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Abstract: In view of the development needs of green power grid, the characteristics of SFs complete substitution tech-
nology and partial substitution technology route and related technologies are summarized and compared, and it is pointed
out that vacuum interrupting technology is an effective means for green and low-carbon development of power grid.
Comparing and analyzing the technical characteristics and research status of multi-break vacuum circuit breakers at this
stage, we believe that single-break vacuum circuit breakers have significant advantages in terms of structure and reliabil-
ity.At present, the commercial single-break vacuum interrupter has been developed to 145 kV/40 kA, and the research
status and future development trend of high-voltage and high-current single-break vacuum interrupter indoor and outdoor
insulation technology, arc morphological evolution law and opening and closing control, temperature rise characteristics
and welding quality stability of vacuum interrupter are reviewed. The results show that the pressure equalization design of
the vacuum gap inside the vacuum interrupter and the “saturation” of the insulation of the long vacuum gap are the key
factors restricting the increase of the voltage of the interrupter; The preparation of the ablation-resistant contact material
and the design of the magnetic field are very important for the formation process of anode spots on the contact surface and
the matching of the opening and closing speed of the vacuum circuit breaker; Selecting the contact structure with low loop
resistances and optimizing the heat dissipation structure of the vacuum circuit breaker can effectively improve the rated
current capacity of the vacuum interrupter; In addition, the influencing factors of vacuum interrupter welding quality and
stability are summarized, and it is pointed out that the ceramics metallization and selection of appropriate brazing temper-
ature and solder can significantly improve the welding strength. Finally, it is pointed out that vacuum circuit breakers tend
to develop with characteristics of large-capacity, miniaturization, intelligence, low-overvoltage, maintenance-free, spe-
cialization and multi-function.

Key words: SFs alternative technology; vacuum interrupting technology; single-break vacuum interrupter; large capacity;
reliability
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Table 1 SFs gas switchgear exit schedule
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Fig.1 Classification of high voltage vacuum circuit breakers
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Fig.2 Technical difficulties of single-break vacuum interrupter
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Table 2 Vacuum interrupter internal clearance
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Fig.4 Arcing interval of vacuum interrupter
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Table 4 Comparison of different operating mechanisms for

vacuum circuit breakers
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Table 5 Welding positions and types of vacuum interrupter
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Bl 6 TCHiEETAL iuhig4T 1) 145 kV Blue GIS
Fig.6 145 kV Blue GIS in operation at Wuxi Qingshu

substation
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Table 6 Comparison of parameters of high-pressure vacuum

interrupters
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Fig.7 Shenyang Huade Haitai 72.5 kV H-GIS
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Fig.8 XD 126 kV vacuum circuit breaker
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Fig.9 126 kV vacuum circuit breaker of

Xi’an Jiaotong University
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K10 P 126 kV/145 KV E 2Rk
Fig.10 Pinggao Group’s 126 kV/145 kV vacuum circuit

breaker

11 “Ff 126 kV ERAHEL GIS
Fig.11 Pinggao Group’s 126 kV fluorine-free and environ-
mentally friendly GIS

VA WITE i s B2 T S B A i il R K ), 2021 4E 7
FFA BRI T 126 kV/40 KA/3150 A Fh{f71 &
Wr s TG g, SEEL T 40 KA JEI IR T WA 2R
YERECN 1.4 FIAVERRITARET) . 2022 fE Y6 H
T 126 kV/3150 A/40 KA A% KK ZEFI 126
KV/50 KA R E BT KINE.,

4 ETFFREELRED

] A A0 Al F1 25 3 7 12 KO 3 A8 H R A
IR TS — RV . ENFE. Ek.
TBIEE5E AL E B 126 KV Ll O B2 KR A7
HiliERE S, 126 KV BB WiEg g8 C it Nl ibiz s
BB, AN T R A P . A W
A IEEn T e E. KAE. Baeth. (g k.
el TR Z IR R E .

41 SHEEKEREROETSKEESEH

$EE, Siemens 1 ILJIN Electric Bt & TF & H
170 kV/50 kA AR GIS, JEilid B x0itEe, HA2 M

FHEF T, AR Siemens A ®] 170 kV/50 kA
H1 245 kV/4000 A/63 KA i Hulbr I 3125 KR = IETE
TF&H, FEAE 2018 4E7E CIGRE £l R TR AL,
{EASER 2, Siemens 4] 245 kV FLWT 45K
IR LA WHRK DB RIS, RN
Wr 117 420 KV B 25 K= MAER BR80T ATt
X, FEITFRETEA F 1R 2030 4EHT 52K 550 kV K&
DL B4 R PSS ST & . BN, “Fese
Bl 252 kV #A Wi as Oe iaE N AR 50
iE, 252 kV EZ GIS Filit 2024 )i 58 it il . 7
FLAE T 2022 F 52K 252 KV/50 KA Bl 1 B 25 K
I MARFEE B 1], S AT ARG B
HIRIEFR, AT AR B S A I S W ] 126
KV B UL H s 25 20 325 K R 25 W 2
42 PRETFFUHTEAR

