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Abstract: As China accelerates the construction of a new power system, which helps realize the implementation of the
“carbon peak, carbon neutral” strategy, the entire industry has put forward higher requirements for the digitalization and
safe operation of the power grid. Based on multi-physics field simulation technology, realizing real-time status monitoring
and fault warning of power equipment, improving the digitalization of power equipment, and realizing digital and intelli-
gent operation and maintenance of core power equipment are key issues that need to be solved urgently for the safe
operation of power grids. This paper first briefly reviews the development of numerical calculation, including numerical
methods, programming languages, and the application in engineering. In the field of electrical engineering, in addition to
numerical calculations applied to traditional power system analysis and motor design, the computational high voltage with
multi-physics coupling calculation can provide important supplements and support for traditional experimental research,
which becomes a research hotspot of power equipment. Then, for the thermal faults, insulation faults, and mechanical
faults that are common in the operation of typical power equipment such as transformers, reactors, and bushings, the en-
gineering background, calculation and analysis content, multi-physics coupling model, and key calculation problems, and
key material properties are sorted out and analyzed. This paper also points out that the current multi-physics numerical
calculations are facing difficulties in material nonlinearity, multi-field coupling accuracy, and fast calculation methods. In
addition, the current multi-physics calculation platforms for power equipment, including typical commercial software and
open source software, are summarized. This paper points out that the calculation of high-voltage power equipment in
China is currently facing a severe situation of software bottlenecks. Finally, from the perspectives of more complex mul-
ti-physics processes such as discharge in high-voltage power equipment, new electrical materials, development of
high-performance computing methods, and digital twin applications, the research ideas and directions for multi-physics
simulation of power equipment are proposed.

Key words: power equipment; multi-physics model; material properties; numerical method; simulation platform

ESRPIE: EEKELAFRIFR (2021YFB2401701),
Project supported by National Key R&D Program of China (2021 YFB2401701).



B W, R, ENSE, S5 PR 2V BUE T RO R IR 2349

il

0 35

20 tad 40 FFARSE T DAL ATHENL &
&, AMRIc. A RAEFEEE T EIR P B IR
W5EHE. 20 2] 90 S ANSYS Flvimid
FEARFA RANFHEHWGTE R T —HEBA I R AR AR I
REFH TR BESURT A EE AT L. 7B AU,
HRRIGIZEM 20 4D 60 FFEARFFURH T H 1 2E &1 i
W E D, BE 2 B AT 2 3 e 7 B
W RZ L KIRE R

B3 &2 R R AR A S %A
TR EACE R, EE KB, 13 KMk
it RGP 46 25T, RS R AR IE AT 2 B HL
Wh . SRS Z YN ASER, SEE
VR ER G  AHERZ, )R &% ) BB B
e 2%, HAREERR. HlE s A
Whs EPE k. RS, A SRR

FR A 4 [E B ) ml S FE AR T, 2019—2021
, BEARSL R AAETRIEE 279 &k, HA @ T
A TR AN RO & i R 220 kV DA AR AR
THRIFIE 128 I Wi dsdETHRifsis 370 Ik, o
EEAENUR AT IRER 73 220 KV DAL I % 28 i e
MR, EEMEERTEHRAEAR.
2021—2023 4E, TVFIME BALBR5 & B KA
(RS 25 il il = T B R RAT BRI B4
BRI, A e A AN AR, T B
WAE, REa BT K.

WEER, HFEAN CAE #AFRIHENFNZE W A
SR R i R R A g ity e A0 2 %
I R E AN 2B 0 5 AT, 25 B A i
BRI R E AN, [, EIMRAERE
F WK 297 B P s AT I B v R R R
OB RATY A B 53 B N T R R i IR A 3 SR Ak
AL B R AT IR J T N 7™ B ) R i)

N T M 2 Y E 5 05 AR I TR IR A
JEEaS, ASONEUET RIS, 3R 2y
R 6 R IUIREAT M4, X AR 34
2T R R AR EAT T RE.

1 ¥HEHEXRRAIE
1.1 BEAEEARGEINES

1.1.1 Bl A T
U EOE T EARARE T 18 ARk

Zo R, @AW R R, HiloEBnE
AT E I, ARk, ARERE. AR
ZEorTE A ICFRAE W 1% 2 0 Bt E O
BRI ZMAH. B ERBE T E RN A
JETiFE

A IR ek AR E A B, ZIVARIR
T 20 20 40 FEARH] L AHIT A A A i o 52 i
AN G5 K 1) B 75 2201, 20 4D 70 AEARLASRA R
JCJ5 1% CUN T SR AR A5 B T2 ) R 547 A A
LRI Z TG BR T 5% TR S % A X% A
FARI BN KRB e B 2 — IR

20 thad 50 FEAREE bt vl R A T 1 4
KR 7 FER] WA PRAR R BAR, )G FVM #A0 N
A BRZE S AR TR AR FH o ORARe SR AR 1) 780 o 2
BE . B E SR BE & 10 o) 3 <7 1 1t I A K AL,
FVM 773t T HE i 3 & S oy CFD A
FERAR . TEREAAAT NIRRT K
H1 FSI Gi—#VE KR T FVM T4504 1211
RiFH, AHJERG & FLUENT. CFX Z5f3iAT thifEzh
THIRHRMARE. M5 FVM B8 IEE TR
] i 0 B2 AR B ) 2 S IR FEARSE MRS T
WAl H S M IR S RE FE), DL R AR e Ab BRI [a) 25 3 DA
JORARRI T FRH S EE T E FVM FiEARR
7 FH T 1 P ] RO

] 15 R 7% 43 (finite  difference-time domain,
FDTD) 73 E N B R E M EE S L2 —, H
1966 -/ K. S. Yee $& i AR, 15 2 b T 35k B
Wt E, @ W+ 2 E R I LT R TR
A HLE ] RO, FEATA W 4 34T FDTD %, 1
PRI A IR 22 73-12:(RFDTD) 45 Bt .

11 4 563% (boundary element method, BEM)[{#jf
FTAETBEIZE 20 40 60 R4 a2 A0 B0 H ot
TERIWETT, V5 HAERN )5 3 A 1 S AT
M A2, H 5 COMSOL Multiphysics. ANSYS
LR O SIN T Ak, flanE RS
FEM-BEM VX 45 F4)— 75 [ g AT o1 3030,

112 HEITEIES

AR THECR TR LR & ) R e g,
I RFEE EORPAT — RIS P I HIE S . fE
BEATHTFENRE, W T # Fortran,
C/C++. MATLAB. Python. Julia 25X ZiE S KA.
B2 Fisoh H AT BUE T 5EE = R R .



2350 e B R 2023, 49(6)
‘ .mABAQUS.kL:r‘ . u
. e §$ - ligﬁj\"/g L e R, Gras = am /\NISY'S
| S DN et | FkimasE | FVMSRBAEIE, ANSYS. ABAQUS.
gt | NASASE HIRTCREF FERMOE | WS s %@gg&%@m@
\ | 20tH£E504t| NASTRAN ABAQUS FURRAERAR | CRXTE o
< 7| 17684 20tHAL 604K 20HAET0FA | 201t 80448 | 201 9044 20tH44T]
Bopm Rl | KSYeedHHFDID | FVM#BHA | pympmiAF | ZEREMCOM | COMSOL 545N
— R ENF R | AT | FENAT | @k e | A T RAIXFDTD, BEMESR
o it CFDA¥is; Fluent? & Bt OpenFoam. Starcct
AR RENAT e ® 0 «®s EFVMIFEHRA
| BRI SeFLUENT - xPgg S5 opmroam
Bl 1 FREdETE IR R R R
Fig.1 Development of mainstream numerical computing methods
AN T L
-8 ,o @ & M MATLAE W julia
19894F
19544 20t 704w | B G.V.Rossum 20094
inB;%ckus %I;/Ii.(}j{itchie (Sj-MOISIN iR/ P S.Karpinski%%
Z Ry .Bangert. 1991 s
EmBMAA | 1080fCsoti | I LittlelF & %gi@ﬁmzk NG R
: 19794 20034 . 20074 20124:02H
20034 B.Stroustrup 11\/?8t4111$ " F120104E N
[EREER VAN RACHHE S DL ores S - 7
B H T RRST IS | JBJE K AASciPy
M | 19984 MATLAB FeniCs& it g | 1ia0-1.0%
C++98%5 1.10.0
“e “ e “e
B2 HEIHEIES KRR
Fig.2 Development of the programming language
BOEH THUEFE I S 2 Fortran, Fortran  H({E THRE IR A #E )7 R 55 HEAEM o Julia 2

ORI SR R P B e A U H AR R, 78
THENUE B AR S MPAT R, AT DA 0 A R A
SHGHATIEHE, BA 5B o S R
FIVEVERFIE . S8— B3 bRUESS . 20 tHad 70 AR
W1, C/CHiE 5 LA fIE . O T R HE s
BONTZ N RIETE S . C/IC+HIES BA A
PEREAI I KHIIT R AL X . Y2 IR ARE 5 #0124
T CH e BB VR . 20 Al 80 FEAR,
MATLAB 7E#% Sk b i IF K g . MATLAB if
SR E I T NE S, AR
il B S MR X R AR SR . S T
8 5 2 F i g 7 sUR S I RE P2 01, e &
LT EH T2 FRIEE T AR . 20 el 90 4
fXJ5 Python Al Julia FFIACIE S A4k H L. Python
RIS WP R, REEME = ENE, £

—AmFEREEE R RS SE S, HB
R MU RASHZ SRR ARG ML Hy
TN OHRFEER. Julia 18 5 OF W THKRAES
R UASCHRF B by HLas s SIMIFAT TS A ST
12 TIESEHBETELARENA
12,1 TREUSEE v 5N 2B A
1241k, BUE AR TR U A N AR R
Z. ARG, BECAH 15 N ZERE R ik
40 > AR VRS, Wil 3 s, REW
LFHETHENFERRE, ERZIHRENEEERHS
T2 WL BPORURT R R H X LA T TR T
FUREAS [ S AR ) L FH 8 55 A i) AT 4
F AR R T SN B TR U — AR
eI, A B BUE TS5 VE R T AR S bR
TN AR MRS E SR, E4RZH T



o W, AREYE, ENSE, & R 2V EUE TR R IR 2351
[ TeEgeEits |
]
[ I I I I I I ]
| hlﬁ | |1Jc‘:—‘él1t1| mllﬁl |Iz‘ri%:?:%g| Immlﬁil |arﬂklli-i| (29I | [BFRZE]

2 % o

Al m M
Wl 5| e
K| T T
| i ¥
MRHZ | |esIi| |mz=mx| |wRIg AHIR| |ZX#EH
| |wl e il = 7 i 4 9 || 21
el %Erﬁgxﬂgi L (RE K }3 e |||
ik i T O o R T B Rl % [
Mm% |5 @;gﬁ 17 L]jg i & I FL || B [
ol P O O o 71 1 4 4
5] || 5 §% S (& (5] 2 I w7 ik P [ | s
e I T A [l
RS | (] l e I O e 1
N [ N [ T I O O I |

B3 TRHE TN 22 R A

Fig.3 Engineering application of the numerical calculation in different subjects

BHUIREAFAE AL BEL FE o T2 00 TR A0
o A TR TR TN AT AR B I R S X
B, RATE AR B, SEEL AT R R B
HFRE R e L. Bl TREFN T A2 A B 4088 5 1) FH
BAE VI VE AR AR NS A S I R, B
WRIGE R Z AL R AR 5], I M+ ) R G
MEmE . AARAUETINR, JER e &S] E 5)
1 R FRISAT RIS SE UK HEI S,

T2 R A U EUE T R R 4G
T 20 4l 20 424X, HETHE MDA R E 5
SR SRR AT A T A TG4
Eppkb £ Tl S8 o 445 Chem3D.
Gaussian fll Conformer 4.

