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A collaborative optimization method for preventive overhaul/retirement planning of power
transformer fleets considering aging failure and system reliability
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Abstract: As the operating years of large-scale power transformers accumulate, their aging-related issues become
increasingly prominent. To enhance the work efficiency of power grids in managing aging transformer fleets, this paper
proposes a collaborative optimization method for preventive overhaul/retirement planning of transformer fleets
considering aging failures and system reliability. Firstly, a novel aging failure model that considers the impact of
preventive overhaul/retirement strategies is established based on the data-model hybrid-driven analysis technique of a
transformer degradation trajectory. It can quantitatively capture the effects of implementing preventive overhaul/
retirement strategies at different times on transformer reliability by dynamically calibrating the aging threshold and
expected lifetime parameters. Next, the unavailability calculation formula for transformer aging failure is derived using
the integral discretization method. Then, an analytical calculation model for system reliability indices related to the
unavailability parameters of the decision-making transformers is built based on the total probability formula. A reliability-
constrained collaborative optimization model for coordinated overhaul/retirement strategies is established aiming to
minimize the sum of costs of planned overhaul/retirement investment, fault disposition and reliability loss costs within the
planning period. A hybrid approach combining simulated annealing (SA) and particle swarm optimization (PSO) is used
for iteration analysis. Finally, case studies are conducted on the modified RTS-79 system to validate the effectiveness of
the proposed method.
This work is supported by the National Excellent Youth Science Foundation of China (No. 52022016).
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Fig. 1 Overall modeling process of the proposed collaborative optimization method for preventive overhaul/retirement planning
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Fig. 2 Aging failure modeling process of power transformers
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Fig. 3 Bathtub curve of transformer failure probability
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Fig. 13 Comparison of expected total costs for various schemes
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Table B2 Other parameters in the optimization model

B3 g ZH il
3 1% 14 Aw,,, % 45
220kV G, (JiTE/B) 2080 | 110kV C, (TITL/E) 720
Crapair ((JITT/R) 1 (Co1C )% 3
(Congar/ Couy )% 6 (Crans/Coug )% 5
(Cremin ! Couy )% 15 (Crandic / Couy V70 5
Upe 0.035 IS ((MWh/AE) 6.8x10%
u,, /(J3 J6/MWh) 0.4 u,, /(73 76/MWh) 0.05
Zom 3 Zoum 2

MisE C XTELZRBE 1 70 1 BORE S R

= C1 FIXHIN PT,—PT BIRE S X

Table C1 Decision plan of PT;—PTj during the plan horizon

R f L w1 X HE SR 11
REAEI a]/4F JBAR I /4
PT, 1306 —
PT, 1267 2.005
PT; 0.270 2210
PT, 0.300 1.001
PTs 0.291 1.005
PT, 1351 —
SE 30k
(1] EZREIR R/ E bk & 2. 2022 4E4x[F B Jgm]

(2]

MR T [Z]. 2022.

National Energy Administration/China Electricity Council.
2022 National Electricity Reliability Annual Report[Z].
2022.

ARBH, PRERAN, 2R, SF. BT K EOCBR AT AN IR
SRR AR R A AR A SRS AL [T]. T RGRY
Lz, 2023, 51(21): 35-43.

Z0U Yang, LIN lJinjia, LI Anna, et al. Evaluation of
transformer oil-paper insulation status based on grey
relational analysis and a cluster cloud model[J]. Power
System Protection and Control, 2023, 51(21): 35-43.
L. HARGRERIAG: B, J7 AN A M.
Je5T: B AR, 2006.

AR, R, BV, . T AR AR R AR
WACRE TN 5 vk B FC D). R OE R 88, 2022, S8(11):
151-159.

DONG Like, BAI Lu, WU Na, et al. Research on fault

prediction method of power transformer based on

knowledge map[J]. High Voltage Apparatus, 2022, 58(11):

151-159.
A0, FRME, INEL, . BT 2GR
HL 7R I B R 12 W VR [D). A E R S, 2023, 51(6):

(6]

[7]

(8]

[9]

[10]

[11]

[12]

[13]

(14]

86-92.

LI Yuan, LI Xinghui, SUN Weiwei, et al. Fault diagnosis
method of oil-immersed power transformer based on
multi-model cascade fusion[J]. Smart Power, 2023, 51(6):
86-92.

