Gojem o
Gyl Glojen il sbJos 5 qmlbe avass
Friar Sl b Slidod gladlSl izen 335

2 Nondeterministic Polynomial-time hard (NP-hard)

Y oylods /Y 0590 [VFef Jlw /(5590 3t 9 s (oo

dayyl jo a5 cewl ool plesl (Shams et al., 2025)
5 ape Gleatg Boa b cd dalize glagl
J ol b sl 43,5 18 anlllas 3,90 ylinols] il
oo e g (s, Uoee bl
&5 w5l 6ok g)lie Pl sla Shis 5 005 55 yeie
Saeadly @Bl gl 35S dex anie (July
ol 005 gy 1 Syl

Seoms &y SN slagiagn el sl e
A LIS sl Glejes iluant
&S Slles Jolse 5 plie lacusgame (385
G adlae S 0 diged  glp les S
Gl pliwl S (Xiang et al, 2024)
b slagmyy Glp 55 295 aldbows
bz )3 ple parass (185 )5 0 b J=lul)?
SRR 5 mitred ol oals &) Coew Slles
sl o9 (g5lwaigy hg, G (ietal, 2025) 5,50
A5 b dobal B ool gl 3 (el (5SS sl n
el sad ools anwgi o i8S Gl ojlail 88
& ilwdigs (Li et al,, 2026) lasdllas ;o cpl 5 ogdle
# Lol gl ln aldbiws B (5l daana
S35 iy Sl ool g s Jalge (53,5 b
W8)S I8 snr S50 | psd aded oslial (g5l
SIS 059> )3 03 Sla gyl S92y bl
SIS i @SS jei g3k ¢)lpe Dl e
SgreS Aoy AL3E 4 (2P SOleweal SUL
Cudgazme 5 (09,5 5 60,8l (g anylie pas cmlie
@ 0-Y idu o a5 ols o9y (i yaeln Sloy @8 40
A algs axsls p Ll & Jads

e ol (22l Jae G g Saa by pol> ey
5 Slheeni 5 S SFll plores (iluage
Ol e el eal bl g0l g)l5e o milie Lamass
bl Gan 2l ;o mlie 09 dey > aije (o
alie Codgame bl jo gy Slepeal U 09 oo
JLis 1) anse aiws daw ol Juw 00,5 Sl
-V ool glie 4 mle parard anie - S
Soags Jold) Sliess 5 65l Sles anze
abe 95008 Ay anie T g (Mol g ailSany

! Non-dominated Sorting Genetic Algorithm IT (NSGA-II)



&be DganS dny 2> a3 (38,8 JLai )0 b (g0l & 450 10 Dl yren 9 (551 (§ 5|l 3 Bl amas Glojed (55l YA

Grytalp cobl Jal Sols (opliwl ol ol
&P TP oS sl S slaosls 2525 9 Soenils
sl o Cumsy Gl p e bty ax S
Lol o (o 5 5 9, oy, (0L slayu o8 4o o5
(S glacSleyy sieils sy, ol sl
Sl 4> g5 PB (5,108l w9 S5, slaosls Julow
Sl dedo oo (G 4l Sty (IS Ko
lrools 4 5L pae g Sowaidy (o3 4eb bl >
2 hes 5 Al 950, Ko Gl 4 pliares (sl
oS oo L eolasl 55 ool e
oo ol mll (uizres (Zhang & Yang, 2021)
Sty b amlie lp o2y Olpe 4 wlgiee

255 1,8 oolatl 5,90 (CBM aiile) jSaid iy

&b simye 5o dwly 25 €5 -Y-T

S 5 siledae slp ey w3l S
o] el N (Sl lalad

«Atashgar & Abdollahzadeh, 2016)
Soge & July o3 #5 &b (Carlos et al., 2013
] i e B\~
bl Bl o a5 29 oo i A(E) =;(;)

Gegn oy Sl g eldle Sl g JSS
aS Cowl o 00ls usg (Zhang & Yang, 2021) L3
G Oglee sla,ls) caimolis foalie polie
CeSE) oy 2l Es sl B<T S il
) el o gy sl B=1 51 (plins;
Gosme 2l g sl B>1 51 5 o(Solas
(b Sl o e walex (w5 Ghbesd
5 oSS e oy, b (Sl gleadlse
oaasnlis a5 swe B>1 gl Vaera il