A v EAE M RE S 0 R O A B AR RHE B
S THEAMREEAE, R T A A EE
TR AT SEPR I RE AL T B AR R AT T B g
AT IPRLEE AL A RE (R 00 B THOT . 08 I B A
THE AR & 5 15 71 %% (molecular dynamics,
MD)8L, FE ARG SRR PR FEROR
TN MBI A shie k. A
PR IT AN B 22 7025 090, 045 JmatPro Al
Material Studio %% .
122 FAUATUSCEE T A i e B

B v AR B A AR S B P RS A A R . 20
el 60—70 FAL, BUETHHEI AN AT HA TR
AR, FEIZW R T SN VEAL AR A S A S

BHEH Wi 1. #EEWEA1E R R s RAsR,
HT A4 PRI RN AR AR I R R M AN 1 2% 1 P
% XTI

LA AT 2 VA 8 B T SR SR LR T 21
Y], AR REE TPk . 1R T,
FEL B 7 1) RO SR fig =E E0 EEF- B — A EE A (W HL 37 W
Y)W EE R A 21221, 22 4337 18 (Y0 A LA FH A A &
BN BRAREI R IS SR, BEE W&
PRGBS S, FFEE AW, HHEREEZ A
B35 2 (A AE AR ARSI, B H R 3 AL
RGN AR e 2% LRG0 55 2 W35 1Y) S 4
A R EER3,

W Z VISR A TR, AT DUTE AR T
IS HIVERE . SEIAL Bt BB A AT SR
Mzt filtn, ERylitdiEd, mig 2y
W BT DR SRR IR NRLE R B,
e EALRCR s R R A2, nrCUR] A
EZY SN R RARACE VP e O T A
[T FL R e S FRAB 2 PERERY; TR BRI R,
A FI 2 P 0 B RS SR . B0 R 1)
Wi, DR E AL ae ) g g re s,
ZYH R A T O O 13 W R AN T R
SR EEFR

HL A - T R adE: 2R
A ANSYS. COMSOL %5; HLJJ R4 { HAK
£ PSCAD; HLJJ RGeS 1 B AF RTDS . HAHLAT



2352

i LR AR

2023, 49(6)

H 14 Simeenter Motorsolve .

WA F IR FE R EXS, FH
COMSOL. ANSYS 454 [RICHx s v ke
HAT Z B & 1 O EUE 07 B 55 RS SRl &
SREA B, Wk T 2V S EUE )] 1
BRI IERAPE, 729 WA R IRT . A teme ot
T B AR SRR, (A yah A F2 55
T TP R S A, TR FE IR b
Fto Bz, ZYEIGRE TR AR TSR N
FFUR BRI, AT TRESERR o i &N A
A SBRSHAE, ARV 2 R 75 EE AR

2 BAREZYEGITELZRIVIK

LA BUE TS ety WS I 0L R
LYY IR G . RSB TR, FHR
2B E R T ISATRE, BB MRE 2 )
I RN AR ME RO RS, 3 ST T ) 2825 93 A
55 A% SR 8 1 T SR a6 2 D B RS AR Y
IRYEA A et ML TR B, KU E 54
A 21 BEHE T UM IR T % 2 Y B T
H R TREE S AR e fF7ERN
S i) LD R R R S AL

F 1 MBS & 2 YR N
Table 1 Multiphysics problem of typical power equipment
5 TS5 TR YyE I R 7] fR REEM R ZH
FRHE P RE A2t TEAR . B-P. B-H. B-i-
B o RNy AL G
TR A (S5 FE ThAR) R Ho o(EIT)s a. ¢ vps M.
T35 3 i ETH : -
Rt R, I Y o
P A Gt B W B-P. B-H. WD),
R — prE— N - o(EIT)~ o\ ¢ vpr M, p;
I FLEg S I R JTH A (R, B TEAR SRR | ﬁ%ﬂ@?ﬁl Y o(E/T). e(EIT)-
e PR 75 BROIRS) S R AL 1 AR R AE ar e vpr Mo ps
LR HL 37 B 43 BT (Gl 4%t - S s (R A AL Al o(EIT) e(E/T). a.
Vi 1117 = N SIS TS iz i .M. p. T);
BRI FHOBUNG H0RE. £ e o ACBRAIE R A e
N S H N Al N N
BRR% FEAEHUMES BRI AT A IR Gl b ) MR A A M. p ’
SHABSE H R ST RS IR 0 om0 e u,
R A L =, BLAEZBPE . W7 e
. jo— xﬁ/ﬁﬁ/ ;:Mﬁ l%ﬁﬁi/flﬂ A 2 (5 %Fﬁﬁifiikf% &% PapTiikLS Pr
it T AR NG o(EIT) o(E/T)s
5 N A% I 1] 52 73 534t M-I G (R MR oy ¢ vpy M. p;
SRR HO B U S 5347 B i) WSy WG oEIT). «ET). a.
Rl IR 5 P A4 -1 € oo Mp
i # TFETH L RIS TG WA RN . e o(EIT) as ¢y vy
SEEL B R T, T \ . M. ps
= L% 5 b 2R FEAAG LA A Wi%: o(EIT)~ e(EIT). o
%a Cy Vp» M, Ps
S hiE G5 K L 7 RS ) B N 715 SEEO 0 TEAE MR o(E/T) e(EIT)-
o, ¢ Vo M, p
L7 053 P Rk R T LI R EE 2 AT Ek77] 2% ) FEL A PR )
,ﬁ 7 32 7 . FAp 22
YT N 2% WHBCH R R - R ﬁuhffﬁu%mw% . B oED) ar ¢ vps
ArE
A —— N ) - - M. p;
. SRR S Y YR .
gy ERITEER A s i MG o(EIT). o(E/T)
VBB RERE R BEAUATE 57 71 BEALTE (19 L5 @ o s Mo p
é‘jj 4 /~\ 17 42, &ﬁiﬁ
VO S I 50H7 SR
Jin] 7
ik ks 3 S WORLT23). Ef
WO 500 [ s (O TES, B
GIs fi] A poR i Hi. #: o(E/T) a. c.
A A (TR 4R | RS .M,
R S 1 BEARBAORHE WETempe, nomn o M2

% B

e B-P NSRBI E: B-H N MhE: B OYHLEEE; POVRLES L HONMSHWE: A MBI R o N SR, ENEIME: h AT
AEEG o AR REEG c NHEVE: wIRiBka L, MOSIREEE: p NEEE: o AR TR e AN EE



B Wl . I,

S BRI BUE T EOR R IUR 2353

2.1 ZYEIZRRAIRE

TEdE. BE. BISRMSARAaGIT %%
LAY A g PRI SGEE . SSkatii. PR A
BATIRS A E > M 4 75 A i FEER AN T3 T %2
VIR G B A BT . B R Ak
M2 IR G R R/ B AE 4 . TR )%
BAeA MM, FESGER RRAT PN
I, A, WA RS S R, AT AR
PEIX 3R JUFh ) @20 5 22 ) BES7 R A B (1) 7
PR Bl e RR
201 HS i) Y 2 ) R A AR Y

H, ) 3 % v 248 5 25 1) () A1 P 5% i 2 RS TR A
GATBATIE BN R . S04 2 a8 1) 2 4 FLI7 i
FEBEAFEARIEEL R . HIA AR 3 KA
HAEM. ARSI 23200 S8 2 R
R ST R RO IE i RS . (a4
HRAR A PR G ROAE LA AT, Ay 4% il il
VBRI RN I R BT E

B, A s s P SR A AN R0 G
B ARG IR S EAR LR M A, AR B RHE
AR SN E R AT AT, TE AR PRl 4
A LSBT M T A GRAS FRAR AL I ) 4 2% %
s ARSI SRR, R EE R
TS IRTEA I S 22 B3 S AN RS T IR
By AR, WARRE R SERHERT fEIR AU K
S oA B, M T B A HI-RES T
B UMK AT B AL, 4B AR ST b K 4y
(RSP 25 A s AT 20 AT AN [ BT 2856 T IR 4R Y 7K 73
BARDAMHIEECS2), fE0F R, BT R T
B} 1255 =TGR B 4 2l A A [R5 R TR R Gy
T\ 2o TANRA IR RGBS kAT
7 BB, B FE 54 7 A %%%ﬁﬂﬁ%
SRR AN [ 28 AL 3 4 1 I IGRR BR AR S ST
N, DE=IUiRA %ﬁﬂm%ﬂﬁﬁw%ﬁ NT
Xof AR s 2% 48 2% AT RE 1 25 BRI AR 34T 4 T LA
T, FRFEEETEE TSN BB, iR
B REA BT AERE E HSHNE EEE T
iR, FHHET IR EERE,

Bt R BT NEE S T N AN IR BB
FESUE I R AR IS, AR R 2 )8
YA AR E S W 0 A AT R A, R TR
HLEE RS A ST IR T 7 5602, Jl I BRI
BAMNEWN A e S5 T g, FRARIR RS