Uk, Bk, ZEl. ARG R RO AE S R
BFFET]. A5 FHIMYE 7 B 224 (H AR B2 IR), 2023, 36(2):
280-286.

MA Bo, LI Lin, LI Qichao. Recognition research of
typical partial discharge signal of transformer[J]. Journal
of Xinyang Normal University (Natural Science Edition),
2023, 36(2): 280-286.

BALANTA J Z, RIVERA S, ROMERO A A, et al.
Planning and optimizing the replacement strategies of
power transformers: literature review[J]. Energies, 2023,
16(11): 4448.

CAMPELO F, BATISTAL S, TAKAHASHIR HC, et al.
Multicriteria  transformer asset management with
maintenance and planning perspectives[J]. IET Generation,
Transmission & Distribution, 2016, 10(9): 2087-2097.
HZEE, XAy, BB R. BT ANFIS WAL &8 77 6
TMARS VRG], ISR, 2022, 59(1): 61-68.
HU Biwei, DENG Xiangli, JIA Shenghao. Transformer
life estimation and state assessment based on ANFIS[J].
Electrical Measurement & Instrumentation, 2022, 59(1):
61-68.

XS, T, Vi, SRR RIS VR 75k
N FH B JRER[T]. R E T, 2023, 51(10): 93-102.
DENG Wenhan, MIAO Yu, XU Kui, et al. Application
and prospect of condition assessment method of power
transformer[J]. Smart Power, 2023, 51(10): 93-102.
FAE, B, ASE, & BT REEREER
UHVDC RZGHPiPER B[] B RG R 51
], 2022, 50(3): 68-75.

LI Shenghu, ZHAO Huijie, ZHOU Huimin, et al.
Reliability sensitivity-based optimization for a UHVDC
transmission system with preventive maintenance[J]. Power
System Protection and Control, 2022, 50(3): 68-75.
LIMA S L, SAAVEDRA O R, MIRANDA V, et al. A
two-level framework to fault diagnosis and decision
making for power transformers[J]. IEEE Transactions on
Power Delivery, 2015, 30(1): 497-504.
MARSEGUERRA M, ZIO E, PODOFILLINI L. Condition-
based maintenance optimization by means of genetic
algorithm and Monte Carlo simulation[J]. Reliability
Engineering and System Safety, 2002, 77(2): 151-166.
LIANG Zhenglin, PARLIKAD A. A Markovian model for

power transformer maintenance[J]. International Journal of



- 148 -

W) R Gy B

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

Electrical Power & Energy Systems, 2018, 99: 175-182.
s, EERR, TR, S EE TR ELR TR

WRIABRFITEIFT]. B TREER, 2020, 39(4):

201-206.

ZHANG Wei, WANG lJialin, ZHANG Yiyi, et al. The
equipment maintenance decision method based on the
analysis of the age reduction[J]. Electric Power Engineering
Technology, 2020, 39(4): 201-206.

sk e, XA, S TH IR RS 5 R AL
HIAS TR S G A5 SR g [J]. A8 IR 8%, 2023, 60(3): 29-35.
ZHANG Anan, LIU Ziqiang, LI Qian, et al. Transformer
maintenance strategy considering health assessment and
risk quantification[J]. Transformer, 2023, 60(3): 29-35.
e, XISCER, BRI, 5. FIERGBEEA K
W ¥ g R B AR AR S B [FARAG TV 0], R R
2£4R, 2022, 51(2): 101-111.

MA Xiaoqing, LIU Wenxia, CHEN Lu, et al. A collaborative
optimization approach for grid equipment overhaul/
retirement strategy considering system effectiveness and
risk[J]. Journal of North China Electric Power University,
2022, 51(2): 101-111.

LI Shuaibing, WU Guangning, DONG Haiying, et al.
Probabilistic health index-based apparent age estimation
for power transformers[J]. IEEE Access, 2020, 8:
9692-9701.

HOSSEINKHANLOO M, KALANTARI N T, BEHJAT
V, et al. Optimal exploitation of power transformer fleet
considering loss of life and economic evaluation based on
failure probability[J]. Electric Power Systems Research,
2022,213: 108801.

AWADALLAH S K E, MILANOVIC J V, JARMAN P N.
Reliability based framework for cost-effective replacement
of power transmission equipment[J]. IEEE Transactions
on Power Systems, 2024, 29(5): 2549-2557.