Lol Gloy IS L oy 0 sl
ooliiwl 5,50 2> 5 loyul)ly o5 Casl S5 a3y
g S5 tagh ) Lk (F Jguz) dlie ool 5
40 aS Cowl oads wlidl (Zhang & Yang, 2021) b

S r Giledae Glp dals e L O]
el oo oolauwl (6ol o )e8 (sloadlse

Sldlae by Lol ey oKl g ool s

Q}“gs" Ly :‘m.-

oL E5130 50 Ol pmoni 9 (5l -)-Y

g S slabaoe jo il Lo 4 ook lagmss
o)lgen (bl b )l 5 02 &) s 1 590 L
2l sk aaie sasie glaglS e o
(Zhao et al.,, 2018 Ding et al., 2013)  yuiew Ollllas
Qg o 6oL sy ysi ol AT el oals ooyl
SIS Sl wad glasl) daoe bl bYo
) Sl o (o] gysh Cashs, o
poe 5 (B yeS 5 BBl il oS e olakss
a2 &) fge 55l

Slaoss 5 5,05 slaglwl Egose Slosl o
5 515 Giba% 59 Wisdige el €hwd oz 4 Ypane
a5 Cewl odls i (Zhao et al, 2018) . )Ken
€889 ) m Slest 4 (AMel) (L2STy (5 eSS
Giasen bl cnesle () cnl o9l oo 45 o>
Do (SYob AB5 4 e Cewl (S |5 Cenl S0
(Carlos etal., 2013) caubploil (glasillas ;o 0gd oyl
5 Sy ol il Ky (6,105 45 Cansl 00 L
Sondy | S Bpo 0ad s iy 5l Sley Sl
S ool > 5l Wlgior gy cnl canl axlad (A3l
oing) ged 4 e ol (Kn Lol 035 (555l
Ohea 9 gl egh 0 sl e laks
o Ll Gy 5 S (5l 4 (Zhao et al., 2018)
b ety Candy palhe Gl o] )0 a5 el ond
5 U s ailoles glaosls 5 Lo S I colizul
Oygo 50 s Ol pans g oals plal Mleesls (5 )5laex
aalllas )0 rizmen D pdy o0 D (5 el A
6,455 (Atashgar & Abdollahzadeh, 2016) (5,55
Sldes cpaiz ol 5o a8 conl oo iy a5 wildbics b
8 ey M) o p S 53 played 90 4 (55l
Pl (ol ol oo 33 (3 s sl Syrats o
by mals ) S slaciBes 5 (o tws aija b ogd o
2 e iy 6K Bl ol ag o
Jdo cnl ouls a8 3 lai o ladalie gloygo aige

! Supervisory Control and Data Acquisition (SCADA)

\o)Lmﬁ/V o)sé/\f‘7 Jb»/é)somsw‘sww



.4

(e 9 T

20l 2 IS ploy S g plie anse (olsn 5 O
Jae (Atashgar & Abdollahzadeh, 2016) glasllas ,o

95 N9 ildbius B Dl jeesd 5 (5,55 (3lwainte
ol Gaa g oud &l lojen ©)jgo a4 @8 Sk
@ IS Fl el 5 ook asre (Sl s (s
Sb Jlas ! ols caws 3l Glejen jobo 45 4 004y (sldisS
led PBlax 1) jos a2 4o g

(Zhang & Yang, 2021) L ¢ Sl uegh o
oolaiwl b g0l gl50 o mlin jarass g &d 55,40k
Wz o el ool (g leding ABamgs S i 595l ]
g odd (o8 ol O jge 4 5 sl aalllas Gl o
el 0050 5 iy molie arass lads

Oboyed it p wST L g 3l Slagiagh
0397 (rl 1S 6% Slapls il arads 5 5 IS
G &1l b (Xiang et al,, 2024) gladlae ;o .slatils
Slr =55 2o aldbiwsd (ol o3l
2 gl arass b olulp ol slages
Lol 48 15 ) 390 S Slbes slalae
arwy b (i et al, 2025) (5,50 dsllas ,o o yizmen
SIS a4 sl pegs (gileaie by, e
S5 Glels sk gl o Mol
590 (Gaw el oal aSla, HEL slacysgase
ool (65,54 L (L et al, 2026)  oiwgh o
e n A sz (lwaigs alius G 0 NSGA-TI
aldbiws b o )lS 2 Fie saaite Jelse Glojen
S )0 oot el b jiagh cpl ax ST ailasls
Lol ezl slin 5 (50055 Slosons (53t L5,
5 &lie 99005 Aoy yz anje pla Slegdge 4 lires
baz bSo Joe o )0 (0295 5 ool angas ansli
] 00l Az g8 ieS Sowaids 38

