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Abstract ; The failure of porcelain cylindrical electrical equipment during earthquakes is a key factor contributing to
power supply outages. The meticulous assessment of the seismic resistance of these devices is a foundational
requirement for accurately gauging the overall seismic robustness of power systems. The judicious choice of the
support dynamic magnification coefficient plays a crucial role in precisely appraising the seismic behavior of
porcelain cylindrical electrical equipment. In this research, to derive the support dynamic magnification coefficients
for these devices, vibration tests were carried out on three main types of porcelain cylindrical electrical
installations; in cluding disconnect switches, voltage transformers, and current transformers, all of which were
evaluated as integrated units with their respective support structures under various seismic excitations and different
peak ground acceleration levels. Based on these empirical results, finite element analysis was used to examine the
effect of parameters such as the stiffness of supports on the natural frequencies of the equipment-to-support system
configurations. This analysis also included a discussion on how the support dynamic magnification coefficients vary
with different periodic characteristics of the equipment-support assembly systems. The study findings indicate that,
within the scope of this study, the support dynamic magnification coefficient tends to increase as the combined or

the

overall period of the equipment-support system increases. Notably, when the total system period exceeds T
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seismic response of the system remains at a relatively high level, significantly exceeding the reference values set by
design spectra and clearly surpassing the conservative 1.2 limit established by present guidelines, thus implying a
potential underestimate of safety margins. Therefore, it is proposed that the support dynamic magnification
coefficient for porcelain cylindrical electrical equipment should optimally not be less than 2.0, and concurrently,
the frequency of the supports should not be belower than 30 Hz to ensure enhanced seismic safety measures.

Key words: porcelain cylindrical electrical equipment; shaking table test; support dynamic magnification

coefficient ; earthquake; natural vibration frequency
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Table 1  Device and support parameters
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Table 3 Support dynamic amplification factors

waws BE b aan|  wrems RE SN k| woems RE S O
El Centro(0.1 g) 2.47 2.24 1.44 Wolong(0.2 g) 2.01 2.52 1.95 || Loma Prieta(0.3 g)  2.25 2.33 1.13
El Centro(0.2 g) 2.06 1.91 1.35 Wolong(0.3 g) 2.07  2.61 1.93 R1(0.1 g) 2.46 1.81 1.56
El Centro(0.3 g) 2.04 1.96 1.57 Kobe (0.1 g) 2,17 232 220 R1(0.2 g) 225  2.08 1.67
Northridge(0.1 g) 2.6l 2.47 1.14 Kobe (0.2 g) .72 2.05 1.69 R1(0.3 g) 2.29 1.78 1.62
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Northridge (0.3 g)  2.50 3.43 2.16 || Loma Prieta(0.1 g)  2.11 2.11 1.09 R2(0.2 g) 1.82 2.74 1.25

Wolong(0.1 g) 2.01 2.41 1.71 Loma Prieta(0.2 g) 1.84 229  0.89 R2(0.3 g) 1.88  2.66 1.25
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Table 4 Model material parameters

PR AR/ GPa B/ (kg/m®) MEL/NEA
0235 4K 210 7800 0.3
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Fig.8 Finite element models of the three types of devices
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test device parameters
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Table 7 Comparison of support amplification coefficients
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Table 8 Comparison of support amplification coefficients

between simulation and test for potential transformer between simulation and test for current transformer

A=) HAUE IRE R/ % W AH=Z) HAUE I {E RE/ %
El Centro(0.1 g) 1.92 2.24 14.29 El Centro(0.1 g) 1.49 1.44 3.47
El Centro(0.2 g) 1.92 1.91 0.52 El Centro(0.2 g) 1.49 1.35 10.37
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W RO T A SR R, A E SR R — A E
AR B A - SR BRI, RS A LRSSl PGA T 0.1 g I,
SR TR R BN E 13~ B 15 Js