____________ '?»iils-\/”f']
k BB WakE
@ #ﬂ
q&,xm%gqﬂbmm%ﬁ .
Sy % /I%IK\J"Q/
) \\\‘\ 4}%?, \\\\ /‘// \ A

&V

B4 iR nie kAR
Fig.4 Coupling relationships between the physical fields in

power equipment

N EANEARAL RS SRE ; AERORR T, AR
HLRE BB ARBIRE S M BRI 5
BRI IR AL B T IR B BB P50 A

B FUARSI S v st PR e v [ B TN Fa s A
fsni; 2t B AT e AN FRSRR R N B

T HL A DA B S TR RTRE NS JR) 3 R 37 R s 31,
X BR L ENERE . R F L eIsfT A EE
B X

NI FU AL PR T (] AL, AR < A BAJE L 3
82 R 37 U5 o A A B0 2 FEL DTS il P L 2
oA, HEBTHRIEA R, JCHRENSR
JEEHE iy BCRAT I 1 L 58 3 B AN P-4 7 A R A
T35 T 2 U L ATO A Ja) A ) 208 5 A 43 (R AR A
WAESN /1 IRAEVID Gk it I8 FORL ™ i 1 50%
AR OB RIS AN 3 4l I 0 B
f32)7 PLC Hiias RN ol 5 7 5m E AN IR f
ke B AR T R W A A T AL, A RIASE
o BRI TR AR, Gl H g 0
W FCIRE AT L BT [T 18] 268 Zx A el 2 [ H p AT 550
o RIS, 45 T a0 FE PR [T 18] 26 2%
5 KA o U R s R BRSO A
BRoea Tk, MLl itafa BT N IHRsh
BEAT 0T BT, ARSI B S AR T
IS R EICERRE ERF RS S LR
BUILRE AR A B RR R, A0 aPias
(3 BT AR SR AR IS AT SR AL BB D0,
2.1.2 AR R 2 B S AT

IREEXT B GARL & FPEREA IR R, E4E
HUSPERE. HUBGEREE . BERZ. RGRE. #bk. 1 &4k



2354 i LR AR

2023, 49(6)

FIRBGERLE, FRREEa S8, .
B AR, I B bR 2 A AT s 5
#AGRETT. RMBAE TR ASEIR S5 & FIE DT
ey s B 9% AR P 3 A8 L 4% 2 W B B AR
HENFZ

FRBTFERY, 25 FEMAPEA R IR B 2R BT,
IR e 1 7T LA R A e B 1248 1 s e 15
ANHER (R TR 2 RE S A A A AR AL, 45
AR e % LI O T BR 285  JHAR R AR T B
B9, GT 2V E I BT T 4%
TR FEE AR AR A o A s 5 PAY Sl P ) SRE M AN T 22
[ AR S R AR A & B R XA I BB, Wt T s
BAE SSAIRE . BGMREZ KRR, #iL
FLh AT RIION, % 1T ) P9 S ek A R B T T
5 AFER P T AR S B i R A2
J 2% 22 Uk il SR AL IRLIE 70 AD (AR AL R B0t
TR SR AL S S st LRt . a5
AR (7 e FRE421, AP FEN GO0 BT SR i B v S A
RIHEAT 7okt JF R IR 2 B R A
TIEE BRI T T IS RN G L ATRE AR B2 73 A1 1Y
AP S B R - 7 S A2 0 ik ik S U
MGG MBI Y, e R A
ARl BE TR, A SRR SR A
Al T SR B R OGBRE,  JU AR R A P AR A
Bk, MRS HER R R A% Sl R

RN, 4758 0 ok
BEERES AT, KN ARR L 21w,
BT i PR A A GRS R T AL s 2R 5 5 R it
RONLL BERRANL . PR B, ARG
2, BHA B E R TR EN, W KA R s SFe
AAEERBOE TR R4, 5 AR AR
FERRREREM,  THSRAN R S et 18] R BT B
ENE I AT, TN EE S GRS
TS AL s 5 1 I 1) v I 3 A R P B L E
Iyl e oA s AR ES), e iiAe, BT
AR FE A B AR AR ST i T A SGE B8
oA .

FERLPIES MBI FUrh, — B PAR Y 55 v
SR O LA TS 0L 3 4TRSS
Tl 7 EORE AN, F 7T R s R FE S A 20
ATRE L, TR HIas MU BT HR 2R B R
S SRR P HHE SRR 45 A
TiiE, WHERE B SEEA O Pl a2 A A R LA

Lot B AR R, R R
PUEH IR T BO SR AUE W, SR 1 AT A
TF R X 2% o FL T 4 L 1) 28 R AR RO L BT 9 5
BE— 250 M HE LA IR T 0 5 i LB S AT
WHTT, FFERHHE it iR T P e, 5
JEAS TR TN , TR AR SR FT B R R
g 2B NS LT A AR ), O P e pi s
I Atk TE LA R AR i iR S
2.1.3  HUMANHR BN 75 1] L) 22 BRI R A 7

Tt R RN T A A BE . T
& BT R AR S B B AT I 13 A
O, FFARAEAS #5035 B A 0 A BB T S A5 R F
R AR PRIBIIRES, MRS RE
M S R W it T BRI AR

TR SR ] TR S B TTVERE L T IR
FEER R TSR RN A oA K SR AL 52
FEE P DL, FIRETT T 2O s i T SR
TEASFRAROT, 3R FH B-R DU 07 22 Ve 2 o o J
SRt KSR RS E VR, AT O H AR AR M LA
SR A DL KB YRR BRI IS % MR
FHINNGHIRNEBEARE G728, CHRZL
BRI NG E A S, X SEBERATRT, N7en
B GRAIRBN S G 1B RS RN A R T
BAEXT R AT ) 2 B 1 3 e AR
JE AP R T (RS R B A, R B AR PO R
I E R ALE, JERATHE iR A PRSI0 R Kt
AR PR R AR B T 1R 2 T iR & 1
FAG BB DL N e 32 116 O S o A T i Y,
N S 2% DU BE 74 T IS P R JH [ ) R ot P
LA AN RSP BRI TS LB IR -

HI T I B o B B A G, FEHL R
e Ty 5245, T PN BTRA T AR SO 48 2% 11 32 711
OUHEAT 05 EEFE02, RS b TR R B A RS A5
MR D00 Akt BEXTEE I BARSS M, H
R BHBARIE 22 B 3 AT AT O 5 b, WEAE AN
WREBGEH TR AT P RFAE, IR RIS 2 Hr A
i 4% 3T AT FUIR BN AT AR S AR,
SE AR 57T R BB R F RS H K AN
WL 550 kV AR A NEE PR TERE, 7] LRI
i 17 L S B 3 A A AT AR s L T SR

Xt AR 45 R I I BBk B B A k0 2 8 B A
JI3EEE T B 32U X 16 A A AR 59T,
N HE— 2B T AR S SR L EAR STRFRT ) B



B W, R, ENSE, S5 PR 2V BUE T RO R IR 2355

JiiEs T S INER R LS P AR R B 1 A
Y, KT Jiles-Atherton(J- A A A1 — Yk %
BRI G T S B A A AL 00, SR P VAR RS A
BHEBURATETY s NERE 5 KR 5 5% B0 e 5 AR
FHI e, FER 3 Yk RG] R G A A A
AL, FE IR b o] DS R e B ah i S Ak s
I FH e 235 73 BT A 7 FE A R AR SN D, i
TP IPURIERE AT, T LUASCHESS M BURE
WItiREZ%.
22 YRS E PR RHRE

PR E S BUE 2 WIS BT A\ /b
Izt —. &AL Hitds. BE M4
G5 ReA NG, H RO LA T 32 B pE
B WA A dt. A BEARNET . R
WEMNG . P B E S HUR I, S ARNEFE R
“fizk. FHL3 EMEL DUF BRI 3 BMEHE
AR H )36 £ 2 W B T E SR FT A B AR )
221  BRBEMRMEAL

7 B T L e As Bk B B R 3R )
AL M FIRETRE , TAE 2 VBRI AL I LA RS
R, EEFEANTREENL TS PR R AR A,
TS N GBI R B AR R KK

P G Y R T SIIG I R A8 STk WA L )
TP ERRNAE, P AR R AR A i [ e 1 AR 2
PERFEAL N 2 B BRA3 R 0, E2AHE Preisach
FEFRYST-58IF] Pradtl-Ishlinskii FE%41591, Preisach A%y
AT DLAS I 1A 3R SI o A Rk ) 0 A 1 A R e M
iE, (HHSHHHAE R, [ERESLWEIE . £xf
%I B, Dlalalo0 F Bl PR R 121 42 T B SR ASAUA R s
R, FE#AIK T Preisach AR RY7E SEEILILFE A% S0 4L
P () SR o B T SRR OV Ie A fud v e M AN AR 7 A R
%, KH cosh 73 Aieki %, FEGIN Everett pRiy, #
ST AT A R AR A

FHEGMEGASIRY, 3 i i A5 A DL T ) 2R
FEhil. EOREER RN AT AR AR A, OB AUN AR
T RN BRI B R A B G ER AT O TR,
J-A FEII62-641F] Energetic FRAYI0915%, J-A FRAIET
b A BHMAOW AL B2 22 37, 11 Energetic ff i 4 Y
HTReE /MU, I8 ST AR T A 2,
BT ERESHIRM, ML T SEm zhas
I

ERMIARHE SR TAE PR 2 18 52 i B2 77
R R, R ALIE T AN R A T FRr

AR R i R AUL R R 43 T R AF DA ZY A ¥ 5
b5 s 22 11 A W 17 LS WA B = e e A g R e
BE5E At

222 BEFPRETY

UG BHE B 3 il s 2 R EENEA,
il = g VLRI S L ) e 2% 2B TR R AN 52
B, WG SR I A M 45 S 2
DI BT S = i, 3 T s S bR 1 %% )
GAIBAT .

li] R L8 A RS AU 72 5 T, I AL 4
BHERESEOT A R AR T N AR, A
DA SK i o 7 TR Y 304 T ARL P 46 b RLE e S 8008
Bl DAB e AL EC & 77 1000 SCRR[6714T XHZ 5 A
AR I B ES LT AL PRI T, 15 BIAS [ AL #4
TR PSS E, RN PSS B R L
PR rp BT DA O HL P A R T A AR T
Rt5%,