3 6 Soys b (Moakedi et al, 2026)  oiogh 0
SF el @8 By p (S o)lirediz (6 S e
SHlil (P p Glaie 4 &l pSiiny Slress 5 )l
30 mizmad Sl ol Ol a0 F cae lee 5l cd
Syaiwl L (Salehian & Jahan, 2022) (glalae
2 e Sty IS el
359y @ Gl jLed 8 gl 5o Gliablen LB
ols ol as jsbtr 5551 o395 WSy

Y oylods /Y 0590 [VFef Jlw /(5590 3t 9 s (oo

Ol proxi g (5l 50 @il amass —Y-Y
T O S R S
&l (Schrotenboer et al., 2018:Allal et al., 2021)
o 4 ol gl yo o Sldas plil Gl 5L 5,50
5 Pras ple g (G5 bk b jaas
5 Jsdem Sl (paass SV (Sl
Oty cbdlae e GV Sl
Besnard et al, 2012 <Dai et al, 2015)
&)lpe ;0 a4 cowl ol ools Lis (Stalhane et al., 2015
S i) 4 gwws anie ((Joluld gl
Ay e aies ez ol gl 0 0ediee
KR [UVES T OUNEL < SRPICH N I (S W PRV P 5
Shsl Gl e VL Slpgss 5 Jasg o
Joe yo (Shsl jesB) Glizes g0l gl m @lio

el ooy bl

Exlo 3o plojer gilwainy s Juo —F-Y
sob

Olerer  ilwag 4 Oldlas 5l gogame olaw
@ bl o as wlasls ol javass § Co g5 ]
g se o)l Ll s yages

5 &)l b (Froger et al, 2018) glaslllas o
Gt 385 3] ol a3 (g5l 55l Goaa b S o
Se g od Wl eSS Cadgaze (28,5 A o L
pptelin p (e S de Gexiar 9)Sg,
Lol 0030 )8 slpiion ol Jo 6l Cudgase
(Schrotenboer et al., 2018) ouadplxl lalae o
b gl Slp GeeiSS Sl 5 parasS alies
S i Gilwdige o) Bas aF s Bire Jolild
5 GINS Glall 4 oSS alyy, aras
ol 0393 o oS ailyg ) (6l s

0,859, (Allal et al, 2021) (5,50 kgl 0
Slr OBzise S5 wr,sN b il g jluodd
Sl 2 Sl 5 6K sryeln 5 (sl
Lyl s asle obyial,ly g ool slpriy Joluld ool



&be DganS dny 2> a3 (38,8 JLai )0 b (g0l & 450 10 Dl yren 9 (551 (§ 5|l 3 Bl amas Glojed (55l .

;5 (Ding et al., 2013 Balasubramanian et al., 2020)
Jsb b canlie) Sowadds (gilwaigy ol ool oLl
3l ogdise od a8 (ol deyie Joliie jes a2 >
logiags 1 50 S leanie ey Ko &b
b gl Sleesi 5 SIS 03> S i
S 5o ol cewl ouis bl (Zhang & Yang, 2021)
(Jlo Y+) o3yaebp aeasls 380 4y axgi b as ol
5 SIS slaanze p 2Pl b Wlge
53U Co 1) eni digs delyp g ol alile Ol ess

s eange p ey Sl ol Ghagh jo I a8
Sl 00l (55w Jde ooy 381 SO
@ pol> agy wad glubid Gl 4 ey b
2 Ebe a5 S8 sl plepes siluang
Bl SgaS day > anze 38,5 5 o Lol g5
Sllllas & Cans ol ipgh slas,sly 550, o
il 2 Trb 4 ety
9 8Kty (agn $Hlel Jlojen (giluaige (1
42 )LSs Joe S5 0wl arass
o 258l amyr ani giledas (F
(M g Sy oo Dl5gors ¢ maiSS oSV
s badlie (25,5 5 ool LAuged anlie (F
ol Cudgase calizee slags \liw
e 35z bl Saeatly g3 aeb 38 (F
Lobo YY- Jobas Ju Vo) (g0l &)l50 Jglote

o295 ey Y

SFlil Do iluwingr (2L, Joe ciou onl o
Sl ol g)lie 5o gl (arass 5 Slesd 5 )l
Slog e g oad iy pai ool 0lj 4y aliae lail 095 0
Jols soleidig (23b) Jao (s 23500 Gl o
dalol 13 058 oo (Bire udgase g Ban b daoles