128 W oE L B 5 T B & 3 a5 E
6r 5 —e LR o : —— R
g e TR sLo L e e

: —fE L Z A —— FRESHIC
P ' Al EAR S ab oy AT
; - ——-——";L"'I“i/ﬁ X AT N y i
= Ve B B
WG &
%3 R A
2+ Y 2 “\
N RATR LA VLKA
. 022 . 0 022041) , -
0 0.5 1.0 0 0> 1o
Jﬁﬁ?q/s Ejﬁﬁ/s
& 13 El Centro HtEZh X 22 K B4 14 Wolong BB AR
Fig. 13 El Centro ground motion support amplification factor Fig. 14  Wolong ground motion support amplification factor
61 —=— MRS
L —— HBEES
s; L WERE
s Aty
= 4r T B
%l
fQ( ”4 -------------
2
1_/'_- .----------------N-\-i-"?'-‘-——-;‘
02207 L2(BR R %)
0 ’ !
0.0 0.5 1.0
JE1 /s

B 15 R1#ENZEMKXRE
Fig. 15 R1 ground motion support amplification factor
Bt GB 50260—2013 ( HL 1 Bt A2 BT BT ) 2 v 45 R 1) ML 5 0 28 it 28, JH v st R S i
RECR KA IR A PGA 0.1 gl 0.25 , S RRE JE A ECAH0.40 s, BHJE LR 0.05., B 13~ & 15 Al %0,
Bl 15 45 — S SR A S AR R I B 388, S 3R Bl ) SR B R K, SR Bl 1 OR R BN S R R 4
A &, TR 3 il b 7 sl A A R P A DG, S (AR JR 3457 35 b 7 oty e JR) S0 R 3 B, S Bk RO i

R,

e NEATR IR R b 4 0 A9 SRSl T ROR R K0 1.2, LIS A B 28 T DG Y R R FR I A T 0.22 s, L TR LR A%
AORE AR AR T 0.14 s, LR FLIEAS O BE R SRTUI 2R T 0.22 o, RV 13~ &1 15 FpOS IO A e 2 M0 A1) A5, T A

AR SRR 5 T 50 He, A5 S 200 B AR 5 1 JEE O

TAREPAHELLISCEL,

B — SR A R R J] S0 0 8 4 7 S fY B BT S
B TR Z B AT FEAR (AT R Tl i, &1 16 L
T JR 1) R L A R O AN SRR B R S (R R e IR
BRI (EAR AR, BT 4 T 00 A el 2S5 8l ) S v A 2]
(4, MSEPRESAAETE 22 At EESE 1, 245 F) SR 301 A2 R, i By
PRBSHIZ S INR T SR Bl T3 T3ORBRON , 5 B 454 o 0 A e
I SR I TR R BOR T R T E

N T AT R R T w5 M SR 2 Ve 5 25 SR
TR 5 AT FROTAELZE R O T AR SRR ki e |, 7 20T
JEANHT SR BT H SR A I DU REHEAT 0 T v, SR Y
B R R BBE AT /NT 2.0, 17 B X IR 1) S 48 A A0 AR T

ISR W G I T A AR, S BR

60
é 40+
£
B
&
5 20t

00 5 10

Hi % /Hz,
E 16 HBEEFKSENE

Fig. 16  Potential transformer spectrum

30 Hz, 7EITREBCAHURE AT, BRI X S BT 0T, e IR P e A0 0 2 HE b B 1) S R e B | A R R 2 45

R, URIIE SR A F/N T 30 Hz,



14 P WA R Y R A SR MR R 1 Bl ) OR R B 129

4 #ig

B Xt XY A RSt DL ) A R P SR A 2R AR SR IR T 3 P A A R R RS TR R TR R - R
ARG RHR SN SR A BRICAMT BT T R4 1 SR B ik B, AR DU EE L

1) A = 2R 48 1 S BB R ECH 1.52~2.40 , H 3 ORI LS4 1 S 30 8 ik BB R T
O B SRS TR R B, B S AR RO A T, 15 4 — S 28 B R R B S i AR, SR B TR
SE 3 SCHRI Bl 0 R AR B A 1 A — S R0 AR ] B R 0 T 38, 7E b 5 Sl e BB 1A RO B R R
GB 50260—2013¢ B Sy i e it e ) rh S 48 8 1 OR R B HUE R 1.2, BB RIS, 765 2L A&
VTN R R B0, LABRE R A8 IR R a2 T (A 152 2 7 b B 1) 22 4 DA B R 7 1) I 4R 7

