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Measurement of VFTO on Transformer Entrance With Transformer Bushing Sensor
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ABSTRACT: The switching operation of disconnectors in gas
insulated switchgear (GIS) systems may cause very fast
transient overvoltages (VFTO), which brings about dielectric
stress to other apparatus in the substation. A technique for
measuring VFTO on transformer entrance with a developed
bushing sensor is presented. A capacitor bank was connected
with the transformer bushing to construct the bushing sensor.
Convolution model based on square wave response experiment
was applied to gain the frequency response of the bushing
sensor. In order to solve the frequency limitation problem,
deconvolution algorithm based on the incremental Wiener filter
was used to reconstruct the input transient voltage. A fast
transient simulation platform was built in laboratory. Results of
the laboratory experiments demonstrate that the measurement
system can be used for VFTO measurement. Disconnector
switching operations were measured with the developed
measuring system in an UHV substation, and the output
waveforms from the sensor were recovered with the
reconstructed method. Results of the measurement in field
imply that the measuring system based on the test tap of
transformer bushing can be applied in disconnector operation
measurement.

KEY WORDS: very fast transient overvoltage; transformer
bushing; square wave response; incremental Wiener filter;
transducer
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VFTO measuring system

AL RS B R 4 H Rt 4, 2 s
TS AR F Y, i I YN LA 1 727 A HL K
Z M, i MEIRESMARR S 5, WD T RS
B, Pem T AR IR sk g .

AR RS EE A T EEE TR VFTO K
B, SFFREANAR S S4L) VFTO W, nlghis
B R S A R T AT HE— 25 1 20 A 1516,

2 ET Wiener 188 R EMRHKFIER

21 EEERIEESRE

EE P EIRIEIIEE CLIEN VFTO R
() e S R L, L B ) AP DA T A T2 i L o SRR
P EE R, B EE B A NAGMNI 4L,
WG — AR TR, MG NER. BE
AR — MR FH B0 S A5 Bl ) O [ AR TR 254 o LS
- H1 0.08~0.12 mm JE 42 40F1 0.01 mm 1%
IR ARG O e Rt UE R
— M EA ARV SRR B RS, By
—ANEPH. R RO B S 2R g, X AR
A P2 T B IR AR B, Mg VFTO
B B 1) FR AR N A 722 DRI b i 0] S o U 1 2]
I AT IR B, LASRAFE AR Fs 85 (1 HER 1)
VFTO # .

AR B ICIR G 18 AL Ias Rk
H A i M, PSR A2 i R 2% R A
FEPE, SRJGJET Wiener JE 3 2% pR 40, 395 Wiener
A R0 A% s i th A5 - s e kAT 16
Ji, AT A5 BB e 1) VETO 8. ¥ 324
W JE L L

1) Wiener JEBE#R3RA . FIH GRS AL
HR G 7PN 255, £33 VETO & BE% 1 AL pvh
M. H(n), A HN)EAT FFT A2 #ef3 3044 8 R



124 S R <E 1 R R = SO 4

30 4%

Jremue [ R |HO[T__TTH@) | H (@)

éﬂ:% *ﬁﬁj;u{t La ‘H (w)‘z +y
VFTO &g a— Yo
2Rk y(n)_)i e g A 2 |—>| FET

AL
3 IREEREERTE
Fig. 3 Flowchart of signal recovery

5 B AT R H(w), 35T H(w)$% 8 Wiener Jx
BRI Wiener iz (@)
|H (o) +7
FHIE 75 Tl 23l e 1 — N 15 4

2) RIS AR SR . AR
P S SR TR AL TR, X AR PR SE AT FFT A2
A T A IE X Y ().