Mgt WIEWE, LR, & RN AREZHEA
FTARGBHI R RG] BARG RIS
i, 2017, 45(3): 69-74.

DENG Aopan, HU Zhijian, HU Meiyu, et al. Power system
reliability evaluation considering deterioration and imperfect
maintenance of equipment[J]. Power System Protection
and Control, 2017, 45(3): 69-74.

FWN. AR B T 5% i A T SE P T K 4 A i A T AR
AR MIBEAD]. R LTl K, 2017
WANG Li. Research on reliability predication and life
cycle cost assessment of low-voltage switchgear[D].
Tianjin: Hebei University of Technology, 2017.

DONG Ming, NASSIF A B, LI Wenyuan, et al

Generation of in-group asset condition data for power

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

system reliability studies[J]. IEEE Transactions on Power
Delivery, 2021, 37(3): 2369-2379.

B, Mook, BE, . R Ko
s OB e A G AR AT OSSR AMB LE[D].
HUHL T FE 544, 2017, 37(10): 3037-3044.

LIAO Ruijin, LIN Yuandi, YANG Lijun, et al. Effects
and correction of temperature, moisture and aging on
furfural content in insulating oil and aging assessment of
insulation paper[J]. Proceedings of the CSEE, 2017,
37(10): 3037-3044.

g, PAERR, TEEAD, 4 FET AR L HER
I I 000 () 468 2 ZAG VR A DT A [D]. s AR, 2023,
59(3): 116-122.

LIU Qi, FU Chujun, YU Xianli, et al. Predicted
insulation aging assessment method based on insulation
deterioration degradation time of transformer[J]. High
Voltage Apparatus, 2023, 59(3): 116-122.

HH, SOk, SR, 55 ETAHRT I
A s A I ) 268 2% 5 AL R AE 0 T [0]. i IR PR, 2023,
59(2): 169-176.

XIAN Richang, ZHANG Binggian, ZHANG Qizhe, et al.
Deterioration characteristics analysis of inter-turn
insulation of distribution transformers based on finite
element analysis[J]. High Voltage Apparatus, 2023, 59(2):
169-176.

WOUTERS P A A F, SCHIINDEL A V, WETZER J M.
Remaining lifetime modeling of power transformers:
individual assets and fleets[J]. IEEE Electrical Insulation
Magazine, 2011, 27(3): 45-51.

EMSLEY A M, STEVEN S G. Review of chemical
indicators of degradation of cellulosic electrical paper
insulation in oil-filled transformers[J]. IEE Proceedings-
Science, Measurement and Technology, 1994, 141(5):
324-334.

ARIANNIK M, RAZI-KAZEMI A A, LEHTONEN M.
Effect of cumulative moisture content on degradation of
transformer paper insulation[J]. IEEE Transactions on
Dielectrics and Electrical Insulation, 2017, 24(1): 611-618.
SOKOLOV V, LAPWORTH J, HARLEY J, et al. Life
management techniques for power transformers[C]//
CIGRE 2003.

TAHERI A A, ABDALI A, RABIEE A. A novel model
for thermal behavior prediction of oil-immersed distribution
transformers with consideration of solar radiation[J]. IEEE
Transactions on Power Delivery, 2019, 34(4): 1634-1646.
PEYGHAMI S, BLAABJERG F. Availability modeling
in power converters considering components aging[J].

IEEE Transactions on Energy Conversion, 2020, 35(4):



O,

T BB RS 2 g8 ] SEVE R i A2 e as AR T VA A2 AR AT R B R DAL U5 32

- 149 -

[33]

[34]

[35]

[36]

[37]

1981-1984.

XEGE, AR H, B0, & ETSHEUES
RS Bl E 1 R AR R ARSI 7L [T]. i RGER
P 5, 2023, 51(20): 79-90.

LIU Zhichao, TUSONGJIANG-Kari, MA Xiaojing, et al.
Condition assessment method for power transformers
based on cloud similarity and evidence fusion[J]. Power
System Protection and Control, 2023, 51(20): 79-90.

LI Wenyuan. Probabilistic transmission system planning[M].
John Wiley & Sons, 2011.

iKW, ZFEC0, BEMR. B TRERNE RFE A
12 Ak A8 i 2% SE BT SR IS [7]. L R G Bk, 2013,
37(17): 64-71.