2) TR S PR TERE AT, EARYE T RS DO I 28— & M AR AT, 24 R R R
P , T BT AN SR A R A & AP RR M RE AT 2B At , SR A 3 R SR B A BN T 2.0,

3) SRR TREH, AR AT R S e, e 5 R R S A OGSO AR R BE SR B4
AAEUE /DN, 245225880 TR RBOBUEA/INT 2.0, 7ETF R AP Hr i, B R0 S 289k 478, #e e
HL R S R 40 ML 1) S R B | AR RNRE TR S8, LARIIE SR AR AN /N T30 Hz,

SEH

(1] Bk, XSEERG, Zokh, 45, iy W e xR R R AR R AT BERE (1], R EBEAR , 2019, 45(6) : 1962-1974.

CAO Yongxing, DENG Heming, CAI Wei, et al. Research progress in prevention of earthquake and secondary disasters on power facilities[ J].
High Voltage Engineering, 2019, 45(6) : 1962-1974. (in Chinese)

[2] Tk, 263, 208, 4. o)y o) 2 v g deita 32 SR IEWF A3 [ ], B AR, 2008, 32(11) : 5-10.

YU Yongqing, LI Guangfan, LI Peng, et al. Investigation and analysis of electric equipment damage in Sichuan power grid caused by Wenchuan
earthquake[ J]. Power System Technology, 2008, 32(11): 5-10. (in Chinese)

(3] dmile, sk3Ehh, BRFENK, 4. WO HBREIU)I v A2 F S S REJ ST 7] . 1o FJEAl 5 AR 22741k, 2010, 18(34HI 1) . 200-211.
LIU Rushan, ZHANG Meijing, WU Yubin, et al. Study on earthquake damage and function failure of Sichuan power grid in Wenchuan earthquake[ J ].
Journal of Basic Science and Engineering, 2010, 18( Sup. 1) : 200-211. (in Chinese)

[4] ARANEDA J C, RUDNICK H, MOCARQUER 8, et al. Lessons from the 2010 Chilean earthquake and its impact on electricity supply[ C] /2010
International Conference on Power System Technology. Zhejiang, China. Piscataway, NJ, USA: IEEE, 2010: 1-7.

[5] COWAN H, BEATTIE G, HILL K, et al. The M8.8 Chile earthquake, 27 February 2010[ J]. Bulletin of the New Zealand Society for Earthquake
Engineering, 2011, 44(3) . 123-166.

(6] JLLrfe, MR il 7.0 Gituig B BRI R Apr [ J]. s sisd, 2013, 34(8) : 100-104.

YOU Hongbing, ZHAO Fengxin. M7.0 earthquake in Lushan and damage cause analysis of power facilities[ J]. Electric Power Construction, 2013,
34(8) : 100-104. (in Chinese)

(7] X, Xi4e, B4R, 4. il 7.0 SUtR b DR F R 1]. ARICEEM, 2013, 22(5) : 83-90.

LIU Rushan, LIU Jinlong, YAN Dongqi, et al. Seismic damage investigation and analysis of electric power system in Lushan My7.0 earthquake[J].
Journal of Natural Disasters, 2013, 22(5) ; 83-90. (in Chinese)

(8] Mk, AW, SRR, 5. ZEb o TR PUENF IR Rk e [ 7] 514544 ,2019,49 (H4 T 2) :356-361.

CHENG Yongfeng, ZHU Zhubing, LU Zhicheng, et al. Research state and development of seismic performance of substation electrical equipment [J].
Building Structure, 2019, 49( Sup. 2) :356-361.

(9] iR, FEMWAR. BB B SRR R R S G 5[0, P E AL TR, 2011, 31(4): 112-118.

