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Abstract: The target architecture of ultra-high voltage, large capacity, and digitalized power grid poses new challenges to
the field of high-voltage switchgear. To study the steady-state temperature rise of 550 kV/8 000 A gas insulated switchgear
(GIS) and solve the problems of large model freedom and long calculation time when obtaining the temperature field, this
paper investigates the thermal characteristics of a complete GIS bay model and constructs a temperature field re-
duced-order model based on the proper orthogonal decomposition (POD) method for digital twin applications. Firstly, the
digital twin realization architecture for power equipment based on the Internet of Things is established, and a framework
for digital twin-driven GIS state-awareness method is proposed. Based on this framework, a virtual entity model proto-
typing the GIS in the demonstration project of Zhuhai Northeast Station is constructed, and the distributions of magnetic
density, loss, temperature, and airflow velocity at 8 800 A are analyzed; furthermore, a high-current temperature rise test
platform is constructed for validation, and the experimental measurements are in good agreement with the simulation re-
sults. Secondly, the Latin hypercube sampling method is used to construct the input parameter sample set of the snapshot
matrix of the model under different working conditions, and the POD method is further applied to the temperature field
snapshot file to generate the temperature field downscaling model. Finally, the computational time and error of the model

before and after the downscaling are compared: the computational time of the downscaled model is reduced from hourly
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order of magnitude to second compared with that of the full-order model, and the root-mean-square error of the model is

0.053% when the order is 6, which meets the requirements of the POD error specification. The results of this paper can

provide supports for the design operation and maintenance of large-capacity switches, and provide a reference for the ap-

plication of digital twin technology in the field of switchgear.

Key words: gas insulated switchgear; digital twin; multiphysics simulation; reduced-order model; proper orthogonal de-

composition
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Table 3 Partial input parameter set sample points

FEA Pi/W P)/W Pi/W Py/W Ps/W TJ/K

1 309.827 11.165 6.226 0.978 26.129  300.817
2 474.291 15.465 12.758 7.457 3.161  302.817
3 17.447 10.305 4.445 11.943 14.007  310.150
4 382.922 2.565 3.851 7.956 1.885  293.483
5 53.994 0.415 5.039 15.432 26.767  291.483

41 401.196 2.135 5.632 11.445 8.903 304.15
42 346375 10.735 0.882 10.947 15283  304.817
43 529.113 5.145 8.304 16.429 0.609  297.483
44 145363 1.275 11.273 14.934 2.523  285.483
45 583.934 18.045 9.789 4.467 19.111  309.483
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Table 4 Comparison of simulation calculation time of

temperature field results

R KA /s HERTT
AR 4680
e 053 8 830.19

22 AR AR RN twin SCAFR SDK, 1% SDK A iR
ARG Ansys IR AT A4 B A5 R ThAg .

5 #ip

AICAHT T BE S8 )y 550 KV/8 000 A T GIS
1E 1.1 f58E B FRASET, HBEKBRIETT
RIEF A I0UE TBASE %, MWETET POD
T FE I BB Y AT [ B 2R AR N . 451800 F

D fg T 2R AR KN GIS RSB T E
MEZE, JETAZAMELLs A T A5 ZF8A-550 (1) GIS
FERL SRR, 43T T RELAE 8 800 A i fid i %
FE DhRBFE. EE A, o i KR AL
T % 2 T R S ik AR B A AL S 86.77 °C,
S KRAL T EE T SR LA 1.28 m/s, H
R E AL ) My A B i 4 N =l W=l N (1<
oA .

2) Kb T AL T AR AT R R T
PR A A 2 [A], % e P D P s SR ] POD
TEFEIEARIE S T T IR R AL, JRAE
Twin Builder HSCl 7 o] #AL Box. BT BLALS 7
iR ZE R 0.053%, BTG 3RHCEEE 5340 45 5
B 1] /NI 2 B 22 R0 S, ST ) Bl 28 A S 1Y
GIS 37 IR R G5 At T S6m .

S22 Hk References

(1] Bk, B 5, PWIR, % WEHENDREEFE %
FREPAR LR IEEHBI]. AR, 2023, 49(5): 1765-1778.
SHENG Gehao, QIAN Yong, LUO Lingen, et al. Key technologies
and development trends of digital power equipment for new type pow-
er system[J]. High Voltage Engineering, 2023, 49(5): 1765-1778.

[2] CONG H X, JIN H. Research on undetected overheat fault of the GIS
bus bar contacts based on infrared thermal imaging[J]. Journal of
Electrical Engineering & Technology, 2019, 14(2): 839-848.