29,5 o0 o p S Ses ol p (See S B
Ao G i —V-Y

Sgud oo 48,5 Ll 0 C 9B A slasl b g0l ac i
S e Dl pani g (6K e Sl A yp oS
SIS Pl g onl e WS e Sless
ad)S 5,0 leadlie sloyed (aiged » (g Al Ky

Sldlas 5l eSSl b Lol Limgh o el o
L ool gyl 50 0)l5 Glp il ! 953
drwg mlie arads § S lejer (giluaige 0,509,

ol 00 o0l

9% 62918 9 Gz —O-Y

ol g bl OVl aelr oy b
e g Cd gl (JSUL (S -)
5 &INS Gl @nds oYlae 5ST s raabe
B I R R i
Cewl oul aigy b aeass LS g ool a8 S
«Schrotenboer et al., 2018 :Allal et al., 2021)
Oleed (gilwaige &5 Jb> ;o (Zhang & Yang, 2021
D9 oo A e (Kol alS 4 wilg ge 90 )]
az 51 il SgneS Aoy y2 duip 4 (RS T
el HISE BB, o Sldes (o mlie Codgasme il
Sl gl ks a5 s gl gl ey
oo Oygo &l ol 0gS 5l 5L an e (Dlids
ool bl Sldlas 51 ol 0 Klos,S Jow
Dai et al, 2015 <Besnard et al, 2012)
«Stalhane et al, 2015 <Froger et al, 2018
@ ol a5 cosl 0als 5,8 (Schrotenboer et al., 2018
A )3 09 e b i s 0 (e
NG PR WA 4..3;

F 3 iP5 9 Al 98 dmlio pus Y
&M)QW&Yogwlo&&J&)oJ
adie iz Gljes  aien ((owywd  Codgdowe
dlie 4y o5 Slalllas ll (5550 (29,5 R29%9)
gl gy IS anse a5l glll g oyl
boalaSon s sy 2 kS 0s2ee slatash
S S I . e
¢Atashgar & Abdollahzadeh, 2016)
.(Zhao et al., 2018 Erguido et al., 2017

i ipye Pl g Goeadds g3 yaliy @S -F
@ilig)) GowolisS  (gpydelpy 38 Wgzge Olalae
30 a5 jehilen g wlad 3 L o |y (alale L San
3 ead bl Glaagy (S

\o)Lmﬁ/V o)sé/\f‘7 Jb»/é)somsw‘sww



gl

(SHhE 9 T

plas 5o plosl sl a5 5 ) S92rg Sl reni 9 (5,05
sl p3¥ emlin 65 F 5o 5l mlie Slies 4 s

5 IS Slhios plnil (sl 53 050 mlie (Ve
asyj0 2z 5o (SHdl O s 4l |) Ol yass
(asbe S1,250 ,92518) 5,8 oolizal g0y

Sl ployen siluaie 5 siludoe S (1)
oo 4l o arads 5 &l Sin JAases
2 ale parads 5 5 anie gsexe hwgie a5
B9 dieS (63L £ )lpe yos 432 Jsbo

JLe Yo pyaelp Sowasds 38l 4 azg L (VY
S iagy 5o &Skl Grizen 5 (ol VY- Jolee
6ok gl Slesd 5 5ISS 0j9> 5 iy
Zhang & Yang, 2021 Allal et al, 2021)
sleas e o s, 5l (Schrotenboer et al., 2018
P8 B pSl Ghgh 0 sl oads Bl S
Ll 00l 5y Blewloxs

5 GINS Slles 2 plxil Gl e 51 (O
kel Syl sad G0 Dl pess
oxbdyas e Oliee 5 agnd g9 9 Sl 59)
i 5 o Slilas slass olel s B yas mlie o
3 gl 35008 g Wigh oo dlns Dlilos ja (e
s 5o gl b ol as mle alie )b
20,5 co Cynd ol 2 4o

olesioy 0L ) Jow -Y-Y

O)s,c LgL(bOLo.s JAL.» alsws gsﬂéL‘) J'-\A sM u—" )‘5
Do oo &l iy sgase 5 Bun mli LS