Basu F Srivastava & X3 H BT S AL EE
&, N TR, RAESIFRiEAR &
Fd & FIR LR B 0 KR i a4 B s AR R 1), A 2%
RE S Wi s 2 TT Wi ). FRT, PRk BLAS T 55 %
FEEIFW AR KR BITHRFIRER A, O 2
TSRl g . Wk N T B A
HH BB A% PR T T 3 7 S B o ) B L, TR B
I P I R R s TR R R EL M, PR R
ZFTF RN FL TR T A 5 FH B8 10 ) 5 B PR R A 1)
fE, R RMRIR A IER; 7EX AR ZR
B3 G, PURE S OCRe S A AURIE H R AR e
PRI HRE R R 2 B PSS R K AL
T 25 25 RE % ST = AN R A AT . PR LA
TFICREEAT R0 SRR A bt FL IR T TN 7], BT Wik
R H IR A R A P, e
R LN 2 Re 1y, AR TR B — DI A AL AR
5 4 ) SR
43 FEEIBE~HR

L7 T % 4 TE T T R B2 RN R B AL S R A7
B, TR RN, BIE SRR E R I
BRmBLG, Mmr=EddE, BN % 4EeT.
DAAE S0 i) ik b A2 i SR FH P 7 v A st Fi R R A
FEEH (N RC HIIK. ZnO BEE ), XEEAUEESS
Wik A SE A S A4t [RINTSE N T AR e AR i
IFERARNE AFKHE RS S G SR
RIS G A RL, 15 4 S 75 e M PRI Ak S Bt AL
MRFAEES], W &LARIFRT CuCr ¥
s8R el, =38 AR AT CuCrBio £ stfilisk



462 L R A A

2024, 50(2)

MEE, REAFFFE T H AgWC fiskbrkl, Horz
AFIFF R CoAgSe fili Sk Akl SEEUE IR KT
P 1 il S A ) i 0% B Rt Fi S /KPP 7 2
] P9 FEAG I F P ik Sk AR ORI 58 7 THAR G 2D, 7%
BRI A, I =mmigeg /), HBHE
TRINE M RER. PMIUKRE.
4.4 FTRETKINEHF

T RO AN TR W e R, 5 BT
JESERR TR W88 . Wi T & ALLR S Wy
R A (1) K 7% B 0 T B i (R B T B F il T 63
KA), e B 3% W7 % s (R % T T R 9 25~50
KA), Z0FHY 7 Wy % 4 (R BR JT T HL i v 16~25
KA); ST HI . B89 DL 45 D) B 25 2 41 5
BB A AT B 25 W B 28 (WU i A 5~6
TIR), @ANE R B W AR (WU o 10~15 75
W)o PEITTATI 3AH Z 51 s 1248 3 & %)
43595 RS, Horh 3AHL Al 3AH3 B kRS,
EE 151k 3AHAT BN R, $:4F 6 /51K 3AH4
NFBAERL, $EAE 12 T3k 3AHS BURZRERL,
FAH H . ABB TE i A Al b vt o — AKX VDAG &
HHLKTER 2, fm S 0L 15 kV/4000 A/63 KA, fiE
s T R BN E ) 100 MW U T 6. i
e AT 7T T I HE 15 KV/120 KA K FLHL T BL4S
Wy B8 N Tlkis 7. AT HEM RN 12
kV/5000 A/50 kKA J FEALH TR 4%, o] 32 M H T
P KL R T
45 EEeBETHIIKE

LS W R SR RS AT I R S 2 2 R AN e
H 3 FEOL AL MERERE, s fres. Mg
R BB AR BT EH AR AR, #HEER
FARLSEEFF RS TIRERM S, DT, &6
WS FEF R o) RGN Z BRI 2 . R
A AR A B Re AR R A, RERE B SR
HxT WA N AE . IR, HIRERESH
HATEhA I, SEELE S TF R B & ik B 7 A 7E 28
VRS, (kR WA “IHRIRAE” W ORE
Krfg” #As . AR, TR AL B, SEi R
HAERKNERESEL, P ESKINENBAETSE,
SIS PEAE AR e I v L ) R Guis AT I T SE
Mz et ERLEE,

5 #ip

HATT MR AR, A& H Al 0T R ATk

FEEBMR SFe AMMIRET R —, ALAL T
BBt SFe B AREIAR IR LR S FF i, A9 T 2 W01
W7 1 7 T B S TF W R (ORI S BR, R T F kI
o e LA W AR G RERR R R ey

1) LI MERE ., KA. BT FEHEAR
FEWrRe . BA LR RYERE, BRI E & E
TFRB & EEEMN SFe MM AU FE L —, &
A HL I SR RO LK .

2) Bh7yv RSy O B2 K KR
H A L 0 B K= D R EE] 145 kV/40
KA, Bl HE SRR RE 5T, Kk &
TR . K= LA R R 4
A UEFRE AR Sl A HI AR PR, MU BE N
e FL R S 20 3 5 RIS P o) B U S () Bl B
e I Jd HE 2t = R T O™ b e S AR

D) WRERASIWEA, A EMIEIT .
BEAE R HROR . TR I R, WK T
KRB, EHTAR TR R ROL L. a5
WA KINEBCNR KK 0. BT R K=
ik Sk AL FRER NI 5 DA S i B e AR B 2 T b R
PIAWRL GG, RIS EE. PUsE I RhRE
WA AN R gl R T, RS
TABPRINERE . B T R (1 PR R IR TR R
ML R R T T

Sk References

[11 AR ST AT iR =SR] AESEU, 2020, 36(3):
5-8.