XIE Qiang, WANG Yafei. Shake-table test on earthquake simulation of substation equipment interconnected by flexible bus[ J]. Proceedings of the
CSEE, 2011, 31(4): 112-118. (in Chinese)

[10] sk, BER, [, 5. 1100 kV SURLAEH RIS EEEHURIERIRS Gl J]. Wl EEAR, 2016, 42(8) : 2596-2604.
XIE Qiang, MA Guoliang, HE Chang, et al. Shaking table test study on seismic performance of 1100 kV gas insulated switchgear porcelain
bushing[ J]. High Voltage Engineering, 2016, 42(8) : 2596-2604. (in Chinese)

[11] MasC, REAO%E, #UE R, 5. %5 B R HOb R A B M AR B i B R S B AT (0], L TR % 3R, 2021, 41
(7):2594-2605.

BAI Wen, TANG Baizan, DAI Junwu, et al. Fragility analysis of porcelain cylindrical electrical equipment considering material strength and
seismic uncertainties[ J]. Proceedings of the CSEE, 2021, 41(7) : 2594-2605. (in Chinese)

(12]  fag, 58, 1108, 5. ZEAWE N RS E R REEERABNRAZWE[T]. FEEHLTR%MR, 2022, 42(15):
5763-5775.



130 Wk TR 5 TR ik 3 A5 B
HE Chang, HE Ziwei, JIANG Liqiang, et al. Effects of different sorts of uncertainties on seismic failure risk of ultra-high-voltage porcelain
transformer bushing[ J]. Proceedings of the CSEE, 2022, 42(15) : 5763-5774. (in Chinese)

[13] g, 5, HdRT7. 1100 kV R#e IR UKL EIT R - SO RPURTERE NI BT 1] HFIHOR, 2018, 42(6) : 2016-2022.
HE Chang, XIE Qiang, YANG Zhenyu. Tests on seismic retrofitting of 1100 kV UHV GIS bushing-supporting frame system[ J]. Power System
Technology, 2018, 42(6) : 2016-2022. (in Chinese)

[14] s, 5KI1, (75, 55 B REEEL800 kV E &3 H G T INTURYERE AT SBR[ )] miURER, 2020, 46(2) : 626-633.

XIE Qiang, ZHANG Yue, HE Chang, et al. Experimental study and analysis on seismic performance of +800 kV UHVDC composite post
insulator interconnected by rigid bus[ J]. High Voltage Engineering, 2020, 46(2) : 626—633. (in Chinese)

[15]  SCi. FCHE—HR SR RO R SN MR I FE[ D). 4%, PRt ke, 2008.

WEN Bo. Study on seismic response and damping control of power distribution building-electrical equipment system [ D]. Xi” an; Xi’ an
University of Architecture and Technology, 2008. (in Chinese)

[16] JrSh. HT SMA-HHZ S 0E RGN BT A 45 2w B R E [ D). 1942 . TR @HREERY:, 2017.

ZHAN Meng. Seismic response control research for reactor structure based on SMA and piezoelectric hybrid damping system [ D]. Xi’ an: Xi’ an
University of Architecture and Technology, 2017. (in Chinese)

(17] skmies, JEAE, TALR, & T f RS S M R TR AR B IRICAMT [ J]. MO RIER , 2021, 15(11) : 94-102.
ZHANG Lizhen, ZHAN Meng, WANG Sheliang, et al. Seismic performance test and finite element analysis of T-shaped high-voltage circuit
breaker structure model[ J]. Southern Power System Technology, 2021, 15(11) ; 94-102. (in Chinese)

(18] HHUR, fEZk4, 2P, 5 KB B RG REERERRBAT ST -IMER, 2011, 35(12) : 130-135.

CAO Meigen, FAN Rongquan, LI Shiping, et al. Design and application of seismic isolation system of large power transformer and bushings
system[ J]. Power System Technology, 2011, 35(12) : 130-135. (in Chinese)

[19] EMUR, WEUE, K, & SmIRERE TR IHKE LB [J]. SIRmEE, 2017, 53(10): 7-11, 18.

CAO Meigen, GAO Zhengguo, ZHANG Jian, et al. Vibration fatigue test and damage identification of high-voltage porcelain insulator[ J]. High
Voltage Apparatus, 2017, 53(10): 7-11, 18. (in Chinese)

[20] #h#, Tk, T, 45 KFpmsmmExt i ) e s ac g mi [ 1], AR E %4, 2018, 27(6) ; 83-90.