AT SR LGP R TT T, AHOCHE 72 B AR
SIS HT R . BRI ESE S, W 3 gEdh
FAITA T EARY, SXof H e 70 e 8 ) 4 2 1 35 IR B i
AR R 1) 2% (8] L7 5 A AT AT AT, TN
2R3 B A TS E 8, SCER[691 R A
BRIC T IE R B N4 2SRk SFe M ARRIARE &
1, AT CAAI M ARG AR 37 0o} 465 5 A7 B 37 43 A R 4
P BNRFPEIIRZM, NFFT SFe 4825354 B il A
FE BN 4 8 RO 12 2 56 i) /R 2 %

223 SHMRMER

SR R {5 B AR DA S M L R
AR e B et R R R EEMEM . H
&ML e EET T SRR T RS
R, EHUERE . B, Pihn. KON, i
[t N T - N T2 A e S TPl S B
HH R g S Em e, B RIS
REFINLIMERE, HSRMRTR, BHASEML, X
TN G A R R A o T T A R
LRI, SHRMERIRTHERE ERMNEE. B
TIXEAEG AR, SR IR YRGS
L il e 4 2 5 F DR RS2 B2 R

TEZWHSHIREETT, SFHMERESE AR
o —MERUL, 5 HLAP T H OEL i o5 O P v i 3
K, AT RE SRR B . RELe 3 i bt
B — 2 SRR 1) 5 PR RIS 252 2 R 11
omi, pbAh, SEMEHERS TR Esh ST RS



2356 [ELEESZN 2023, 49(6)
%y, XTHES MM IET. AN, KBS ms=

i gl (ESFORAE Maxwel BB Caleway BRESIRUSHS
AL 2 SRR 0 S B R A . L, 24 —

FIAIE N SRR X B e i i is
YAty B

A BT R, X T R 4k Y i
2, COAPBIBNESL 7 FARZA AR/t Y, i
VA RLE R BABRA R G R, HE T ARE
J1 %A TR B Ak B R DR /IS B LA 4 fi v BHL A K
AN, FFHZE T Ak e BEL AR K /N B R E 1R AR A 1700,
FA, EESCERIEH T — M T Allen-Bradley
140M-C2EC25 W% #5 ¥ {17 FUBLAY , 4 it 2% v (13X
&8 F AR T 7 SEREA RIS ARE R
BHER I, Sof - W7 i 2 P 1 A A A FE 5
o, T HEEAAEA TR ERR 5. IS
W 2% 2R A E VLA R A S 2 T 2T, R1G T
HERHF R,

iR B ) v ADRMIE A RIKR A
s e RE I, AORHERRE S )R AR T B AT A
JRA% 75 i B ARG, R S AL A AT FOIN T2
HEBEAT . ZWEL R0 LA R AR 2 A IR RH
23 HBAOREZVEZHETETS
231 EAMLBEE RS

1963 4, HAFMA RITHAF A" MSC #EA
T NASA, 60 (8] % F A A wIA TR &, A YO,
RATERRE LW R . B R R e B E82A
"HEE ) ANSYS. Altair, {#[Ff¢] Siemens, :H
1) Dassault Systemes, LA} Fij 8 '] COMSOL.

1) ANSYS A ]

1969 4=, J. Swanson 25 7F 7= A SASI
AT, REFRH ANSYS &k, PLAEZMA IR G
SIFEFREM ANSYS A dKFEEAA K I 2
% CAE 84k, HATCZM R 1 5 fros
B R EAEAR R . M ANSYS A & B3 I s ]
FH TREBUE T £ R R
SR RIS, MU BT 450, M
A B RGBS

2) Dassault Systemes 2\ &)

ERAFEENEHA TS ESL, THAET
MR R B SURAL R R 51 2 AN B &K
BAPE, BT E 6 s EE R AR, A RH
A EHFEN N “3D Experience w7, Hj L
B & AT TR SRR SR, E 441 CATIA,

%
AT
o

Cloud Direct Z=RRITE

BFETAMSES: FLUENT  ilid

 SpaceClaim
3Diit  Discovery ZEE
ERRITTA

EEEAMETE Sound BF

ERPEEF LS-DYNA /Ansys

BIRTTKAER: Mechanical (HEItERE SiEHHE
BEES 1 FE  Workbench {SEIFA
FEUWTE nCode DesignLife

SHH (FEE
IRIKAREE  Autodyn AU Ensight BAERMEIRE

EFHEN
BFZE  TwinBuilder EFIL(R

PEERSNERE  Granta  HIH

5 ANSYS 2l EZRAFA R
Fig.5 The main software system of ANSYS

Simulia-Opera  FBHH
EBREANHABE R

Catia 3D EARIRIT

Deltagen hub  BJ#AL3DEEAE
Deltagen stage  EIEILD EER
Solidworks 2D 1 3D F=RERIE

EBIERLT

Simulia-Tosca WA
ETF FEA 5 CFD
FEAERILL

W =BRS  Simulia-Cloud
ssssssss _
SRS

Simulia-PowerFLOW =i
EESMNES
EEEFHE

Simulia-Abaqus SFSYIEFES

EZRRGIS
Simulia-SIMPACK  FRGHHFELR

BIRTTER

3DEXPERIENCE ~#FZ4E
Bl ZEEFE

6 Dassult Systemes A &) ff) T Z K &

Fig.6 The main software system of Dassult Systemes

SolidWorks 457 fil ty FIA B o 1A BRAE (7 AT 5T
BRESASTF5R K/ SIMULIA N HFRR, & N
Abaqus. PowerFLOW. Oprea 555 K77 i

3) Altair A H]

MEFHABER AT, Altair ¥ 2 BEHITHER
PETF R IR R , 1E 20 T 20K DB SR AR 28 v 1
AT, Altair 55 Ry 245008 1 A4 3T R B
HyperMesh 554 T 24 F WS H 2> TR H, 1E5
R TR AR (4 — S e . RE RS Altair &
ReN Do SR — R A Z W B, W R4S
ML RS G RS, AZAERHR R
el HdE o fl s R L AT A E Gy . L SR
72 Hyperworks. Flux. OptiStruct 5.

4) Siemens A ]

Siemens & — KLk T Lok, FEAlvehE. A2l



B W, R, ENSE, S5 PR 2V BUE T RO R IR 2357

REIT AR AR . A A AR B 1 55t
DL [RIFE (R R 2 ) ) T B Al o 40 A PR e 07 4K
R EE AT, Siemens JHITUIWEEESTE TIHE
“F-4 Simcenter, %077 Mm@ HE Amesim. Simcenter
3D. STAR-CCM+. FloTherm %8, H. 9 Simcenter
MagNet “EHAAEE N AME K48 BIEREFRA)
FHEHTZ.

5) COMSOL A ]

COMSOL T 1986 “F1EHH#L . o BT R A1)
J&4 4 PDE Toolbox 1.0 fJ—/ MATLAB %44 #7
TH, J5T 1998 £5 45 FEMLAB. FEMLAB
IR AT T 2540 J1 A A A S A i
%, FEMLAB %5 T 2005 4T 45 COMSOL
Multiphysics. B# 2010 54K i 4.0 iz4A, COSMOL
Multiphysics 4% i 20 V15514 8 A 22 3 WU # &
ReJIE 41T 5 PDE, [FIR H A& FHXT 5838 (11T 5 Ab 3
Ihig, (EHREEUEE, 7 CAE Ak al 5 b —iH .
2014 S RANM) 5.0 A E “ App R AR, A4
& AG T COMSOL Server, 2018 4F % 4i COMSOL
Compiler. COMSOL Multiphysics R 5 T 52
SIEAR . SR 2V 07 B IR A T K fe
SRR, WS R 2 A .

232 HHWRMHFEE

] P4 (K RHIT B AT Al 83 2 R R R,
CEA T — S AR 2y 5k, dt
HaBERERBEARARET “HEFEHIR
APP” I R HEH 2 WA 5P & Simdroid,
A& B EINEN . B RS AI K
KGa5 20T N, FIFFRIERT. 52
ST H, HATCHEHRZE V4.0 i, 2018 £
R B 24 BR A =] #EH LiToProducts, =
4t —3#| LiToDesk “F-HHEZL T, Hr LiToSim N
— KB 3 s A R RS, ResRigE
FE A 25 1) R S AR 2RV 1] RIS, o LR S 2 B
Y& 3 i & EMPbridge B FE R 72 B T
WEFCITRE R IE T 2021 FF kAT 1.0 fRAS, B T4014
AR AREVEI R 5P R AR BT AA 5%
A H BRI ER, Wb, FeREE &
Jo AP (SRR 0BT o 2009 4E ST P TR
HEARCKE) AR A A HAfc oy E N CAE AT K
HE A, HAHEH B 2 Y B 0) 1 e &
INTESIM-MultiSim [f] 1] T2 4% 837 & 2 8 &
15 BB SEBR TR SREBMAZ LSRG 2R L TT 22 T M

EIRE B A W AE CAD A 77 AR 2R &, 7E CAE
AT AR 4k HE T 45 R FELRE A AN R o B
F e CAX PP AR

233 HAh#f-F&

TR FH B~ 5 R A T R 1 SR A 28 R A v 4L
MR IRAE o H H TS AN Al & i A 15 K 1
TER K M 518 F P SR B G AEF 6 HEA T 52 4% i)
AR BRI, R T IR BT .
F P BB AEAS R A DL i J B, JE kI I SR
EARPCHT IR R . SR 2 AFAE TR R e
s iR I R R DR PE AR 2 BHIF LA LRI BS 00 T,
WA T REAFRUMBEITE &, R2HHH
TER B REMENT 6 AR EEE T 4,
JEFFIREAEE G R iR K. FRRE AT & YRR
XPANFFTRG  PRAE TN G AT DAZE eI Aily - i &
I J A7 LA T B 1) R F R . Nfdiax 2T 52
ROt R R e REAYE, PERAZUT
el SCREER MM SO BEOHEAG w77
PR PERE, W B M RME COE T 3 MR
PRALE I UL B SCRY RN S5

3 BORSZYVESHTELRRE

31 ERBEEETE

BSRUL, B SR 34 T 2 W EA 1
WFICPE S % AR I TS AR T i 5, m] DA e
JFeR s e 250 . AR, BT IS E
P FEL ) R G Hp R S R AN T B i DL R FRL I A
. FERARI R REESS, — 7 TN B R % 450
Wit MBHERGR B S B R, N — 5T g2
HHRE GRS E RS R YIR R, e
S = A SWAE S el SO R 1)) S 1
WUZAT RS T B 2h A3 TH 5 i) 4%