OB S B FRIE R . ] Wiener B #3403 Y ()
RRNEPIOE RS R, K ILARN Wiener 38 &
ML, THEIRISHE AR IERER I VFTO B8 .
2.2  Wiener [EiR8E3K5HE

FJ38& Wiener JEJ 2% 52 VFTO W% JEIE I 1 BT 42,
R Wiener JEUAS, T B SEIRTS VFTO 14K
28 2 50 B AT N AR YE H( ) o 18 33 6 A IR 28 7 38 i)
N85 AT B RRRNEHER, v 7 (kA% B
AR N AR o JE T T R N AR, R S AR AR
SRA AL B ) 7 e 0 7 v R

T VVETO DAL IR A% 1R 7 088 Ay N RN 77 90 ) 1
HEA153 5504 x(n)~y(n), B b i 57 51 8 h(n),
RZESTH A u(n), REMEIRBER ] LKIR N

Y = XH +U 1)
At Y=[y(p), y(p+D),... y(p+m)]" ;U =[u(p),
u(p+1),...u(p+m)]" ;  H =[h(0),hQ),....h(p)I" :

x(p) x(p-1) - x(0)
X = x(p:+1) x(:p) x(:l) . o p
x(p+m) x(p+m-1) --- x(m)

HVE (AR R AR v i R R AR s m A AT IR 2%
ST R R ORUE DT BEANEOR T AR AN 4L
m>p.

SE SR ZE A U=Y-XH, MR 25Fx I=UTU
AXTTF H e, FE I H RS, W
03 IoH|,_, =0, HHWTFIENFRE: (XTX)H =
XTY , Hbds /s Al 4

H=(X"X)*xTY @)

PHHZH p. m, A H RN x(n)ER4E RS

i y(n) MR ZE A0 AR VEE I Y, B AT A 2 I A
H o 0 H BET FRT s, 43 3044 8 B sl 1
KMk H(w), 48 Wiener SR SL BN 0] k)3 5 78
S JEU R 45 1 Wiener yi s — @)
H(o) +7
2.3 Wiener &£ & HILR
F Wiener &3 ai A BR AL B8 4 AR 5 AUk
TR Y(w), 193] VFTO HIFIGE S5 45 R
H* ()Y (@)
|H (a))|2 +y
s Xog(w) A VFTO IR A R Y(w) ik
SRS IO s H () A A R0 R o AR
y A R S Tl 3 3 g i ) — A 1E 2
/MR, SRR Wiener G
SR i 45 R BEATHE— 25 4 P09, 75 145 Wiener
KRBT, RZEE A
S(@) =Y (@) — Xyq(@)H (@) 4)
JEBE AR HAA IS
X o (@)= X g (@) +[H " (@)S (@) /(H (@) +7)  (5)
B IH R 2 A

Xoa (@) = ®3)

8,(@) =Y (@) — X4 (@)H (@) (6)
RN
SZ (w):Y (a))_ X new (w) H (w) (7)
T LA
S, =(rS)/(H (@) +7) ®)
HT7>0 HIH(w)[>>0, it
IS.]” <[s.] ©)

IRl 7 Wiener SCGRA] DUZD SR £31) VFTO £
EAL RN B R 22 . B 4 k) Wiener 5
G RGRT

Xold(®)

H()
Xom(a))H(w)

Y(@)

S(@)

H' (@)S ()

H(@)[ +y
< 1 AX(w)

Y
Xnew( @)=Xota( @)+AX(w)

4 B8 Wiener R &2
Fig. 4 Flowchart of incremental Wiener filter
3 SKIEIUE
31 REFZSIBEUES
KR A AR WL VFTO IR 2EK, 7E5%

s B




3 33 ] R %

SRR A A R s M 2 s e e g bR 3 2 P s Y 9% 125

IS NET 110k 5, & 7D 5 s

PR AL B & .
B

TRy HBHE

E5 REEHIEIELTES
Fig. 5 Schematic diagram of the fast transient
process experiment setup

TR 56 TR e #5 F LR A H LA s g i T A A
TR, PR I A AR A R, P
DU —BE R LA EmBIEE . K Tektronix
PB015A 5 Hs R Sk HAE 4 T, IR =4 A
RS A S R AR AR R &
[ R 25 A B B R P e L

SIS K R T | S B GIS
57 R fs il I Js e B i 2 0y 3, T U AR
VFTO W IEI LA ) 3MHz 2247, JskiBnAT I
FHAY R 20 ns [F53 18, 555 Br b 2 T O E = AR 1
VFTO 21,