HAN Chao, DING Zhifeng, WANG Yue, et al. Disaster characteristics of long duration ground motion and its effects on electricpower facilities[ J ].
Journal of Natural Disasters, 2018, 27(6) ; 83-90. (in Chinese)

(217 Mofr, BRREE, PR AL, 45 1100 kV Heiiuh N i APk ROBRmr o[ )], msREAR, 2017, 43(10) : 3198-3207.

LIN Sen, CHENG Yongfeng, LU Zhicheng, et al. Investigation on seismic performance and shock absorption of arrester in £1100 kV converter
station[ J]. High Voltage Engineering, 2017, 43(10) : 3198-3207. (in Chinese)

[22] MR, Bk, TEE, 47 1000 kV AR TIESURIERR LT[ )], R3S ek, 2019, 38(24) : 91-100.

LIN Sen, CHENG Yongfeng, MENG Xianzheng, et al. A study on the seismic performance optimization of a 1000 kV capacitor voltage transformer[ J |.
Journal of Vibration and Shock, 2019, 38(24): 91-100. (in Chinese)

(23] IhFHE, AR, MR, 45 1100 kV R R EE RS ARS G )] ®BREAR, 2017, 43(12) : 4139-4144.

SUN Yuhan, LU Zhicheng, LIU Zhenlin, et al. Earthquake simulation shaking table test for 1100 kV UHV bushing [ J]. High Voltage
Engineering, 2017, 43(12) ; 4139-4144. (in Chinese)

[24]  FhFERE, SRR, RARAK, 5. R ARSI 110 kV B ASA B R R AHIIR ) G0 [ 1], MHER AR, 2017, 43(3) . 879-884.
SUN Yuhan, LU Zhicheng, LIU Zhenlin, et al. Shaking table test on model of 110 kV capacitor bank in UHV substation[ J]. High Voltage
Engineering, 2017, 43(3) . 879-884. (in Chinese)

[25] 5%, W8T, Bk, 5. Fm T TYD1000 B 752Uy [ AR I T [ T]. b R, 2015, 41(11) ; 3694-3701.

LU Zhicheng, QIU Ning, CHENG Yongfeng, et al. Study on seismic experiment of ultra high voltage TDY1000 capacitive voltage transformer|[ J].
High Voltage Engineering, 2015, 41(11) : 3694-3701. (in Chinese)

[26] FkEE, BRT, pE A, &5, BEASRRLRESRAY 1000 kV Bk ER 4% R 2 i ol R PR MERE IR B 5 IXIR [ 1], Wl EEIR, 2014, 40
(12) . 3882-3887.

CHENG Yongfeng, QIU Ning, LU Zhicheng, et al. Shake table test on seismic performance of 1000 kV arrester and capacitor voltage transformer
interconnected by tube bus[ J]. High Voltage Engineering, 2014, 40(12) ; 3882-3887. (in Chinese)

[27] BB, Mok, #PHR, 4F. 1000 kV R FRACH B B A URNT R S R ER L) ]. R REAR, 2015, 41(5) : 1732-1739.

QIU Ning, CHENG Yongfeng, ZHONG Min, et al. Progress and prospect in seismic research of 1000 kV UHV AC electrical equipment[ J]. High
Voltage Engineering, 2015, 41(5) : 1732-1739. (in Chinese)

(28] FKEE, XMRAK, PRI, 4. £800 kV SCHEE GG FHURAIGMIZT[T]. PEMALJT, 2017, 50(10) : 89-96.

CHENG Yongfeng, LIU Zhenlin, LU Zhicheng, et al. Experimental study on seismic performance and structural characteristics of +800 kV
composite post insulators[ J]. Electric Power, 2017, 50(10) : 89-96. (in Chinese)

[29] GB 50260—2013 A htiBiae it RE[S]. Jbat. dhEHRll pekt, 2013.