R BRI — N R, s
SR R T E S H A PR RE, TR I R
BHZHZRE. ZRFHHE. 2YEnReSEE
Fks s, R I BRI 7 LRSS A T, WA
RAFEHE N SEN RS 00T RS SR,
SENL I ZAR FEVEAL R, SR, I 7 © i
W RIS BB AR R, R R AN R
A N R A O BN E R 2 W EI R & A

RO ciop 1 SO & i S el
N



2358

i LR AR 2023, 49(6)

R2 WMofEitET S

Table 2  Part of the numerical calculation platform

BETA R e
AR TR, ARV S50 RS, MR, AT B
FEniCSx[7! FFIE FEM
S TR IR TEATS . T LS 3 R B R P
AL ). 370 e, TSR L S )R e PR A b I AT
OOFEM!™1 Vi FEM
TR VB BT, SR RS A
Code_aster™] I FEM SR SRR A ET 6, AT ARLE P T
OpenFoam!" TR FVM ETHFS CFD, H AR S R AR . AP 5HT)
e o ey R, AMTRAORIEE . AT S AT T 1E. AT
. & RS 2 R 2 T e
Elmer™ T FEM WA % BRI isE, A SR, AL Y 1
oo S x| JASTERAAU TR K] Buler, NS A RANS SR 1CH OpenMP 55 MPLJF(7 il
B, RIS T R SRR
& TR AL B CFD BcfF, B& —UOT RN ST RS, T
Code S [80] IR FVM
ode_saturme THR R G AL 5
N e ey TR FEM ) Cror, SRR AR TR 55 AR TR, LR
- Z GPU M7 ST 5
dealiil®2 TEUE FEM U TR EE IR TR, S BT, SO 4
L sERT Ak i . HEEL N % 197 5R i —=py e, s
CEMLARS i Fmﬁ;ZM\ LU ZE 1, 7T Wﬁﬁzﬂ%*% MR ERDUCETF R, AR
i)

© HFREERART BN HECEE TR 1,
75 AT A4 25 R R RN AOMA L R AR BT, 3417 TE
TRAERRAE B SR R 28 R R AR R PSS,

@ JRTOLER ) 1 75 8 ST AE SO L A 20 AT R0
TRSERE b, AR B30 A S AR A A R
HE— BRI

@ HE— BN 2SS A B A R ) B i
T, X T 58 2 A1 B HR A SOU AL 2 - 4 0 ZELIS6),

@ B WA F R BRI 2 I R S A B
SE R FATEEEIGAE,  H AT A AT Tk
3.2 B TH R ST s

HL2E & B IR . Wi R R B A
TR IR T/E, FiUMEMERE R E T H
T MTERE . HIEE & T T RIE FE IETE S 2D
RIE. B, HSAMEECE T rT LA B BEAE 5
W, ML G SARL R BRI AR A e TAE,
Xof SR B FH 3 R T RO IR X, T i a0 SR Ak A ek
SR} 2 TR T DR TT DATE AR 48 e (R0 B I S
DU FE7, KK¥em 7 HAE 35 4 i B
715 AL (GaN)FITR AL IE (SIC) &5 5 24815 21 S 4444
BLEAATN Sl S, SRS A, PTRAN T H
TG 1) B 458 S A R rT LUK IR SR 4y

HIRE, ROASRm 1 PR IR R, ik
ALy p Y AT e AN 5 e pee ARELL s B LN AN
H, TR R AR R A B AT RE . A Hhvl
MRIEEBAEARII AT — LR E SRR R4
SR RO T DU R, (EARA & & H
BHEBE R 2 i T AR B2 B0 S A7 FE AR o
MIARZAEE); G R T, EIAEE GG R
HIB AAB ] i AL I B PR AR, XS R
Mg rtae e B —E “BREL” $RE. Bet,
WHEZ AN LR TEREL SR EA T
WTe

IR, e T R B AR T R A
IR, AR B RATRIAT DR Gt fi ok AT 3% %2
PRGEBATHIEB R M, EARRBTA R
Gih A ARR ) RN TR . SUHEFER, BT R
Rk R aRARZeTE,  RRIZ L Y W AR A R RS
S FH 34 a2 Xk L 7 2 [0 2 WV B 3 015 0 SR ™ 0 Bk
filo B, ESAPRHEIR TR A L R
LGS Wl T4 RET S JU SR AR 2 TR
AR EARL B REARL M R S 5AE 2 )
SRAE N AU H R A . Ik, A4
Ui EAT R R UL, TR AR LA 2 B A



B W, R, ENSE, S5 PR 2V BUE T RO R IR 2359

BE, W] R R R, R TR R
N [ )
33 EMEEHTERE
33.1  mitHSBAREM

HEITHETEREES, CEARREM T T
T ESN- -2 L SPNi s =safn)-!
SRS T HhaR, RN FEBE R 7 2n A4 BORAE 3 AL
) RGN, X EE 5 B SR
MR T HEmER. mitHET, SRR
SR DR DA A TR LN T AR BT
RESRALIIS ), BT BN SR I — AN
TEJT S8, M B = mf t BOR b SR 35 . (R
W2 AW R AR R o TR R Db Z A L (1 I

BRE RN, 7 A 0 BB R AT AR T
S, WRETHESCR . Bl LR R A
N1 0T SVl T2 .y N ol [ B A
i MREASE . H AT R R B O B AR R
B 7 A WA, i T 0 o 02 4 B A R
RUREAT AR BB 1) O AN A
332 4iE N TR R 72

bEE N T8 R A fE S B BRI
MRS, BEIFE AR RS 5S8R A
TR kg A DA SCHE R U O 15 50 R AL i)
o HSROTEAR N IR T N TR RE M R i
TIFERMESEE T A A5 A N TR R E A
3R S M VA 2 ST AP X % AR AR TR, AR
W R B TAE 2 M5t MERARR 7 TR
SR AR O AR 7 RN A M R R S0 43 T
T2, TREES: ) iR A AT 2 S A RUR B
BT AT AL S AR AR - 42 v AR 75 503 w1 31 3
JIZEIRE ST, AT BRI G 43 77 R Sl 36 R 1 22
D DN SI T 1 g o e o S I 1 S AW T
BT HREIWD) . BTV AR TR,
FEARNZ 0o 7E 5 4 248 I 445 HE S A 72 -5 452 2K bR 25 10 4
iE. S NTERNBE T E AT ERIRE RS
SRR EUEAES . R TR AR R
Ay DT R B R TR S S LS
34 BFTFEFEAK

PRl BT ) RGBT ALERE, X H )3
FHE-NB 2SI E ST R TR, M
J2 7 B B AR AR RO K H 2 4 1 4 A o JE 3
BT, BB AR EoR, B RIEE
ML 7 RGAMAFHR, XEF RGERANF LIS

MO S EARM, SR H AT TR & 2 MY
1 2 2 A S A i 45 O 2L O RS A AL e AT
M, RIS T RGBT B E .
PRI - T TR N R IR 22 UG T ) A i T 5o
T2 (R L WU Y 1EAT 22 SIS KRR 5 2
B 2 T BRI ST R 2 — 2, FETH [F) 0 R e g 3
#Z Y ETEE R, RIS T RS
AT UEAEA AR IEMBIER R, %
TIERT ORI & AL . B R 4R
IR RR T EEBE— 20 N W E I 1) £ BE W1 R
TR AN A RN “JEIE” A “IRE”, Dk
AR Z R E R R, DU %
NER, BEHAL IR LA AN LR “ R Ik A7
57 . NRRRAEC ARSI RS R
2 22 VBRI AR S R MEANAT s P IR TR A R R SR (A
TUFER

H AT By AR BB E LB T
LY AR KB T F T BRI
3] D5 IR RBN A 3K P R AR SR i
TN A EAL A B A PTAE OL. H
RIS TSI B 8D HL 70 2 e (S MR 55— Al A A SRS T A
R AR AR R AR AT M LA R SRR oK A
Ut HlE AR s S M B RR I AR TR A X
ENINEIE R RIE . FE TR G WEh I iR REWS N Al
PR ARt R, IR A G B R T
P E BRI . X T i e & 2 B B AR A
REWBNT5E, RKETH ESE DO TR 2
Py ERS WU ERAS S 450 R TR AS e A SRS AR 95
RERH, SKINZHURIRE £ AT & 58— PR
BAEE IR, MR EalE SR B AR TR ) I R PR
HITERF & 88 — PR B R oy %6 b

4 ZE5E

HL )3 2% 2 W B BfE 05 S S T HEsh
TAT NG I R e AR R EE AR A T[] R
TG AE TS S BT RIS 4 M I 1 R rh A AE B ) R
A VAR A A SUE T SO A M 2 M 5T &
BEAT AL T A B AT AL AT, TR T 4%
AHIE A AE AR . 45 & N TR BER R e
ANEE 32 2% A A i PR B =R R, R A AR SR Al
AT R A RN BR e 1 R T 55 22 W B 7 A R AR )
WERMBT 2R BRI, BT AT A A T
iOFREsOURTRnpA R



2360 e B R 2023, 49(6)
SE @k References TR, 2005,
ZHENG Kuisong. Study of FDTD parallel computing and ADI-FDTD
[1] SILVESTER P, CHARI M V K. Finite element solution of saturable method[D]. Xi’an, China: Xidian University, 2005.

(2]

B3]

(4]

(5]

(6]

(7]

(8]

(]

(10]

(1]

magnetic field problems[J]. IEEE Transactions on Power Apparatus
and Systems, 1970, PAS-89(7): 1642-1651.

[ 2 RE A=) R 0 AT SR PR A A TR BT R rho. 2021 SR
FIATFEVEAE BE 1] 45 [EB/OLY). (2022-08-19)[2023-05-18]. http: //prpq.
nea. gov. cn/ndbg/8540. html.

Power Reliability Management and Project Quality Supervision Center,
National Energy Administration. 2021 national electric power reliabil-
ity annual report[EB/OL]. (2022-08-19)[2023-05-18]. http: //prpq. nea.
gov. cn/ndbg/8540. html.

AP AE B, B AR, ARSI, T AE S R
ERORE A IRBEIOR T R DR il g b o 0T 5 R AT 3D
i+ %11 (2022—2025 4F) )i &1 [EB/OL]. (2022-01-13)[2023-05-18].
https://wap.miit.gov.cn/jgsj/jns/gzdt/art/2022/art_e9dc9470b18d4747-
bbb9892406907¢92.html.