3] #hEd, Bk NI, WAR, & SEFRRSEREER LR EBEE
[0]. mHERA, 2021, 47(8): 2769-2782.

ZHONG Jianying, CHEN Gang, TAN Shengwu, et al. Key technology
and development trend of high-voltage switchgear[J]. High Voltage
Engineering, 2021, 47(8): 2769-2782.

[4] WANG B, JIA X Y, YANG J, et al. Numerical study on temperature
rise and structure optimization for a three-phase gas insulated switch-
gear busbar chamber[J]. Energy, 2022, 254: 124463.

(6]

(7]

(8]

(9]

(10]

(1]

(12]

(13]

[14]

[15]

DA 2GR G TR R R R AT 0] B LR R, 2016,
31(17): 187-195.

CHEN Qiang, LI Qingmin, CONG Haoxi, et al. Numerical calculation
and correlative factors analysis on temperature distribution of GIS bus
bar based on coupled multi-physics methodology combined with mul-
tiple boundary conditions[J]. Transactions of China Electrotechnical
Society, 2016, 31(17): 187-195.

BEIREFF, Bk 2E, BhETE, 4 CaFN/COLIBA SRS R A48
PR THRHERTFE[T]. TR AAR, 2023, 38(9): 2491-2499.
CUI Zhaoxuan, Lin Xin, ZHONG Jianying, et al. Study on the tem-
perature rise characteristics of C4F7N/CO, mixed gas ultra high
voltage bus[J]. Transactions of China Electrotechnical Society, 2023,
38(9): 2491-2499.

CHENG X, DU S, GE G W, et al. Electromagnetic-thermal-flow field
calculation and optimal design of environment-friendly live tank mul-
ti-break vacuum circuit breakers[J]. Electric Power Systems Research,
2023,217: 109081.

BANE, B, OB, A MRS E R IR B AT R R
LRR[T]. THRERMESHR, 2023, 55(3): 14-29.

HUANG Xiaolong, ZHAO Shuangwei, WANG Yong, et al. A review
of research progress on environment-friendly high-voltage power
switchgear[J]. Advanced Engineering Sciences, 2023, 55(3): 14-29.
R, R, BRI, 2% GIS BT 2 Y 1 HS S0 K
HOBEAFEN]. mAEERA, 2019, 45(7): 2322-2328.

HOU Guobin, FU Mingli, DENG Xiaofeng, et al. Multi-physics cou-
pling simulation and experiment of temperature rise in GIS and heat
flux distribution characteristics[J]. High Voltage Engineering, 2019,
45(7): 2322-2328.

WU X W, SHU N Q, LI H T, et al. Contact temperature prediction in
three-phase gas-insulated bus bars with the finite-element method[J].
IEEE Transactions on Magnetics, 2014, 50(2): 277-280.

ZHAO L H, WANG Z L, ZHU H Y, et al. Study on temperature rise
characteristics of GIS disconnector under different operating condi-
tions[J]. 2021, 36(6):
3601-3610.

Tk, MaRER, JERZ, . 550 kV/8 000 A K7 SFs 7t
EEETHRHERTERT ] RS, 2024, 50(3): 986-993.
WANG Liuhuo, TAO Xiongwu, ZHOU Junhong, et al. Simulation re-
search on temperature rise characteristics of 550 kV/8 000 A large

IEEE Transactions on Power Delivery,

capacity SF6 inflatable bushing[J]. High Voltage Engineering, 2024,
50(3): 986-993.

e, Tk, EXZE, 4. GIS BN U7 X HALE R
MRABARBT ). E AL LR, 2018, 38(HE T 1): 257-265.
GUO Yujing, ZHANG Bo, WANG Zhijun, et al. Simulation technique
on temperature rise of GIS bay and typical current-carrying structure
optimization[J]. Proceedings of the CSEE, 2018, 38(Supplement 1):
257-265.

B W RRE, ERSRE, S AR 2 M BUE T R
JRIT). BEHERAR, 2023, 49(6): 2348-2364.

YANG Fan, HAO Hanxue, WANG Pengbo, et al. State of the art of
multiphysics simulation technology for power equipment[J]. High
Voltage Engineering, 2023, 49(6): 2348-2364.

5, B 0, BREARE, & B LRR R R 0 B ook
A EEHTT FUBUIR R A 0], R EHAR, 2024, 50(3): 905-923.
REN Zhuoxiang, YAN Shuai, CHEN Zhifu, et al. State of the art and
trend of several key issues in low frequency electromagnetic simula-
tion of electrical equipment[J]. High Voltage Engineering, 2024, 50(3):
905-923.