REN Lihai. Sulfur hexafluoride: the most terrible greenhouse gas[J].
Ecological Economy, 2020, 36(3): 5-8.

[21 3 Bk, moeeRl, B, 4 SFe BARAAL SR REIIIE S
TRITLHARN]. mHERA, 2023, 49(7): 2816-2830.

ZHANG Mi, GAO Keli, HOU Hua, et al. Review on computational
screening and molecular design of replacement gases for SFe[J]. High
\oltage Engineering, 2023, 49(7): 2816-2830.

[8]1 ZMM7E, 3k B, KUSCHELM, % —FR 2S4S R

RN AR M R AT R GIS (R FURIN F[]. R RS, 2019,
55(2): 21-30.
LI Dejun, SHEN Wei, KUSCHEL M, et al. Development and applica-
tion of environment-friendly GIS combined clean air and vacuum
interruption technology[J]. High V\oltage Apparatus, 2019, 55(2):
21-30.

[4] RUNDE M, ISTAD M. SFs emissions from a national population of
high-voltage switchgear[J]. IEEE Electrical Insulation Magazine, 2023,
39(6): 16-22.

[5] BEHR, BURIE, A& B HATFWTRIEAMR GIS RIRIUR K& dh[I].
FE S, 2022, 58(9): 1-12.

JIA Shenli, JIA Rongzhao, ZHU Lu. Advances in the development of
vacuum-based eco-friendly GIS[J]. High Voltage Apparatus, 2022,



PR, PNTH, MR,

e FEL T SR L I i A B T BUIR B e B

463

(6]

[71

(8]

[°]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

58(9): 1-12.

ISTAD M. Hva er SFe-gass?-#SINTEFblogg[EB/OL]. (2023-11-09)
[2023-12-24]. https://blogg.sintef.no/sintefenergy-nb/SFs-gassregnskap/.
SIDDIQUI N, WEEKS C, ROGERS J. Advancements in clean air
insulation technologies for switchgear and circuit breakers[J]. IEEE
Power and Energy Magazine, 2022, 20(2): 132-138.

AR, BRI, R EERBBIBOR SRR R 5 AR %]
HRE R R, 2023, 15(4): 35-43.

LI Shulin, DONG Zhanfeng, LONG Feng. The updated international
practice progress of carbon tax policy and references for China[J].
Chinese Journal of Environmental Management, 2023, 15(4): 35-43.
MO, AAESE, MREEI, SRRk, BRI HAR R R R A
B ThORIR EALG M SFe ISR T[], P E LA,
2023, 43(1): 339-358.

XIAO Song, SHI Shengyao, LIN Jingtong, et al. Analysis on the con-
trol strategy of strong greenhouse insulating gas SFe in high-voltage
electrical equipment under the goal of "emission peak and carbon neu-
trality"[J]. Proceedings of the CSEE, 2023, 43(1): 339-358.
EICKHOUT B. Review of EU rules on fluorinated greenhouse gas-
es[EB/OLY]. (2022-04-05)[2023-12-24]. https: //www. europarl. europa.
eu/legislative-train/theme-a-european-green-deal/file-review-of-eu-rul
es-on-fluorinated-greenhouse-gases.

TV AN B HR A LA T TIBC A BRI R B 0 25 48 G (AR BB
JEATERIKI@ 4N [EB/OL]. (2022-08-29)[2023-12-24]. https://wap
miit.gov.cn/jgsj/zbes/wjfb/art/2022/art_8ae56b9599f64796a050d8480-
b9142d9. html.

The Ministry of Industry and Information Technology and other five
departments jointly issued a notice on accelerating the green and
low-carbon innovation and development action plan for power equip-
ment[EB/OL]. (2022-08-29)[2023-12-24]. https://wap.miit.gov.cn/jgsj/
zbes/wjfb/art/2022/art_8ae56b9599f64796a050d848009142d9. html.
Jic HEL 5 R I Y 2 ) RUHE S BT BOR B SR [EB/OL]. (2017-08-23)
[2023-12-24]. https://news.bjx.com.cn/html/20170823/845187-1. shtml.
The State Grid Corporation of Power Distribution and Electricity
Consumption focuses on promoting the catalogue of new technologies
[EB/OL]. (2017-08-23)[2023-12-24].
20170823/845187-1. shtml.

W 77 B2 | SR T HE B A IR R R B B & L [EB/OL.
(2021-09-16)[2023-12-24].  https://news.bjx.com.cn/html/20210916/
1177069. shtml.

China Southern Power Grid Corporation's opinions on promoting

https://news.bjx.com.cn/html/

green and low-carbon development and transformation[EB/OL].
(2021-09-16)[2023-12-24].  https://news.bjx.com.cn/html/20210916/
1177069. shtml.

o TKIRE, kOB, 8 RRLBEAN B CHFN IS IERA
PEARIG[). mEERA, 2019, 45(1): 109-116.

LI Yi, ZHANG Xiaoxing, CHEN Qi, et al. Acute inhalation toxicity
studies of gas insulating medium C4F7N[J]. High Voltage Engineering,
2019, 45(1): 109-116.

T, BRI =, XL G AR RN L A W 4 e e LB
ARIM]. b5 HUR Tl AL, 2017.