Ministry of Industry and Information Technology of the People’s Re-
public of China, Ministry of Science and Technology, Ministry of
Ecology and Environment. Notice on printing and distributing the ac-
tion plan for the high-quality development of the environmental
protection equipment manufacturing industry (2022—2025)[EB/OL].
(2022-01-13)[2023-05-18].
2022/art_e9dc9470b18d4747b6bb9892406907¢92. html.

B 5. B Be o T BNk “ A0 207 s 28 5 R R MR ) g
[EB/OL]. (2022-01-12)[2023-05-18].
content/2022-01/12/content_5667817. htm.

https://wap.miit.gov.cn/jgsj/jns/gzdt/art/

http://www.gov.cn/zhengce/

The State Council. Notice of the state council on printing and distrib-
uting the “14th five-year” digital economy development plan[EB/OL].
(2022-01-12)[2023-05-18]. http:/www.gov.cn/zhengee/content/2022-01/
12/content 5667817. htm.

LIU WK, LI S F, PARK H S. Eighty years of the finite element meth-
od: birth, evolution, and future[J]. Archives of Computational Methods
in Engineering, 2022, 29(6): 4431-4453.

ik WL ARSE PR A PR AR 0 25 () B B AR R (D). K K
EBTORY, 2017.

ZHANG Fan. Research on spatial discretization schemes for finite
volume method on unstructured grids[D]. Dalian, China: Dalian Uni-
versity of Technology, 2017.

PRAPAINOP R, MANEERATANA K. Simulation of ice formation by
the finite volume method[J]. Songklanakarin Journal of Science and
Technology, 2004, 26(1): 55-70.

ACHARYA S, BALIGA B R, KARKI K, et al. Pressure-based fi-
nite-volume methods in computational fluid dynamics[J]. Journal of
Heat Transfer, 2007, 129(4): 407-424.

FONTES E. FEM vs. FVM[EB/OL]. (2018-11-29)[2023-05-18]. http:
/I[comsol. com/blogs/fem-vs-fvm/.

INAZS, SR, I R 2 4 (FDTD)E R R £7AR[CL/2009 R5T
P EAAR IR AR USSR, S8 P ERPEE AR AR
#, 2009: 115-119.

SUN Fengjie, ZHOU Qiming. A summary of FDTD research and de-
velopment at home and abroad[C]// Proceedings of 2009 System
Simulation Technology and Application Academic Conference. Hefei,
China: University of Science and Technology of China Press, 2009:
115-119.

#5ZERA. FDTD W% 47115 J ADI-FDTD J5 i858 [D]. 7. 76

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

(20]

[21]

(22]

(23]

X PBH, &G, BI5FEF, G FUTNEN SRR RN i
HHF, 2020, 42(3): 310-348.

LIU Yang, LI Jin, HU Qiya, et al. Some research progress on boundary
element methods[J]. Mathematica Numerica Sinica, 2020, 42(3):
310-348.

COSTABEL M. Principles of boundary element methods[J]. Computer
Physics Reports, 1987, 6(1/6): 243-274.

CHAPMAN S J. Fortran for scientists and engineers[M]. 3rd ed. New
York, USA: McGraw Hill Higher Education, 2008.

HRT, TR, 2 W, &SI BRI ST R B A
[J1. HEEVL TSR, 2009, 29(5): 48-53.

ZHENG Chenghang, CHENG Leming, LI Tao, et al. Numerical simu-
lation of combustion fronts in porous media[J]. Proceedings of the
CSEE, 2009, 29(5): 48-53.

KW, i, BRE. N TIERR ARSI Bl A b
i) CPFD HUEBEU[T]. o [ L TRE 2R, 2013, 33(23): 75-83.
ZHANG Ruiqing, YANG Hairui, LU Junfu. Application of CPFD ap-
proach on gas-solid flow and combustion in industrial CFB boilers[J].
Proceedings of the CSEE, 2013, 33(23): 75-83.

Waite, 2ol EAMPEH SRR M S TR BT ] R
HFFT, 2014, 34(3): 34-39.

FENG Ruihua, JIANG Shan. Research on strategies and projects of
computational material in foreign countries[J]. Science and Technolo-
gy Management Research, 2014, 34(3): 34-39.

S oA BT, 5k 3k, 55 BRI 4ERANRE SRR )4
PEREM = 4EA IRTHII]. ZaMEEdR, 2006, 23(2): 14-20.
JIN Quan, QIN Jining, ZHANG Di, et al. 3D FEM simulation of me-
chanical property of composites reinforced by both particles and
fibers[J]. Acta Materiae Compositae Sinica, 2006, 23(2): 14-20.
R, P, (AT AR TR A TR
BHUZHRD]. KIELj2EaR, 2012, 35(2): 1-9.

JU Xuehai, YE Caichao, XU Siyu. Overview on quantum chemical
computing and molecular dynamic simulations of energetic materi-
als[J]. Chinese Journal of Explosives & Propellants, 2012, 35(2): 1-9.
JMEsRt, x| BH, 2T, S THE RS TR S R A
TERA R R R EFA )], THEEEE, 2014, 31(4): 379-389.
ZHOU Haijing, LIU Yang, LI Hanyu, et al. Computational electro-
magnetics and applications in numerical simulation of electromagnetic
environmental effects and development tendency[J]. Chinese Journal
of Computational Physics, 2014, 31(4): 379-389.

B IR RBET R R R,
2002, 32(3): 335-339.

HONG Wei. Progress in computational electromagnetics[J]. Journal of
Southeast University (Natural Science Edition), 2002, 32(3): 335-339.
SO —. SR I R S R ] T A, 1995, 23(10):
62-69.

WEN Geyi. Recent advances in computational electromagnetics[J].
Acta Electronica Sinica, 1995, 23(10): 62-69.

WS, BB, 2, & KBTS LA G B 0 2
Fo: Pis. BERESHED]. Ji2akE, 2022, 52(4): 731-808.
WEN Binrong, TIAN Xinliang, LI Zhanwei, et al. Coupling dynamics

of floating wind turbines: history, progress and challenges[J]. Advanc-
es in Mechanics, 2022, 52(4): 731-808.



I

WL, s, ENSR, S5 HJRE VB BUE T R BUR

2361

[24]

[25]

[26]

(27]

(28]

[29]

(30]

[31]

(32]

[33]

BTG mEEsE, B I8, 5 BT A RSRTT SRR h
[ R L TRE4R, 2018, 38(5): 1274-1289.

LI Zixin, GAO Fangiang, ZHAO Cong, et al. Research review of
power electronic transformer technologies[J]. Proceedings of the
CSEE, 2018, 38(5): 1274-1289.

PR w0 R A R PR B TSNS ] m R
AR, 2016, 42(4): 1142-1150.

LIANG Yongchun. Technological development in evaluating the tem-
perature and ampacity of power cables[J]. High Voltage Engineering,
2016, 42(4): 1142-1150.

WANG L K, HOU K N, LU X B, et al. Research on electric field
distribution at winding end of converter transformer considering tem-
perature gradient[C]// Proceedings of 2021 International Conference
on Electrical Materials and Power Equipment. Chongging, China:
IEEE, 2021: 1-4.

RS, ZEPKR, LADISLASNE, % A 5IHIg T 4850+
IR SIERALAID]. T E LR AR, 2022, 42(9):
3460-3469.

LIU Qiushi, LT Qingmin, LADISLAS N E, et al. Bubble dynamics and
migration mechanism in insulation oil under extremely inhomogene-
ous electric field[J]. Proceedings of the CSEE, 2022, 42(9):
3460-3469.

X)W b L HKEIEE, E ZHERE ARSI TR
LK ERS AT FI]. T E PR R, 2023, 43(8):
3260-3272.

LIU Ji, YANG Hang, ZHANG Mingze, et al. Research on moisture
transient distribution in oil-paper insulation under AC/DC composite
electric field and temperature field[J]. Proceedings of the CSEE, 2023,
43(8): 3260-3272.

W, £, PEK, S IMARALISBENE S HOT R A
ot A R AR [0]. o E LR AR, 2022, 42(5):
1701-1712.

CHI Minghe, WANG Qian, LUO Qinglin, et al. Influence of oil-paper
insulation electric-dynamic parameters on calculation results of elec-
tric field at the end of converter transformer[J]. Proceedings of the
CSEE, 2022, 42(5): 1701-1712.

IO, R g, MOCHS, fF ZniR A GRS R
KEMELD). ERREROAR, 2023, 49(3): 1026-1037.

XU Qing, HAO Jian, YE Wenyu, et al. Microscopic mechanism of
thermal cracking and gas production characteristics of three-element
mixed insulation oil[J]. High Voltage Engineering, 2023, 49(3):
1026-1037.

BEFTE, BRIRHE, #ptik, & IR T EIREE NAZLS T
IHI]. mHERAR, 2022, 48(3): 928-937.

ZHAO Xuanyu, CHEN Qingguo, YANG Hongda, et al. Optimal de-
sign of insulation structure in DC bushing under temperature
gradient[J]. High Voltage Engineering, 2022, 48(3): 928-937.

LIU Z, ZHANG H, HAO X, et al. Influence of low frequency dielec-
tric relaxation on electric field distribution of epoxy impregnated
paper[C]// Proceedings of the 22nd International Symposium on High
Voltage Engineering. Xi’an, China: IEEE, 2021: 1548-1553.

g B FRAEER, ROCHE, A IR R B < R RO AL IR
EER RIS B TREEAR, 2022, 41(1): 48-55.
MENG Xuan, GUO Ruochen, YUAN Wenze, et al. Influence of space
charge and metal particles on the electric field distribution of converter

transformer is valve-side bushing[J]. Electric Power Engineering

[34]

[33]

[36]

371

[38]

[39]

[40]

[41]

(42]

[43]

Technology, 2022, 41(1): 48-55.

B M, TES], FUEM, S £1100 KV PLC HUBLA S E Bl &
HIESFMRAL[T]. RHERAR, 2021, 47(4): 1436-1442.

MAO Yan, DING Yujian, GUO Xianshan, et al. Structure optimization
of grading and shielding devices for £1100 kV PLC reactor[J]. High
Voltage Engineering, 2021, 47(4): 1436-1442.

SIRZE, FMEME, W, %35 kV TS B i hu s )
HSHIREE S HTI]. mAEER, 2018, 44(6): 2005-2011.
PENG Qingjun, JIANG Xiongwei, SIMA Wenxia, et al. Comprehen-
sive analysis of turn-insulating fault of 35 kV dry-type air-core
reactors[J]. High Voltage Engineering, 2018, 44(6): 2005-2011.