GB 50260—2013 Code for seismic design of electrical installations[ S]. Beijing: China Planning Press, 2013. (in Chinese)

[30] JEAG 5003—2019 T4 (2 51F 2 BARMOMRRETHe#T [S]. Wal. HABA2:, 2019.

JEAG 5003—2019 Guidelines for seismic design of electrical equipment in substations[ S]. Tokyo: Japan Electrical Manufacturers Association
(JEMA), 2019. (in Japanese)



14 P WA R Y R A SR MR R 1 Bl ) OR R B 131

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

IEEE Power Engineering Society. IEEE recommended practice for seismic design of substations; IEEE Std 693-2018[ S]. New York: Substation
Design Criteria Committee, 2018.

IEC TS 61463-2016 IEC technical specification on bushings-seismic qualification. IEC publications [ S]. Geneva, Switzerland; Internatiional
Electrotechnical Commission, 2016.

R, REZ%, HEIE, A PRI AR BT )]. 1R TS TERS), 2018, 38(3): 184-193.

GUAN Zhenzhen, ZHU Quanjun, FAN Xiying, et al. Study on Chinese, American and European codes for seismic design of electrical
installations[ J ]. Earthquake Engineering and Engineering Dynamics, 2018, 38(3); 184-193. (in Chinese)

MOHAMMADI R K, AKRAMI V, NIKFAR F. An improvement to seismic design of substation support structures| J]. Structural Engineering and
Mechanics, 2013, 45(6) : 821-835.

LI S, TSANG H H, CHENG Y F, et al. Considering seismic interaction effects in designing steel supporting structure for surge arrester[ J ].
Journal of Constructional Steel Research, 2017, 132, 151-163.

WHITTAKER A S, FENVES G L, GILANI A S J. Seismic evaluation and analysis of high-voltage substation disconnect switches[ J]. Engineering
Structures, 2007, 29(12) ; 3538-3549.

R EEE, BT, W AR RSO - B R R MR A KBRS (1], TR, 2015, 32(3) : 82-89.

LI Li, WANG Guoliang, HU Liang, et al. Simplified analysis and parametic study of dynamic response for uhv electrical support-equipment
system[ J]. Engineering Mechanics, 2015, 32(3) : 82-89. (in Chinese)

Z, AOREA, W, 5 AW - S G R R MR BB S S UM ] T E AL TR, 2019, 39(8) : 2506-2514.
JIANG Bin, HAO Qunyan, XIE Qiang, et al. Theoretical modelling and parameter analysis on seismic responses of electrical equipment-support
structural system[ J]. Proceedings of the CSEE, 2019, 39(8) : 2506-2514. (in Chinese)

Rk, PR, BB, AR R R SORES B DR B A SRS I HOR R B 5[ )] RFREOR, 2015, 41(11) : 3651-3658.
CHENG Yongfeng, LU Zhicheng, QIU Ning, et al. Study on support dynamic magnification coefficient about UHV pillar type porcelain electrical
equipments[ J]. High Voltage Engineering, 2015, 41(11) : 3651-3658. (in Chinese)

s, B R B SRS I HOR R BIE [ J]. BHAEOR 5 TR, 2016, 16(6) @ 182-186.

CHEN Wei, GAO Zhengguo. Study on the value of dynamic magnification factors for high-voltage electric equipment support [ J]. Science
Technology and Engineering, 2016, 16(6) : 182-186. (in Chinese)

Jugrdn, SRRl RRGET. AR IR AR A NS B[], IR, 2012, 36(5) : 118-124.

YOU Hongbing, ZHANG Yushan, ZHAO Fengxin. Reasonable determination of input waves for shake-table test of electrical equipments[J].
Power System Technology, 2012, 36(5) : 118-124. (in Chinese)

FEAEE, ARBLR, BT, AR 5 SO A PO 10 L AR A B P S B RR S A ABT R [T]. W ESOR, 2015, 41(5):
1753-1759.

CHENG Yongfeng, ZHU Zhubing, QIU Ning, et al. Research of resonance beat wave applicability and reasonable seismic input used in seismic

test of UHV electrical equipments[ J]. High Voltage Engineering, 2015, 41(5) : 1753-1759. (in Chinese)