WANG Jianhua, GENG Yingsan, LIU Zhiyuan. The theory and tech-
nology on electrical transmission voltage level single break vacuum
interrupter[M]. Beijing, China: China Machine Press, 2017.
FALKINGHAM L T, WALDRON M. Vacuum for HV applica-
tions-Perhaps not so new? - Thirty years service experience of 132 kV
vacuum circuit breaker[C] /72006 International Symposium on Dis-
charges and Electrical Insulation in Vacuum. Matsue, Japan: IEEE,
2006: 200-203.

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

JB S, RIS ERE, RATRIE. 120~204 KV & > 2 TS IR A%
(VCB)D # s AL[J]. IR, 2013, 3. 44-47.

KIYOHITO KATSUMATA, MITSUYASU SHIOZAKI, KAZUHIRO
NAGATAKE. 120~204 kV tank type vacuum circuit breaker (VCB)[J].
Meiden Times, 2013, 3: 44-47.

FPRESC, BLULE, BOEAR, S U S I AT A T 1 e
S5OiEMARN]. mERR, 2014, 40(8): 2381-2388.

SHU Shengwen, RUAN Jiangjun, HUANG Daochun, et al. Experi-
mental and simulation research on breaking property of double-break
vacuum circuit breakers[J]. High Voltage Engineering, 2014, 40(8):
2381-2388.

B, BiEdE, ARFRE, E. AR T IPCG HEMIHE S KNE =4
I RTTHE N E B TRk, 2004, 24(4): 108-111.
LIAO Minfu, DUAN Xiongying, ZOU lJiyan, et al. Application of
JPCG algorithm in the three dimensional electric field calculation of
vacuum interrupters[J]. Proceedings of the CSEE, 2004, 24(4):
108-111.

&R, HAME, BEE, S REREN S W 0B Wi A g
T ERAR]. SEEROR, 2021, 47(9): 3200-3207.

CHENG Xian, TIAN Xiaogian, GE Guowei, et al. Electric field analy-
sis and optimization of 126 kV environmental protection gas insulated
tank circuit breakers[J]. High Voltage Engineering, 2021, 47(9):
3200-3207.

B/ % & HEMH & SPH- A ERSKINEL
SEE S msEROR, 2022, 48(3): 820-828.

CHENG Xian, LI Xin, GE Guowei, et al. Insulation configuration and
optimization of integrated voltage self-sharing interrupter for series
connection[J]. High Voltage Engineering, 2022, 48(3): 820-828.

BETZ T, KONING D. Influence of grading capacitors on the breaking
capacity of two vacuum interrupters in series[J]. IEEE Transactions on
Dielectrics & Electrical Insulation, 1999, 6(4): 405-409.

AR, SR, BEUREH, 4. 110 KV B R S W A B BT
Wit B4 HI0]. M EROR, 2020, 46(8): 2627-2634.

ZOU liyan, LIANG Deshi, HUANG Chongyang, et al. Synchronous
control of module series connection interruption in 110 kV DC vacu-
um circuit breaker[J]. High Voltage Engineering, 2020, 46(8):
2627-2634.

MRS, TR, BIEOR, AF. BEHULHR I T D E S R A A R
S W SRIE AT AT[I]. Rk S, 2021, 57(2): 1-6.

ZENG Xianghao, ZHANG Haichuan, LIAO Minfu, et al. Restrictive
asynchronous breaking strategy of multi-break VCB with fiber con-
trolled module[J]. High Voltage Apparatus, 2021, 57(2): 1-6.

WA, 126 KV 7 2025 W7 2 (RO U AR 12 % 7] 25 2 ) F 72 [ D).
ZFEE: MR, 2017.

XIE Jiuming. Research on mechanical properties and synchronous
control for 126 kV high voltage vacuum circuit breaker[D].
Qinhuangdao, China: Yanshan University, 2017.

BE B, BREFAR, BRVDEG S5 2 Dol B0 s 4% (0 [R) 0 d )
RGBSR B SMERA, 2012, 32(11): 150-154.
QIU Jin, CHEN Xuanshu, CHEN Jiangbo, et al. Design and imple-
mentation of synchronization control system for multi-break vacuum
circuit breaker[J]. Electric Power Automation Equipment, 2012,
32(11): 150-154.

XJRHEE. W LB TR R H R FE M B H[D]. KiE: K
FE TR, 2017.

LIU Zhaojin. Research and design of multi-break vacuum circuit
breaker synchronous control system[D]. Dalian, China: Dalian Poly-
technic University, 2017.

OKUBO H. Development of electrical insulation techniques in vacu-



464 i R AR 2024, 50(2)
um for higher voltage vacuum interrupters[C]//2006 International face flashover performance of alumina in vacuum by surface modifi-
Symposium on Discharges and Electrical Insulation in Vacuum. cation[J]. Chinese Journal of Vacuum Science and Technology, 2015,
Matsue, Japan: IEEE, 2006: 7-12. 35(10): 1169-1173.