3.2 110kV EE LR ML FFERIIRIT

A ENER PR R A IE TR 5
HATHIIE SR, RIS B A R iy o6 3R A5
F AL TS R SR o 6 110 KV AR s 2 4 A
ARUEAT T J7 e SRS, 7 I R AT B A 6
Fion. H Agilent33250A bR AE 2% K K LT
S 5ns, TRAEN 10V 7 AE N ANAE 5, KA
F R i, NAEE ARG,
BB T (1 77 e Sl A2 2%, Hi TR E
b VFTO [ AR, 205 DR AT ol ok A
Hk, AN R R 100:1 S AR Sl
Tt AN T 3455, ¥ VFTO fLERZ8 i A f5
5 R AT 5 AR AN TR o

B AL RS T e N AR S 25 Rl 7 R,

A

6 VFTO @At &
Fig. 6 Schematic diagram of the square wave
response experiment setup

Fe Ui N R SRR B R A RS S 55 Uou
AL IEAS I S 5 o AR A 7 i N 45 R AT
BUB R, A5 81 T A% I AR e i A7 o o i
IO o A SR L AN S A e Wi N SRR A R
felastim A5 5 A BUAL 10— S (W 8 o),
UEH] TG BB R4S 21 1) VFTO A AR I FR A e
WS R IERA R, X BT ok i W EA T FRET A2 ]
A A B (R i SRR, P 9(a) e it 1A A
i AR (Ua A 38 2 ) 1 9(b) DAy A% TR RO A i [
FEPE(an W ARES)

¥

Uin(100 MV/H%)  Uo(50 mV/4%)

isonslt)
B 7 VFTO f£REE A KM 4R

Fig. 7 Result of square wave response experiment

0.3 — ?ﬁﬁ)\'—?ifﬁ?*ﬂi"ﬁdﬁﬂ’d%ﬁr
. — JRand
0.2 h
. l"
'!fm
ol [V
| | A
0.0 |ssmsnnd ' ‘W\,.—s..f
-0.1 rl
100 500 900 1300 1700 2100

t/ns
8 fRBRELERKIE
Fig. 8 Comparison of original output waveform
with convolution result

i

1x1074x10"

=20

Uu/dB
A
o

-60
1x10° 1x10* 1x10° 1x10°
flHz
() AL s A3 o 17 4

—

10x103 1x10*  1x10° 1x10° 1x1074x10"
flHz
(b) A KA A 7
B9 VFTO f& BE28 37t i 7 435 14

Fig. 9 Frequency transfer characteristic of VFTO sensor

100

al(°)
o




126 S R <E 1 R R = SO 4

%30 %

33 MELHERENR

TESEE Y- & BT T R E AR &,
P3N T AR IRAS M N Y, s g e 10 iy
71N ] 10(a) A PR 8 A ik A A i il i 25 R, €1 10(b)
PP AR LR . BH: us i PEOLSA AR
KSR, up WEFRRSNELS R, WEmE
TEPR G AN F P TEAHR], AH P 508 K 350 43 1) v A o £
R, XA TSR A AR A M
Al B v AT N AR ZE 5 EE 1) o DR I T B 0 1 3]
AP TE AT HE— 20 I IR I

T

us(1 KV/H%)

up(5 V/*ﬁ)

(a) 4=

up(5 V) us(1 kV/ES)

{(106 ns/%ﬁ) -
(b) Wk
B 10 REHSIENELER
Fig. 10 Measurement results of the fast transient waveform
A R W MR, T BOEIE S IR A
BIERHATIE IR, 2RISR S R 11 Pros. &
JE IR E Y TektronixP6015A £ il & (1% 4k %
B2, A ZERBUN, BRI i) A
B, ARG RIE IR A5 B B 1E N 58 T )
SR — 2
SEBG IR A R ], B AL VFTO Il &
FRGUNS RO R R 2 e i s A

4

U/kv

t/ms
(a) 4=

U/kv

400 500 600 700 800 900
t/ns
(b) Bk
E1l RERTEER
Fig. 11 Waveforms reconstructed by the
incremental Wiener filter

4 IUAREFKIEIEVFTO MELER

Shy B I A A S A I R R 0 B 8 T OB
FEAE ) VFTO W A 2500, A 8 e s 7% H
17T I SRS « B LIRS VFTO Ml R G
YA BE 12 iR, S8R IR o
AR s Son iy BEAHE, /mikas AR
HL S 15 FL IR IE I UPS £ FEL o R R il s K
JE (1) Tektronix7354 /N 4%, Zn ik #5407 A 3.5 GHz,
AEAEIRIE N 200 M AN £, N SERE S AEAN B 2 T K
BRI =R VFTO, il 8% 0 & MR FER A
10 MS/s, id=HfTH 20s,