3L 090 saOlos —V-Y-¥
YRR

k=AB,C (s gl il k

6oL e ladge ] !
S, 99, ke e gl =1234
Lol 9135 5 eSS

(&6) Ol posd g (6,10 Sldos il i
ey dlaw Sl oy o4 i=1,234
99055 9 oS Ko g0 )59, Al iy
59, el Large slaw Xilo i =5,6,7,8

Y oylods /Y 0590 [VFef Jlw /(5590 3t 9 s (oo

Jolgd jo dalse 12 anliw ol wlol 5l ouds
Debie g AlSin Ojpe @ parie Sl
St Jao bwg alpSin Glagags sl
Gloanse goaxe a5 GlisS A wsde (pesS
d9eeS dery> g plie parads (Aol il San
Sley o3k 3 (2l EsBs Dyge )0 0eh aeS wlie
sl (el g (Jlgie sail iy (a1955 99 o
b e 0,Sag; (rl 05 (o0 plol Al e adlie
Oboyed gilwaingy 5 Saeaily iyaely GGl 2]
az S0yl wald |y Sliasi 5 (IS slaaiy e
@9y pl Gladle )5 Cundy Gl n e slaghs,
a4 sloygs ail L Sicy Hareni Canlow Lol i (5 0uS
3 pas g Oaead 65,40l Sl ) (Sole Jds
s gl 0,505, SO Glaie 4 slalad slacols 4
el o Ll bl ol 4o
el 25 S 4 alis Dlog ae ple

Yo Lo B e ie comayes Yo Lo A acyie (A

Lol ol eys8 ¥ o Cae e 5 58

slopl 4y Lol adlie Loz 6Ty ol Geayss o (F

ol 95155 9 oSS Sy )

el dely (22 25 @b sl addge sa (Y

@ arg b Olesd 5 )l 2l 0)e0 (F

Y. Jobeo JLo Ve ool g)l50 Jgloin yos as >

O PRVPEER RN

Oy Slaseine b oaijle Gl by 58 solos (O

Sl 00l ags

IS 2 gly Slees g SIS Slbee ¢

ol 43,5 Hla )5 (agn g9 5l e e slaadlse

g g (el gt g9 90 4 o g

g o ol &l oSy

Sl e 5 (65005 Sldos (gl 5L 0550 mlie (¥

Sl oSS Yl aws Y @

g oo oS YL Dljega 9 Jg Jo

Sl 1y 8¢5 4 ogate duip bl 5l eolaiul (A

el (6503 b Dgliie 450 50 50 aiyse oS

ol adlge ¥ sls yes o Sl 4 g L A

Sliles g5 50 gl laailge o1 5l plaS )2 5 ol

Sllae g9 A (IS Oge 4 wilie aree



&be DganS dny 2> a3 (38,8 JLai )0 b (g0l & 450 10 Dl yren 9 (551 (§ 5|l 3 Bl amas Glojed (55l iy

olej

4@ rzfj Godd odld arasd aw olawi lawge NV
2 T Gy by 3 b o ol ks
ooy 9=l

sy y 50 ol oad Gpae ke s bagie L
obej

sl po 0 bl J e 39meS Gle bawgte )
ole;

Lsgio 1) ol cla s olaxs Lasgie  Hj(£)

t sl 4 slosle o pl1 alse (slaol,> olass
Llodgumo g bud 2l -V-Y-Y

S0 B O Laly, B o solgiing ok, Jos
ol 00

min E[C;] = )

i ZZNijXCrkj]x(l + )"
t=1| j k
. (N, X Cpy)
£y ZZ%X <+<1vl x Hl%) x cm)]

t=1

x (1+ )t
-
+Z Zijpj X1+
t=1|
t t
t\Bi-1
H®) = fhl (t)dt = f&<—> dt ™
m\m

0 0

NPy, D)
my X Ni .
) Vk &i= 1;2;3!4
T
= T
my X Ni—4 X H(N )
=4 yk&i=5678
T
NVyj =Yy X ZNPki X PVij, Vk,j ®
i
k
S; = max(L; — V;,0), Vj *)
T

1<N, < , Vi Y

Tmin

Lugie a5 ae0 oo ioled |y Alliss Bue 2l (V) akal)

) T Gpyaalip @8 Jsb jo ook g)le S a4
sl alez abal, opl s S e anaS |, (E[Cr]