[29] MIYAZAKI F, INAGAWA Y, KATO K, et al. Electrode conditioning [42] TR, HE4. BEEPEALERERTN ERGH R[] gt
characteristics in vacuum under impulse voltage application in #l, 2004, 37(3): 29-31, 35.
non-uniform electric field[J]. IEEE Transactions on Dielectrics and LEI Yangjun, XIAO Dingquan. Study on surface hold-off voltage test
Electrical Insulation, 2005, 12(1): 17-23. of alumina ceramics in vacuum[J]. Insulating Materials, 2004, 37(3):

[30] SATO S, KOYAMA K. Effect of mechanical polish of electrode on 29-31, 35.
several breakdown characteristics of vacuum gap[C]//20th Interna- [43] ASARI N, KYOSU R, YAMANO Y. Vacuum surface flashover char-
tional Symposium on Discharges and Electrical Insulation in Vacuum. acteristics of an alumina insulator with a metalized layer[J]. IEEE
Tours, France: IEEE, 2002: 427-430. Transactions on Dielectrics and Electrical Insulation, 2019, 26(5):

[31] SATO S, KOYAMA K. Relationship between electrode surface 1527-1531.
roughness and impulse breakdown voltage in vacuum gap of Cu and [44] CHENG Y L, XU A, XIANG W, et, al. Surface flashover of alumina
Cu-Cr electrodes[J]. IEEE Transactions on Dielectrics and Electrical ceramic insulators in vacuum[C] // Proceedings of the 2018 28th In-
Insulation, 2003, 10(4): 576-582. ternational Symposium on Discharges and Electrical Insulation in

[32] SCHUMANN U, GIERE S, KURRAT M. Breakdown voltage of Vacuum. Greifswald, Germany: IEEE, 2018: 111-114.
electrode arrangements in vacuum circuit breakers[J]. IEEE Transac- [45] SATO S, KOGA H. Flashover voltage of alumina ceramic contami-
tions on Dielectrics and Electrical Insulation, 2003, 10(4): 557-562. nated by metal vapor in vacuum interrupters[C]/ XXlst International

[33] SCHELLEKENS H, GAUDART G. Compact high-voltage vacuum Symposium on Discharges and Electrical Insulation in Vacuum. Yalta,
circuit breaker, a feasibility study[J]. IEEE Transactions on Dielectrics Ukraine: IEEE, 2004: 126-129.
and Electrical Insulation, 2007, 14(3): 613-619. [46] Z=RE)%, FRALbE, 4BRUE, 5. EIFSRHRILIE K R m R 2 [J]

[34] fafRH:, ARFVE, SKIEH, & FAS KN K 0ok A s R AR, 1997(1): 12-19.

[J]. S ERAR, 1996, 22(2): 50-53. LI Zhenbiao, CHENG Lichun, ZOU liyan, et al. Mechanism and in-
HE Junjia, ZOU lJiyan, ZHANG Hanming, et al. Improvement of fluencing factors of current chopping in vacuum circuit breaker[J].
voltage withstand level of vacuum interrupters[J]. High Voltage Engi- Low Voltage Apparatus, 1997(1): 12-19.

neering, 1996, 22(2): 50-53. [47] EFHg. B2 RKINE MM B K B[] EgHEBREAR,

[35] EEA. EAKINETHEHRBMTIA[D]. Fi%: FEL@ER 1993(4): 16-22.

2%, 1998. WANG Jimei. Development trend of vacuum interrupter contact mate-
WANG Baoli. Research on the power frequency aging test of vacuum rial[J]. Shanghai Electric Technology, 1993(4): 16-22.
interrupter[D]. Xi’an, China: Xi'an Jiaotong University, 1998. [48] T F1, *i&E@m, £ K, & FESWIEKS bR T GE BT T4

[36] BREE. mERAKINELSN S TRt 5L A[D]. Kik: R[] FIEHLAS, 2008, 44(1): 64-68.

KIEF T K, 2006. YU Li, LIU Zhiyuan, WANG Dong, et al. Review of welding phe-
ZHAO Zhizhong. Design and experimental researches on the structure nomena of vacuum circuit breaker contacts[J]. High Voltage Apparatus,
and processes of high voltage interrupters[D]. Dalian, China: Dalian 2008, 44(1): 64-68.

University of Technology, 2006. [49] kiR, X, =, % KHEREG MR R g3

[37] #% &, & 8, MR, & BRREE L ZSH08 KA KN KN P ZRFE]. misERAR, 2009, 35(8): 1914-1919.
SBIFRCR R[] A SRERCE IR, 2022(10): 44-47, 73. ZHANG Yingyao, LIU Zhiyuan, GENG Yingsan, et al. Dielectric per-
XUE Feng, LI Min, LIN Liangwei, et al. Influence of current condi- formances of vacuum interrupter using a new contact
tioning process parameters on contact surface morphology in vacuum Material-Quanwu alloy[J]. High Voltage Engineering, 2009, 35(8):
interrupter[J]. Electrical and Energy Management Technology, 1914-1919.

2022(10): 44-47, 73. [50] AL, ZRIE, A8RiE, 55 CuCr Ffl kRIS AT R 5L

[38] #ktM. WA AL AT E A RIS TR R[] o R A, ). = AAE, 1993(3): 33-40.

2000(6): 52-55. CHENG Lichun, LI Zhenbiao, ZOU lJiyan, et al. Characteristics and
YAO Shibin. Effect of voltage and current refining on the quality of principles of the operation of CuCr vacuum contact material[J]. High
vacuum interrupter[J]. High Voltage Apparatus, 2000(6): 52-55. \Voltage Apparatus, 1993(3): 33-40.