E O, B, 2 I SO EPIES R T RIS A S 7
[0 BTRHE, 2019, 32(3): 47-52.

WANG Yang, LI Yingna, LI Chuan. Analysis on electric field and
electrodynamics force of switching air-core reactor[J]. Electronic Sci-
ence & Technology, 2019, 32(3): 47-52.

KA, EEEE, KB, . TR SR I AR R AR
FETH AN FGEHII]. R THORZER, 2020, 35(21): 4483-4491.
LI Yongjian, YAN Xinxiao, ZHANG Changgeng, et al. Numerical
prediction of losses and local overheating in transformer windings
based on magnetic-thermal-fluid model[J]. Transactions of China
Electrotechnical Society, 2020, 35(21): 4483-4491.

BORH, EED, BFUE B 3 B R AR R e
] BT ARZEH, 2023, 38(8): 2004-2014.

HUANG Tianchao, WANG Zezhong, LI Yuyan. The influence of con-
verter transformer DC bias on eddy current loss of tank[J].
Transactions of China Electrotechnical 2023, 38(8):
2004-2014.

MKIE, BULE, 8F4E, & B TSENERR 10 kV ZERE
JERAR I =4 At 5[], A&, 2021, 41(4): 212-218.
DENG Yongqing, RUAN Jiangjun, GONG Yujia, et al. Three dimen-

sional thermal fluid field simulation of 10 kV transformer based on

Society,

parameter thermal equivalence[J]. Electric Power Automation Equip-
ment, 2021, 41(4): 212-218.

W AsME, EET, 5 iR AR AR Sl PR 43
FIRBRIIED]. PE YLk, 2023, 43(1): 389-398.

LI Huan, LIU Yunpeng, WANG Jiaxue, et al. Analysis and test verifi-
cation of dynamic thermal model of oil-immersed distribution
transformer[J]. Proceedings of the CSEE, 2023, 43(1): 389-398.
ERE, VFEIM, MU, S Z2WEEIE TR R S EH
R0 22 T s SR AR A SR () 017 SO FE[J/OL). R, 2023:
1-12[2023-06-10]. https://doi.org/10.13336/j.1003-6520.hve. 20221835.
WANG Shenghui, XU Yushuai, SUN Kaixuan, et al. Simulation study
on the influence of different short circuit and ground fault on trans-
former winding state under the coupling of multiple physical
fields[J/OL]. High Voltage Engineering, 2023: 1-12[2023-06-10]. https:
//doi. org/10.13336/j. 1003-6520. hve. 20221835.

WX, KA, B 98, SE IR R B AR R S SRR X
W ATRERSEIA ], M EORFAR, 2023, 38(2): 542-553.
TAN Youbo, YU Xiaoling, ZANG Ying, et al. The influence of har-
monic current on the loss and temperature distribution characteristics
of a converter transformer winding[J]. Transactions of China Electro-
technical Society, 2023, 38(2): 542-553.

PR, B, foRT, S AR T ARSI i dh
HRLIETHERT ], R LEORSER, 2023, 38(1): 246-257.

YAO Huanmin, MU Haibao, ZHANG Daning, et al. Study on the fre-



2362

i LR AR

2023, 49(6)

[44]

(45]

[46]

(47]

(48]

(49]

[50]

(51]

[52]

quency domain spectroscopy curves correction method of oil-paper
insulation at time-varying temperature[J]. Transactions of China Elec-
trotechnical Society, 2023, 38(1): 246-257.

Fifik, PAMER, F1R7, %550 kV/8000 A KA SFe 78/ a2
BB TR B BT SU[J/OL). R HUEHAR , 2023 1-8[2023-06-10].
https://doi.org/10.13336/j.1003-6520.hve.20221493.

WANG Liuhuo, TAO Xiongwu, ZHOU Junhong, et al. Simulation re-
search on temperature rise characteristics of 550 kV/8000 A large
capacity SFs inflatable bushing[J/OL]. High Voltage Engineering,
2023:  1-8[2023-06-10].  https://doi.org/10.13336/j.1003-6520.hve.
20221493.

DU B X, WANG Q, KONG X X, et al. A novel method for manage-
ment of thermal loads in the EV cable based on improved thermal
conductivity of insulation and sheathing materials[C]// Proceedings of
the 2nd International Conference on Electrical Materials and Power
Equipment. Guangzhou, China: IEEE, 2019: 357-360.

ROREE, BRROEL, B W, % BT 2 RN T 0B
% AL £ 0846 Oy K [VOL). #E 7 b R BE R, 20230 1-11
[2023-06-14].  http://kns.cnki.net/kems/detail/44.1643.TK.20230316.
1734.008. html.

YUAN Fating, HAN Yibing, TANG Bo, et al. Thermal and magnetic
joint optimization method of dry-type air core reactor based on mul-

ti-island genetic algorithm[J/OL]. Southern Power System Technology,

2023: 1-11[2023-06-14]. http: //kns. cnki. net/kcms/detail/44.1643. TK.

20230316.1734.008. html.

FWRIE, 5k, B, S WO RPN S a1
TR ERT ], A4S, 2020, 57(2): 39-42.

WANG Yinling, ZHANG Meng, HAN Yanfeng, et al. Influence char-
acteristics of magnetic field of bridge arm reactor on temperature rise
of metal structure[J]. Transformer, 2020, 57(2): 39-42.

THESE, REN, MR, S BT IREISITRAE O i TR )
LETEHHIER ). SRR, 2022, 58(4): 94-100.

YU Qunying, ZHAO Chunming, LIN Haidan, et al. Damage mecha-
nism of inter-turn insulation of dry-type air-core reactor based on
temperature field[J]. High Voltage Apparatus, 2022, 58(4): 94-100.
MERAE, 5K . RESE, . BTRE-BRIFBENAEET
ANAEGSHRZZIA]. RERS, 2021, 57(4): 84-89.

LIU Chengzhu, ZHANG Meng, XI Jingliang, et al. Study on tempera-
ture field of high capacity dry-type reactor based on fluid-
thermodynamic coupling[J]. High Voltage Apparatus, 2021, 57(4):
84-89.

WS, I, 5k FL, 5 H IR HARIRA) S M A R A IR
MR SRS R D] R LA, 2019, 55(11): 1-17.

JI Shengchang, SHI Yuhang, ZHANG Fan, et al. Review on vibration
and noise of power transformer and its control measures[J]. High
Voltage Apparatus, 2019, 55(11): 1-17.

koK, RHE, T #, S IR IR N B A R AR S AL
PIERERIEAM T EEERIR, 2021, 47(6): 2177-2185.

ZHANG Binggian, XIAN Richang, YU Yang, et al. Analysis of physi-
cal characteristics of power transformer windings under inter-turn
short circuit fault[J]. 2021, 47(6):
2177-2185.

WEbk, 55 B L S REREERFEREESG IR
HREZEE R NS, S B I/OL]. HURIEAR, 2022: 19 [2023-06-10].
http://kns.cnki.net/kems/detail/11.2410.tm.20220826.1124.007.html.
YANG Zhuodong, QI Bo, LU Licheng, et al. Mechanical stress simu-

High Voltage Engineering,

(53]

[54]

[55]

[56]

[57]

(58]

[59]

[60]

(61]

[62]

[63]

[64]

lation of post-insulator in UHVDC wall bushing under high intensity
earthquake[J/OL]. Power System Technology, 2022: 1-9[2023-06-10].
http://kns.cnki. net/kems/detail/11.2410. tm.20220826.1124.007 .html.
B, AT, WM, S B REE RS KA
IRER AR FE]. JRBhS5 Pt 2021, 40(13): 201-209.

ZHAO Lihua, CAI Weizhe, HUANG Xiaolong, et al. Vibration mode
and flange root stress of side bushing of converter transformer valve[J].
Journal of Vibration and Shock, 2021, 40(13): 201-209.

EHMS, I, 550 kV il AR A REEHURIER MBI R]. @k
HL28, 2020, 56(5): 203-208.

WANG Gepeng, SHUAI Yuanming. Research on seismic performance
of 550 kV oil-impregnated capacitive bushing[J]. High Voltage Appa-
ratus, 2020, 56(5): 203-208.

EEtE, sk Shifds 3 FE D s Bk LIRS A [T].
THARAR, 2023, 38(4): 1104-1114.

YAN Rongge, CHENG Yunfei. Influence of dynamic and static forces
on vibration of reactor core[J]. Transactions of China Electrotechnical
Society, 2023, 38(4): 1104-1114.

RREE, WRBRE BROd, S5 T WIRE RS e
PUas IR S 4 P 4 W7 B AR T [J/OL). i R AR, 2023 1-12
[2023-06-10]. https://doi.org/10.13336/j.1003-6520.hve. 20221857.
YUAN Fating, CHEN Bukang, CHEN Wei, et al. Vibration character-
istic analysis and optimization method of iron core reactor based on
electromagnetic-structural force field coupling[J/OL]. High Voltage
Engineering, 2023: 1-12[2023-06-10]. https: //doi. org/10.13336/j.
1003-6520. hve. 20221857.

BURGE, AR, Aok, S BT ARPRBEAT R Ak MR A
BHIERPERA]. R HOR 4R, 2018, 33(20): 4739-4745.
DUAN Nana, XU Weijie, LI Yongjian, et al. Electromagnetic property
modeling of the soft magnetic composite material based on the limit-
ing loop method[J]. Transactions of China Electrotechnical Society,
2018, 33(20): 4739-4745.

FINOCCHIO G, CARPENTIERI M, CARDELLI E, et al. Analytical
solution of Everett integral using Lorentzian Preisach function ap-
proximation[J]. Journal of Magnetism and Magnetic Materials, 2006,
300(2): 451-470.

BROKATE M, SPREKELS J. Hysteresis and phase transitions[M].
New York, USA: Springer, 1996.

DLALA E. Efficient algorithms for the inclusion of the Preisach hys-
teresis model in nonlinear finite-element methods[J]. IEEE
Transactions on Magnetics, 2011, 47(2): 395-408.

#w FH, B, BER4A. T Levenberg-Marquardt 515 ik
Preisach A5 #) BEAFHE BT S I0IET). op [ ML TR 24, 2020,
40(18): 6006-6014.

HUANG Lei, BAO Guangqing, CHEN Junquan. Magnetic property
simulation and verification with improved Preisach hysteresis model
based on Levenberg-Marquardt algorithm[J]. Proceedings of the CSEE,
2020, 40(18): 6006-6014.