ZHANG Dabo, LI Wenyuan, XIONG Xiaofu. Replacement
strategy for aged transformer based on condition monitoring
and system risk[J]. Automation of Electric Power Systems,
2013, 37(17): 64-71.

SEM, X Ed, FER, . FEAEENZERE
A HC R 2R 5 23 R IR P R DL R ). s &R
Giprdr 5451, 2022, 50(22): 59-70.

JIN Guobin, LIU Yulong, LI Guoqing, et al. Collaborative
optimization planning of an AC/DC hybrid distribution
network frame and distributed power generation considering
reliability[J]. Power System Protection and Control, 2022,
50(22): 59-70.

XER, 4, BRGHE, & JET OO AR SR Y R
BALETIINAD]. B RS R 5], 2020, 48(8):
78-85.

LIU Wei, LI Meng, LI Qiuyan, et al. Power grid portfolio
forecasting method based on improved genetic algorithm[J].
Power System Protection and Control, 2020, 48(8):
78-85.

[38] AWADALLAH S K E, MILANOVIC J V, JARMAN P N,

[39]

[40]

et al. Quantification of uncertainty in end-of-life failure
models of power transformers for transmission systems
reliability studies[J]. IEEE Transactions
Systems, 2016, 31(5): 4047-4056.

TKEEW], Zeih, RAHE, S5 BT BT e
HRG T SEVEIRAE T7 VA T S, 2022, 55(9):
23-28.

ZHANG Liming, LI Hao, WU Yaxiong, et al. A

reliability evaluation method for power system with

on Power

energy storage based on operation optimization[J].
Electric Power, 2022, 55(9): 23-28.

LIU Zeyu, TANG Puting, HOU Kai, et al. A Lagrange-
multiplier-based reliability assessment for power systems

considering topology and injection uncertainties[J]. IEEE

[41]

[42]

[43]

[44]

[45]

[46]

Transactions on Power Systems, 2023, 39(1): 1178-1189.
HIEE. T F A 1) B 7 A i R A A 4R 5 )
PETTEWTAC[I). MEOT AR, 2021, 8(HEFI 1): 53-58
SHEN Wang. Research on asset

accumulation and apportionment method based on power

life cycle cost

grid equipment[J]. Southern Energy Construction, 2021,
8(S1): 53-58.

48P, ATSEZE, &iE. AR K I MRS EIe
A A AR BRSPS TR [T]. I R G R 5 1%
], 2023, 51(14): 55-63.

Z0U Yang, YU Haoyi, JIN Tao. Evaluation method of
the oil-paper insulation condition of a transformer based
on fuzzy K nearest neighbor and evidence theory[J]. Power
System Protection and Control, 2023, 51(14): 55-63.
WANG Puyu, SONG Jinyuan, LIANG Fangyu, et al.
Equivalent model of multi-type distributed generators
under faults with fast-iterative calculation method based
on improved PSO algorithm[J]. Protection and Control of
Modern Power Systems, 2021, 6(3): 371-382.

LIMBU TR, SAHA T K, MCDONALD J D F. Cost/benefit
analysis of generation investments considering system
constraints[C] // 2007 IEEE Power Engineering Society
General Meeting, June 24-28, 2007, Tampa, FL, USA: 1-8.
SRONGH, Fatat, skid. ARt TSR LCC KA
Rt R AR SRS AL T (0], I RS H B,
2016, 40(15): 99-105.

GUO Lijuan, TAO Songmei, ZHANG Wei. Maintenance
strategy optimization for main equipment in substations
considering both power supply reliability and life cycle
cost[J]. Automation of Electric Power Systems, 2016,
40(15): 99-105.

ZOU Guilin, HUANG Yan, CHEN Wen, et al. Life-cycle
cost model and evaluation system for power grid assets
based on fuzzy membership degree[J]. Global Energy
Interconnection, 2021, 4(4): 434-440.

FSHEA: 2024-02-05;

{&EIHER: 2024-04-10

EEEN:

% (1997, B, HEHRL, HARFEARHE

ST M AMK]; E-mail: 17866628985@163.com

O (1983—), F, @EE, W, 2R, RS

MACHERERAEANETER., ALH R KREKEN

A

E-mail: hboy8361@163.com
WHF (1972—), %, #HE, ik, ARG QL8N e

BE R A LT . X BAARALIE AT, E-mail: kaiguixie@

vip.163.com

(%% Bl &t