2310

i LR AR

2025, 51(5)

[16]

(17]

(18]

(19]

(20]

(21]

(22]

oW, ROV, B, S B R A s ke ik i R H
S5StHED] mEERCR, 2021, 47(5): 1505-1521.

YANG Fan, WU Tao, LIAO Ruijin, et al. Application and implemen-
tation method of digital twin in electric equipment[J]. High Voltage
Engineering, 2021, 47(5): 1505-1521.

o [ B g VIS S RHROIT R IR SS b, AT BT AR AR ROR
N E B2 45 2022[R/OL].[2024-03-20]. https: //www. thepaper.
cn/newsDetail forward 19289460.

Science and Technology Development Service Center of China Elec-

tric Power Enterprises Federation. White paper on application of

digital twin technology in electric power industry[R/OL].[2024-03-20].

https: //www. thepaper. cn/newsDetail forward 19289460.

e, EEW, B M, & AR N AR R AR
A IR TTREI AAITVETT R[], mHEER, 2023, 49(6): 2408-2419.
JING Lantao, DONG Xueqing, YANG Chao, et al. Research on finite
element reduced order modeling method of transformer temperature
field for digital twin application[J]. High Voltage Engineering, 2023,
49(6): 2408-2419.

MG ) YL ETIK, A BRI R R A R R A
FHED T[] mARIEROR, 2022, 48(5): 1653-1662.

LIN Mu, LIU Kai, WANG Naiyong, et al. Establishment of digital

twin model of converter transformer valve-side bushing and analysis

of its thermal characteristics[J]. High Voltage Engineering, 2022, 48(5):

1653-1662.
HREE, XWAE, mACE. 55 2T Twin Builder () 110 kV &
AR 3 G EW B BT, BERLUESR, 2024,
50(3): 941-951.

ZHANG Zhongyuan, LIU Dicheng, GAO Chenglong,

Three-dimensional magnetic field model order reduction and loss

et al

analysis of 110 kV oil-immersed transformer based on twin builder[J].
High Voltage Engineering, 2024, 50(3): 941-951.

LI Z, LIU K, LIN M, et al. A zero-sample state evaluation model for
valve-side bushing of UHV converter transformer oriented to digital
twin under attribute analysis[J]. IET Generation, Transmission & Dis-
tribution, 2023, 17(5): 1123-1134.

2w, EHMW, B W, & BERRBEET GIS RIS
SEIRRTFE[T]. R AEHAR, 2020, 46(3): 815-823.

WU Ji, WANG Zengbin, LU Hong, et al. Calculation of GIS tempera-
ture rise considering effect of gas flow and experimental study[J].
High Voltage Engineering, 2020, 46(3): 815-823.

(23]

[24]

(25]

[26]

FHM, Xk, R, % GIS A% T iRE 2 Wy i 1
LT wERAR, 2019, 45(12): 3820-3826.

WANG Zengbin, LIU Shupin, ZHOU Hongyang, et al. Multiphysics
simulation method for GIS epoxy spacer temperature[J]. High Voltage
Engineering, 2019, 45(12): 3820-3826.

ZHOU L, WEN J H, WANG Z K, et al. High-fidelity wind turbine
wake velocity prediction by surrogate model based on d-POD and
LSTM[J]. Energy, 2023, 275: 127525.

EHFT, BEK Bl & fRRmEE Rt S ay
WERIEERNT). mEROR, 2023, 49(6): 2420-2431.

WANG Qingyu, CHU Zhilin, CHENG Jianwei, et al. Reduced order
model of polarity reversal transient electric field of converter trans-
former valve-side bushing[J]. High Voltage Engineering, 2023, 49(6):
2420-2431.

WANG Y, MA H H, CAI W H, et al. A POD-galerkin reduced-order
model for two-dimensional rayleigh-bénard convection with viscoelas-
tic fluid[J]. International Communications in Heat and Mass Transfer,
2020, 117: 104747.

itk 3E

1962—, 4, i+, R

T S 2 W S T T A AR
E-mail: Houshiying@cqu.edu.cn

HOU Shiying
Ph.D., Professor

B MEERFEEE)

1980—, 5, 4+, #R, He
FENFEA R A 2R, R
TR D TH (I E AR

E-mail: yangfan@cqu.edu.cn

N 8

YANG Fan

Ph.D., Professor

Corresponding author

Weks I 2024-02-26 &R H 2024-09-20  Zk DA




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