[39] #/htlh, WEAB, mER, & BRSNS EKES KIEZ [51] GUAN Weimian, YUAN Jie, LU Hao, et al. Homogeneous arc abla-
WRFAR[I]. EEERAR, 2023, 49(9): 3793-3800. tion behaviors of CuCr cathodes improved by chromic oxide[J].
ZHAI Xiaoshe, PENG Chaozheng, GAO Zexi, et al. Conditioning Journal of Materials Science & Technology, 2021, 81(22): 1-12.
technology of vacuum interrupter with high voltage pulse superim- [52] LIN R J, WANG L J, MA J W, et al. Experiment investigation on
posed on DC voltage[J]. High \oltage Engineering, 2023, 49(9): vacuum arc of AMF contacts under different materials[J]. AIP AD-
3793-3800. VANCES, 2018, 8(9): 095110.

[40] FEIEbk, w1 1, BB, & Z RS ES P AR & [53] LIN R J, WANG L J, SHI W X, et al. Experimental investigation on
VRTHIIN 5T JR sema[J]. 4244k, 2008, 41(1): 49-52. triggered vacuum arc and erosion behavior under different contact
CHENG Yanlin, XIANG Wei, LEI Yangjun, et al. Curving electrode’s materials[J]. IEEE Transactions on Plasma Science, 2018, 46(8):
effect on surface flashover hold-off voltage of alumina ceramics in 3047-3056.
vacuum[J]. Insulating Materials, 2008, 41(1): 49-52. [54]1 I Hl, FNE, AR, 25 EAKINEH CuCr fil Sk bkl

[41] HEDE, wpTg, skES. AR RTRA N HE 2 R G Tk RN AN] B HTHR, 2019(5): 33-37.

HIm[)]. BE RS AR, 2015, 35(10): 1169-1173.
TIAN Zhiying, SHANG Aman, ZHANG Juxian. Enhancement of sur-

LIU Kai, WANG Xiaojun, ZHANG Shisong, et al. The application and
preparation methods of CuCr contact material in vacuum interrupt-



PR, PNTH, MR,

e FEL T SR L I i A B T BUIR B e B

465

[55]

[56]

[571

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

ers[J]. Vacuum Electronics, 2019(5): 33-37.

W, REER, SR, &5 OREER AL DA KT
[]. FisREHA, 2022, 48(11): 4488-4496.

FEI Xiang, ZHANG Guoyue, MA Mingle, et al. Development of out-
let vacuum interrupter for large capacity generator[J]. High \oltage
Engineering, 2022, 48(11): 4488-4496.

e, eseiE, kB HAKYNERE A B Sk R RER O i
HMMI]. A HTHA, 2007(5): 19-22.

XIU Shixin, PANG Xianhai, ZHANG Min. Computation and analysis
of magnetic blowout forces in transverse magnetic field contacts of
vacuum interrupter[J]. Vacuum Electronics, 2007(5): 19-22.

£ MORBERE A Sk (032 RV 07 FOA J0 2 B DICREPE SR BT
[D]. Ph4z: WZessmRs:, 2017.

WANG Yi. Simulation of magnetic field characteristics and experi-
mental study on vacuum arc characteristics between cup-shaped
transverse magnetic contacts[D]. Xi’an, China: Xi'an Jiaotong Univer-
sity, 2017.

FAhZE, WEZ, 5K K S AT KOINE ik W
VAT ELER[I]. AR RERTROR, 2006, 25(1): 21-25, 67.
WANG Zhongyi, LIU Zhiyuan, ZHANG Xuan, et al. Comparison of
axial magnetic field characteristics of 5 axial magnetic field vacuum
interrupter contacts[J]. Advanced Technology of Electrical Engineer-
ing and Energy, 2006, 25(1): 21-25, 67.

B e, £, & KOTRRAMEAE M i Sk i R K
fHAHT[]. EMEAR, 2007, 31(1): 65-70.

PANG Lei, XIU Shixin, WANG Jimei, et al. Numerical analysis on
magnetic field characteristic of axial magnetic field contacts under
long break distance[J]. Power System Technology, 2007, 31(1): 65-70.
GoRSE, SRR, K. A RN AR B AR X B e >k
iR ED]. LSS, 2017, 53(3): 101-105.

Y1 Rongxian, GUO Jianyan, YANG Changzhou. Structure simulation
of asymmetric bipolar contact with axial magnetic field coil for vac-
uum arcing chamber[J]. High \oltage Apparatus, 2017, 53(3):
101-105.

XNEZ, AT, £, & Pl XARRIE I KK = Sk
WL T HOR 4, 2006, 21(7): 81-88, 98.

LIU Zhiyuan, HU Yaping, WANG Jimei, et al. Axial magnetic field of
a new cup type axial magnetic field vacuum interrupter contact with
iron plates[J]. Transactions of China Electrotechnical Society, 2006,
21(7): 81-88, 98.

Berrte, XIBRHL, Bk, S A TUACIRIR-GARE Sk S50 T
O] EEREE SRR, 2016, 36(11): 1254-1259.

QIAN Qifeng, LIU Xiaoming, CHEN Hai, et al. Simulation of mag-
netic field distributions in novel cup-shaped axial/transversal magnetic
field contacts of vacuum circuit breaker[J]. Chinese Journal of Vacuum
Science and Technology, 2016, 36(11): 1254-1259.

TR — R R TS RACIR L A KU KT I [D]. k. s
TRHR, 2006.