Lol 595155 9 eSS (S )9

(28) &l ppond 5 (6,00 molie ol Jj
Lol YU Slipad g S8 g Joo Oliuzs

t = 1, 2,...,T s(LboLo) ‘SaLo) (5L°°)3° uu)..\.a‘ t
el a0l 38 Job T Q'I 4o as

b sl

o a3, b G &5 gnyaely 381 Jsb T
(olo YE- Joleo Jlo Vo) 0L g)l50 Jgloo

=

Oley 91y 53 ol j wytes;s gke slass

(olo)

plk as )0 sl (o ygs Slass

PT koas)re o ET Joaee Sl ,est Y
N [ERRNS B SO I IR VS VR IWEFR TR Y ko))
(&) o STyl oolasul

fli Slles plosl sl 6l 55 9,90 aie slass PV

Pl ilge 5 g5 b hy(t)

Pl ailse 3 e b S22l By

Pl adlge ol > 25 b ol sl

Pl adlge &l Sy (2505 2 anje (P

Pl adlge (Mol (sss o anje  Cf,

k acyio y0 plj aie axly yo jloolaiul anje Oy
K

sy o sl 4 ol gie 09neS dnz anie P
obes

@lale p,55 25) loj 9=y 12 )0 005 25 f

oS 90 Om OSee Sloy Aol Jlas Tonin
ailge yo sly (Jlyie ol oSty

38 Job o ol 1 ailge &l Kicy g slaws N
T (53 yaeby

o5 b o

G Job 5 b gl 5 anse bwgte E[Cr]
T sr,aebn
ac 0 gly rzfi 3L 0,50 Sldes Slaws lawgie NPy

a>ly o 0 T gy alip G b o r’T k

\o)Lmﬁ/V o)sé/\f‘7 Jb»/é)somsw‘sww



Yy

(e 9 T

St G2l 29 3pdee ol Bas ml o <ol
Gl Jlaie 1 5 o)l ol (VD) @l Rty uses
S smsge Gl ggdge opl el S5 laas e
ORI e e ol S&8ly (Jas o pye (09,5 Ll
D b cos 1) Langns aige asbp lislo Lol s

U]

S5 o )l (e S g, -Y-Y
g (Wi Gl g slasd) s (6,.5 puoad
(U=l 23 25 ISl Jold) (o e Bon ol S
\))5‘5‘0 )‘)3 NP-hard k)jl...wo oJA)’ )Q alss u.a‘ SCA.A.AJ‘
peecs Ls)Ludl?bo G?W .(Zhang & Yang, 2021)
Slaws ialidl) slal aoldl b aS el slasgSay  blaw
G830 oy, ((Gloy slaoygo g laadlge dagyw, o
wialys Jyine oloj 5o aide Slyz 38l 4 ;306 See
ool 2 LS gy SO idu ol )0 (s et 43 09
2 Olyn oAby & 6 0580 (Byme S5 )55l
aS Cewl S @ p3Y 8L s (N sim) i Sls>
WS slogis, 5l S leear Sy e e8]
5 S5 Sl ilwaigy Jlaw o (g K0l 3
~idgh 0 ¢ Jlie flaie 4 ol a8l (glos S 5 S
Glp S5 v,e8l 5l (Ganji & Karbasian, 2026)
o ko (Sl b pwiws CollB gileays
el 00l oolaul (65,50 20395 ot
ol Sy e, S g, wslel o
D9 o0 gy py el )50
-npop 60)‘_\4‘4) (u.a..\.”ﬁ) 4...]5‘ Coro> oSl (\
S5 slp ECrD JS anye hughe el (¥
) abayl, 51 ooliiaal Ly cpally 53
‘B).u&ola S¥lly 5l Perossover = 80% bl (Y
sshiie 4 Wil ggoags (19,8 iz 5 gy a5z
o) oSy Slee alwg 4 plaij B ol
AL ply (S gy bl p eSS Gl
Syge & pwily 5l Prutation = 20% ol (F
Aloe galwy @ 58 olml jolie 4 ol

! Crossover

Y oylods /Y 0590 [VFef Jlw /(5590 3t 9 s (oo

@ odd ool Lavass mle IS g4 hwge Kbl
G2 hawgie saimolis pgo dlex .ol gob g)l50
2 99z slagm,g (el g ailSan) oo s
6°M\>ULMJ Py 4.Lo.> 9 Sl aliseas 6&[) &‘]A
olawd (;18L «Joe Baw Cowl lio 95005 doy > 4l
Oy gadlse 51 Sy e sl g dl Sty (g
o T sptsliyy 3 Jsb o (7 e sl
23,5 a8 ok g)l50 JS A 3o Lagie a5 slieS,