ZHU L H, L1 ] J, YANG Q X, et al. An improved magnetostriction
model for electrical steel sheet based on Jiles—Atherton model[J].
IEEE Transactions on Magnetics, 2020, 56(3): 7514604.

POP N, CALTUN O. Algorithm to describe magnetization curves by
using Jiles Atherton model[J]. Pollack Periodica, 2010, 5(3): 155-165.
O MR, KB BIRMEPRES TR S0
TARFERE Y S IGUELT]. T E AL AR A4, 2008, 28(24): 141-146.
CAO Lin, HE Jinliang, ZHANG Bo. Dynamic hysteresis loss model of



I

WL, s, ENSR, S5 HJRE VB BUE T R BUR

2363

[65]

[66]

[67]

[68]

[69]

[70]

(71]

(72]

(73]

[74]

[75]

[76]

[77]

(78]

power transformer under DC current biasing and its verification[J].
Proceedings of the CSEE, 2008, 28(24): 141-146.

x| AT, ZF Bk B THEGE KLY Levenberg-Marquardt JR-& &%
I Energetic fAMIE SHIRINI]. o H YL LRk, 2019,
39(3): 875-884.

LIU Ren, LI Lin. Parameter extraction for energetic hysteresis model
based on the hybrid algorithm of simulated annealing and Leven-
berg-Marquardt[J]. Proceedings of the CSEE, 2019, 39(3): 875-884.
BRI, HSCUE, I, 25 3T A A A 1 P A T S A b
L E RS 2 B ALRE & 745 T). TR AR 224, 2023, 38(4):
1051-1063.

ZHAO Yushun, DAI Yixian, ZHUANG lJiacai, et al. Optimization of
insulation material performance parameters for medium frequency
transformers based on thermosolid coupling[J]. Transactions of China
Electrotechnical Society, 2023, 38(4): 1051-1063.

T, EERRE, VL M, S RA@A BIEANEN RS SR
Bl £ AN 3 AR RERTTE )], JRE T, 2017, 45(7): 98-102, 88
SHEN Dianyu, YU Jinhong, JIANG Nan, et al. Preparation and ther-
mal conductivity of CF@ G/epoxy composites[J]. China Plastics
Industry, 2017, 45(7): 98-102, 88.

EXE, Rk, % 52, 5 Bk B4R B atge g b
[a E T B )], R R AR, 2022, 48(6): 2292-2301.

REN Shuangzan, WU Jingfeng, WU Hao, et al. Space charge simula-
tion of oil-paper insulation in outlet of converter transformer[J]. High
Voltage Engineering, 2022, 48(6): 2292-2301.

ik, & OB TN, S SFe AR ARl R T
FRERISCIRRT (0], R CFAERTHOR, 2022, 41(1): 1-7.

ZHANG Yan, LI Lin, DING lJie, et al. Study on surface discharge
characteristics of insulation materials in SF¢ gas under high frequency
electrical stress[J]. Advanced Technology of Electrical Engineering
and Energy, 2022, 41(1): 1-7.

PAULKE J, WEICHERT H, STEINHAEUSER P. Simulation of con-
tact spots[C]// Proceedings of the 21st International Conference on
Electrical Contacts. Zurich, Switzerland, 2002: 388-393.

PAULKE J, WEICHERT H, STEINHAEUSER P. Thermal simulation
of switchgear[C]//Proceedings of the 47th IEEE Holm Conference on
Electrical Contacts. Montreal, Canada: IEEE, 2001: 6-11.

FREI P U, WEICHERT H O. Advanced thermal simulation of a circuit
breaker[C]//Proceedings of the 50th IEEE Holm Conference on Elec-
trical Contacts and the 22nd International Conference on Electrical
Contacts Electrical Contacts. Seattle, USA: IEEE, 2004: 104-110.
LOGG A, MARDAL K A, WELLS G. Automated solution of differen-
tial equations by the finite element method: the FEniCS book[M].
Berlin, Heidelberg, Germany: Springer, 2012.

PATZAK B. OOFEM-an object-oriented simulation tool for advanced
modeling of materials and structures[J]. Acta Polytechnica, 2012,
52(6): 59-66.

EDF France. Finite element code aster, Analysis of structures and
thermomechanics for studies and research[EB/OL]. (2017-02-20)
[2023-06-02]. http: //www. code-aster. org.

WELLER H G, TABOR G, JASAK H, et al. A tensorial approach to
computational continuum mechanics using object-oriented tech-
niques[J]. Computers in Physics, 1998, 12(6): 620-631.

HECHT F. New development in freefem++[J]. Journal of Numerical
Mathematics, 2012, 20(3/4): 251-265.

RABACK P, MALINEN M, RUOKOLAINEN J, et al. Elmer models

[79]

(80]

(81]

(82]

(83]

(84]

(85]

(86]

(87]

(88]

(89]

[90]

[91]

manual[R]. Helsinki, Finland: CSC — IT Center for Science, 2013.
PALACIOS F, COLONNO M R, ARANAKE A C, et al. Stanford
university unstructured (SU?): an open-source integrated computation-
al environment for multi-physics simulation and design[C] /
Proceedings of the 51st AIAA Aerospace Sciences Meeting including
the New Horizons Forum and Aerospace Exposition. Grapevine, USA:
ATAA, 2013.

Anon. Code_Saturne source code[DB/OL]. (2015-11)[2016-01-20].
https: //www. code-saturne. org/releases/.

ANDERSON R, ANDREJ J, BARKER A, et al. MFEM: a modular
finite element methods library[J]. Computers & Mathematics with Ap-
plications, 2021, 81: 42-74.

ARNDT D, BANGERTH W, BLAIS B, et al. The deal. II library,
Version 9.3[J]. Journal of Numerical Mathematics, 2021, 29(3):
171-186.

ik T BRI B SRR AR A R BUE o A A
BIWEHRID]. HI: BPUK:, 2007

ZHANG Yu. Study on the numerical methods for eddy current field
invol-ing movement and development of a software platform for nu-
merical analy-sis of electromagnetic field[D]. Wuhan, China: Wuhan
University, 2007.

BEVE, WAV, KM, SRR RS AR PR,
EHLERIR, 2015, 41(8): 2583-2601.

LI Junhao, HAN Xutao, LIU Zehui, et al. Review on partial discharge
measurement technology of electrical equipment[J]. High Voltage En-
gineering, 2015, 41(8): 2583-2601.

AT, B B, K R, S CaEIN/COTRE AR I BRI
TFEBCRAT FTTE)]. T HORER, 2020, 35(1): 34-42.
ZANG Yiming, QIAN Yong, LIU Wei, et al. Simulation study on
streamer of tip defects in C4F7N/CO, mixed gas[J]. Transactions of
China Electrotechnical Society, 2020, 35(1): 34-42.

foogn, LR, R A, A AR R AR A A TR R
MR LHRD]. B THARSR, 2023, 38(10): 2757-2776.
ZHANG Ning, LIU Shili, HAO Jian, et al. Review on partial discharge
characteristics of bubble impurity phase in transformer oil[J]. Transac-
tions of China Electrotechnical Society, 2023, 38(10): 2757-2776.
WANG X F, WANG Y, HU Y W, et al. Analysis of wireless power
transfer using superconducting metamaterials[J]. IEEE Transactions on
Applied Superconductivity, 2019, 29(2): 5500605.

FEI C, GADELRAB R, LI Q, et al. High-frequency three-phase inter-
leaved LLC resonant converter with GaN devices and integrated
planar magnetics[J]. IEEE Journal of Emerging and Selected Topics in
Power Electronics, 2019, 7(2): 653-663.

LI W C, ZHENG Y, KANG Y, et al. Magnetic behavior of soft mag-
netic composites constructed by rapidly quenched flake-like FeSiAl
alloy[J]. Journal of Alloys and Compounds, 2020, 819: 153028.
OB, W, VR, S BRAOCBIRE/IK S0y
AMIE RS EE N PN EBERED]. BITERSR, 2022,
37(6): 1564-1571.

LIANG Chen, SIMA Wenxia, SUN Potao, et al. Self-healing property
of one-component photosensitive microcapsule/Nano-SiOz/epoxy
composite dielectric[J]. Transactions of China Electrotechnical Society,
2022, 37(6): 1564-1571.

HUANG B, WANG J H. Applications of physics-informed neural
networks in power systems - a review[J]. IEEE Transactions on Power
Systems, 2023, 38(1): 572-588.



2364

LR ROR

2023, 49(6)

[92]1 XA, M M

» AT, AR RPREAT I T AR R R

M JREE[T]. mARERAR, 2021, 47(5): 1539-1554.
LIU Yadong, CHEN Si, CONG Zihan, et al. Key technology and ap-

plication prospect of digital twin in power equipment industry[J]. High
Voltage Engineering, 2021, 47(5): 1539-1554.
(931 #% M, %=

YANG Fan
Ph.D., Professor

HAO Hanxue
Ph.D. candidate

WANG Pengbo
Ph.D.
Corresponding author

JIANG Hui
Ph.D.

Associate professor

Ve, BEi, & BT EARELE A U R

B om

1980—, 95, i, #iz, #H&

TR AL A 2 BT L R AL
FARE DR S AR

E-mail: yangfan@cqu.edu.cn

EF

1998—, 93, f+A4
AR B A% 2 W B AR £ T S T T
FLAE

E-mail: haohanxue@cqu.edu.cn

ERECEEEE)

1994—, 5, {4

FENF LY HIGHAG T R S
FRZETTH W AR

E-mail: wangpb@cqu.edu.cn

E

1985—, &, fhd, BIHR, Wi
TENSFBOREE TR LM 2GR
ST BT T

E-mail: jianghui@cqu.edu.cn

H5StHED]. s EERCR, 2021, 47(5): 1505-1521.

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

XIA Yisha
Ph.D. candidate

LUO Ao

LIAO Ruijin
Ph.D., Professor

WA 2023-05-30  f&[EIH Y 2023-06-11

[

BiKS

1996—, 4, 4k

BN AR B A 2 W B T SO L R e
WEARBNHT I

E-mail: xiayishal@163.com

E )
2000—, %, RUAE
TN S B 5 T B g AR

E-mail: luoao@cqu.edu.cn

ErhE

1963—, 93, i+, #z, S

F BT T B A AL LR W RS Wi 7T
e R R B AR TR

E-mail: rjliao@cqu.edu.cn

i 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