ZHANG Jiemin. Development of a cup-shaped longitudinal magnetic
vacuum interrupter with iron core[D]. Chengdu, China: University of
Electronic Science and Technology of China, 2006.

GENTSCH D, SHANG W. High-speed observations of arc modes and
material erosion on RMF- and AMF-contact electrodes[J]. IEEE
Transactions on Plasma Science, 2005, 33(5): 1605-1610.

EEM, BEE. BANRBEEN R KINERITRD]. 6258
JEREEFAR, 1986(1): 33-39.

WANG Jimei, QIAN Zhonghou. Study of vacuum interrupters with
longitudinal magnetic field structures[J]. Journal of Xi’an Jiaotong
University, 1986(1): 33-39.

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]1

[75]

[76]

YANABU S, KANEKO E, KOIKE H, et al. The applications of axial
magnetic field electrodes to vacuum circuit breakers[J]. IEEE Transac-
tions on Power Apparatus and Systems, 1983, 102(5): 1395-1402.
T 5. RITRE MR Ak Sk B0 R OIVRFVE O BT AU D). Pl 22 P 2258l
K&, 2008.

CHENG Shaoyong. Research on the vacuum arc characteristics of
longitudinal magnetic contacts with large open distance[D]. Xi’an,
China: Xi’an Jiaotong University, 2008.

Erpte, G, k4, 5126 KV HAKINE 3/4 AR
T fil Sk R FRE FRIRE PR 78 [0]. Wi B2, 2017, 53(3): 35-40.
Bl Yinghua, LI Haomin, HAN Guiquan, et al. Study on the character-
istics of high current arc of 3/4 turn coil-type AMF contact in 126 kV
vacuum interrupter[J]. High Voltage Apparatus, 2017, 53(3): 35-40.
A, shbeE, SOEE, S IR T BRI A AR R A Sk
FARKINE o) R LB [I]. h E L AR A4, 2018, 38(4):
1264-1272.

HAN Guiquan, YAO Xiaofei, ZHANG Chaojun, et al. Design of
opening velocity for a vacuum interrupter with a cup-type axial mag-
netic field contact based on vacuum arc anode discharge mode[J].
Proceedings of the CSEE, 2018, 38(4): 1264-1272.

LR, wkpe T, xidam, . 2/3 LR P U ik Sk K BE LA
W7 % 2% 4> 9 B BT [JOL]. M T R %k, 2023 1-13
[2023-12-23]. https://doi.org/10.19595/j.cnki.1000-6753.tces.230608.
MA Feiyue, YAO Xiaofei, LIU Zhiyuan, et al. 2/3-turn coil longitudi-
nal magnetic contact large opening distance vacuum circuit breaker
opening speed design[J/OL]. Transactions of China Electrotechnical
Society, 2023: 1-13[2023-12-23]. https: //doi. org/10.19595/j. cnki.
1000-6753. tces. 230608.

XOE, BEE, kO, & USRS SR ER AU B LR R
I RS HRAL[]. ik as, 2019, 55(8): 65-71.

LIU Chao, ZHAO Weitao, ZHANG Qiang, et al. Simulation and opti-
mization for mechanical characteristics of spring operating mechanism
in vacuum circuit breaker[J]. High Voltage Apparatus, 2019, 55(8):
65-71.

B B s sy i 4 5 st [D]. Jbat: iR
2%, 2004.

TIAN Jia. Analysis and design of spring operating mechanism of vac-
uum circuit breaker[D]. Beijing, China: Tsinghua University, 2004.
VPRV, 9k M8, REM, & 126 KV E A H R sl
MWF A 58] mEHLES, 2017, 53(3): 211-216.

XU Jiayuan, ZHANG Peng, CHAO Xuewei, et al. Research and de-
sign of a new magnetic operating device for 126 kV vacuum circuit
breaker[J]. High Voltage Apparatus, 2017, 53(3): 211-216.

NIER, FEHRME, (TIERS, & 126 KV ZLZ I o 40 BT 2K
B[] B LHR2AR, 2015, 30(20): 49-56.

SUN Ligiong, WANG Zhenxing, HE Sainan, et al. A permanent mag-
netic actuator with separated magnetic circuit for 126 kV vacuum
circuit breakers[J]. Transactions of China Electrotechnical Society,
2015, 30(20): 49-56.

ShRIRH, PV, XUBIER, & R 4 RO F LAk S5 R 126
KV B 02 I i 2l T e T LU AT ST [0). IR B A, 2021,
57(6): 64-71.

MA Chaoyang, SUN Guanglei, LIU Shaowei, et al. Comparison study
on temperature-rise performance of 126 kV single-break vacuum cir-
cuit breakers with 4 types of AMF contacts[J]. High Voltage Apparatus,
2021, 57(6): 64-71.

RANES, B, XIEIE, A v R A IR T R R R
D5 EWF 5] m R as, 2007, 43(3): 179-182.

YU Xiaoling, WEI Yijiang, LIU Zhiyuan, et al. Simulation researches



466

i LR

2024, 50(2)

[771

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

(871

[88]

on influence factors of temperature rise in high voltage vacuum circuit
breaker[J]. High Voltage Apparatus, 2007, 43(3): 179-182.

FHEE, B2, & KR KINERIRE O AT ]. K
PSR R, 2023, 44(2): 61-64.