L ol o (g olaws lawgie (V) akal, ;o
[0,¢] o3k ,o ol | sailse slool,s oloss lawgie
olaws lawgie () gabal, 3o,k 5l 0gd o0 alos
ok 450 0 ol 1 5L 9500 Syt 5 6505 Slikes
r:TjoJ..i; 03ls Lanass sw slaxd .l s Caws 4 ﬁT k
50 Ldlate 5 oot ale (F) salal, )5 ol kac e
Dgd oo ol raTj £9 5L 090 auie slass «(B) alal,
J e dlaws 5l e iws o i“T]é**“ Slass O Lol
gl a5 008 o attin (F) daly yo LS 5)se ‘BT
5 (V) abal ) el al i ain S90eS” yl5ee Lo B
SSe 2 sl AleSan Gags sla g Lo
el (6L ()58 slaadlge

£355 5 Jalo ~¥-Y-¥

2l loy Jsb 5 () pyg8 £5 Sl @ ez L
2 IS a Gl (1) Bue b el eas

125 (smgiib
T

min £ [C,] =A><Z(1+f)t M)
t=1

:Q—I 4o as

A ZZZNVk]’XCTk]’
j k

m (N, x Cpy)
— T q
+ZZ T v, x B, () x cf) ()
ko1 N,
+ZS]-><P]
Jj

. T .. .
ool Cl goae 2 _ (14 )" (akin o)y
A gilwaige b Jolwe E[Cr] Gon ab (gjlwaiyg
card Sy gl o) E5 R il 4 0g valys



&be DganS dny 2> a3 (38,8 JLai )0 b (g0l & 450 10 Dl yren 9 (551 (§ 5|l 3 Bl amas Glojed (55l ¢

g bl gidey Saijln i 65 5 ane

sy gan slas jo Sl @l gy Guils

bl

i I I CR S S
Al Sy (e dalip (5,l05057 ) JSC&

Figure 1. Coding of preventive replacement
schedule.
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Table 2. Main effects of genetic algorithm
parameter levels based on SNR criterion
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Table 3. Failure rate parameters of wind turbine
components
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Table 7. Required resources for maintenance
operations per component
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Table 4. Replacement costs of wind turbine
components
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Table 5. Cost per unit of resource in each wind farm
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Table 6. Resource shortage penalty cost

f & Y o ¥ o ) X0
Y. f.. [N A

G & cwl cdly cpl Slo wwed Solas )
GRS A el S b leanie (e
b o,Sag) (ol g o)ls olyen & oalig i jaelp g il 2ty
Slpeesd 9 IS 039> 0 alie slategy
Atashgar & Abdollahzadeh, ¢<Zhang & Yang, 2021)

2,18 Slyan (2016
4 CyB A asj an o ly ple STial g5l
S5 s aie Lz @l Y = [0250.511] &0
plxl glp Lo 0,90 mlie Slaw cwl oals a8 S

\o)Lmﬁ/V o)sé/\f‘7 Jb»/é)somsw‘sww



Yy

(e 9 T

s90 1y S am Ny =[7646] ackiy bl L
Sl 0le ialS B/YY.

108

1 L L L L L L L L L
0 100 200 300 400 500 600 700 800 900 1000

S e eNl ol Kes Jlogad ¥ JSCL
Figure 2. Convergence diagram of the genetic
algorithm.
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Table 10. Sensitivity analysis in individual replacement with resource constraints and heavy shortage penalty
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Table 11. Sensitivity analysis in individual replacement with resource constraints and light shortage penalty
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Table 12. Sensitivity analysis in group replacement with resource constraints and heavy shortage penalty
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Table 13. Sensitivity analysis in group replacement with resource constraints and light shortage penalty
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Table 14. Sensitivity analysis of shape parameter () with unlimited resources
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Table 15. Sensitivity analysis of shape parameter () with 40% resource constraint and heavy penalty
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Table 16. Sensitivity analysis of scale parameter (17) with unlimited resources
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Table 17. Sensitivity analysis of scale parameter (1)) with 40% resource constraint and heavy penalty
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