DONG Huajun, ZHAO Yijian, SHI Jia, et al. Simulation analysis of
room temperature rise characteristics of vacuum arc extinguishing[J].
Journal of Dalian Jiaotong University, 2023, 44(2): 61-64.

MRS, WIFFET7, SRAEN]. KRR R WK SR T 5 i P R 3%
IR I]. = RBOAR, 2002, 28(6): 25-26.

CHEN Jianguang, LIU Chunfang, GUO Fuming. Temperature rise and
overheating of high current vacuum circuit breaker[J]. High Voltage
Engineering, 2002, 28(6): 25-26.

R, TR R IRT SHEIR T RRIG T A 3] WAL IR,
2001, 20(3): 38-40.

LIU Aihua. Temperature-rise test of high interrupting and rated current
switchgear cabinets[J]. Hebei Electric Power, 2001, 20(3): 38-40.
MATSUKAWA M, MIURA Y, KIMURA T, et al. Design and model
test of a water-cooled VCB for superconducting magnet power sup-
plies[J]. Fusion Technology, 1998, 34(3P2): 684-688.

YAMANO Y, KOBAYASHI S, MATSUKAWA M. Measurements and
analysis of temperature rise at electrodes of a vacuum interrupter for
high current applications[C]//Proceedings of the 20th International
Symposium on Discharges and Electrical Insulation in Vacuum. Tours,
France: IEEE, 2002: 419-422.

JIN B X, HUANG X, ZOU M Q, et al. Joining of Al203 ceramic to Cu
using refractory metal foil[J]. Ceramics International, 2022, 48(3):
3455-3463.

LI'Y X, CHEN C, YI R X, et al. The brazing of Al.O3 ceramic and
other materials[J]. International Journal of Advanced Manufacturing
Technology, 2022, 120(1/2): 59-84.

FRUE. Cu-Ti RIFVEATRIETIR M4l AlOs F%e/T0 5 5 1 AT 52 [D].
Kib: R, 2015

WANG Xianfeng. Study on brazing high-purity Al20s ceram-
ic/loxygen-free copper with Cu-Ti activated brazing metal[D].
Changsha, China: Central South University, 2015.

5 PRE—ENEHRFT D] . T RHCR:, 2006
JIA Jia. Research on ceramic-stainless steel sealing[D]. Chengdu,
China: University of Electronic Science and Technology of China,
2006.

DO NASCIMENTO R M, MARTINELLI A E, BUSCHINELLI AJ A.
Review article: recent advances in metal-ceramic brazing Artigo Re-
visdo: avangos recentes em brasagem metal-ceramica[J]. Ceramica,
2003, 49(312): 178-198.

LIU G W, QIAO G J, WANG H J, et al. Bonding mechanisms and
shear properties of alumina ceramic/stainless steel brazed joint[J].
Journal of Materials Engineering and Performance, 2011, 20(9):
1563-1568.

X8R, B, EXK. Au-Cu-Ni FER 65 TUL JE 840 K&
FURFHERTES T[] b SORFEHI TS 22 (4 S0 TAEROA,
2021(8): 344-346.

LIU Jun, ZHAO Lei, WANG Liucheng. Morphological analysis of
Au-Cu-Ni solder vacuum brazing TU1 oxygen-free copper and its

[89]

[°0]

[91]

[92]

welded joints[J]. Chinese Science and Technology Journal Database
(Full Text Edition) Engineering Technology, 2021(8): 344-346.
BT WL AR R KIS Bl Sk R PR W] ST A D). HLEAE
&, 2015(15): 82, 84.

LI Chunxiang. Research on welding reliability of moving contacts in
transverse magnetic electrode sealing and arc extinguishing cham-
ber[J]. Mechanical and Electrical Information, 2015(15): 82, 84.
EEE W95, I R, & TERAET MRS EBORT RN R
¥, 2010(9): 33-35.

WANG Guojian, XU Fang, SUN Dong, et al. Vacuum brazing tech-
nology on sealing non-oxygenic copper[J]. Welding & Joining,
2010(9): 33-35.

MRS, EW. BRI S AR i AR T E R[], #
I, 2013, 42(9): 176-178.

LIN Maoguang, WANG Hailong. Study on vacuum brazing process of
austenitic stainless steel and copper[J]. Hot Working Technology, 2013,
42(9): 176-178.

HNTH, ZEE. R E ARG B A BT AR 304 RN Ak
MERERI R[], AN T T2, 2011, 40(5): 172-174.

LIU Shitian, YANG Kaizhen. Effect of holding time and brazing tem-
perature on microstructure and mechanical properties of 304 stainless
steel brazed joints[J]. Hot Working Technology, 2011, 40(5): 172-174.

iR

1975—, &, W, #RgmL,
FERTATT FONZEERIT R BS  Shi AEIR K aE
VR LI 56

E-mail: 447114672@qqg.com

=X
e

ZHONG lJianying
Ph.D., Professor

W&

1992—, %, Wit:, THEIH

F TG R S R L B AR T A
E-mail: 979607621@qg.com

SUN Guanglei
BEER (B 1R
1984—, 5, ##Hm L
W FIT A v E R A R S BT
LU I 15 4% 1)
E-mail: pgzhaoxm@163.com

ZHAO Xiaomin

Professor

Corresponding author

WREH  2023-12-27 {Z[RIHE  2024-02-08 i HSCH