L

UPS
= R LVP‘?
IL_/JE( Tektronix 7354 [ [T
ZEH A (160:1)
L]

E 12 EEERRBIGIHE
Fig. 12 Setup of VFTO measuring system in substation
T2 HL wali SR T ) A2 O SRR 2 T 0%, E I
VFTO A [ AR Hs B 702 b /1 v F PR LA K
B L, ARIRES 2 E WA 13 P
L4 DC1  DC2

"
cB sl i ¢

VFTO S AL R E
E 13 FRRLEMNE
Fig. 13 Location of the sensor

JERHE IR VFTO %, 75 B /e i H
B AL IR AR I BRI o 0 S B AR AL AR s s
EAR AR AAT 1 7w AR, 12 A B A AL
PRAL SR T W N 5 IR, A3 T AL B R W S )3,

R AR e SR (B 1] 14 BT 7)o




AR He 5 28 iy P 27 2 sk s 14 127

33 M LS RAEEEESNE
—40
-60
8 -80
=
-100
-120

100 1x10° 1x10* 1x10° 1x10° 1x107 4x107
fIHz
(8) A% e s s Ay 7
200

100

0
-100

al(°)

0
100 1x10° 1x10* 1x10° 1x10° 1x107 4x10’
f/Hz

(b % I B AH SR S
& 14 IMizFA VFTO 1% XS Shim i Mz 45 14

Fig. 14 Frequency transfer characteristic of
VFTO sensor used in the substation

T 12 4 o A8 WLl 23 ) 0 6 T B B O ORI
BEAEP= A0 VFTO, o DC2 B 25 T 5% 43 T $ B
B AL A E B VFTO WIE A& 15 Fios.

ML 15(@) o] LAt 7ERR B 0% 53 Tl ik
P RAET 2 VETO ILG, BFFEEm i) 3.125,
VFTO 153 i m & Ao 27 248, JE i Mt -
Bl 15(b) s, 76 1A LA A v LA 24k VFTO

U(1.5 V/H%)

(400 hs/ff%)
(a) % /l\%IbFHﬁ%ﬁ: ﬂHMJifUH’J VFTO

AAAAAAAAAA
VVVVVVVIV

t(20 ms/H%)
(b) Z Ik VFTO ¥

U(1.5V/H%)

U(600 mV/#%)

e

t(2 ps/t%)
(c) HIK VFTO 3B
Bl 15 5 ERME VFTO BN ELER
Fig 15 Measurement results of VFTO induced by
disconnector open operation in an UHV substation

MW, H VFTO RAMAHMAE . Kl 15(c)4h
TR VFTO [N £5 5, 3R N iPtas &4
HISEFR VETO BT, 7 L6 Wl it 45 A TP R i

ST 14 A s s N R, S
Wiener Jx AR 77 7E0 B 15(c) i~ IR VFTO
W25 BT ICIE IR, I8 HT G VFTO S EXT L
WiEl 16 Fros, WESURE T Ee w17 s (i
Hammlng @ﬁ FFT A8t ),

RAGBUE G I 4
f\ ,
11
>3
=
)
0.9 A
SRATUE ST I
0.7

0 2 4 6
t/us

B 16 RERTRAETE KT

Fig.16 Comparison of original output waveform with
convolution result (time domain)

1

1x107t \

IRAERRTB A,

=
S 1x1072}
RABUR R | \
1x10° L
yol |[|
I
|
1x10° 1x10° 5x10°
fIHz

E 17 REREEREIETEE LR
Fig.17 Comparison of original output waveform with
convolution result (frequency domain)

Bl 16 2o b A 3k 3 R T 4 A 00w (1)
VFTO _LFHit a4 200 ns, L0574 VFTO
LTI A B, FEPTAS AL VETO f LT e a) oE S 1
K I PR T 7 D 1) D DR A2 B B 25 T G R L B 2%
IR, B BT, SO A AR AR I R
W, R BERE . B 17 I R AT R
ATRFE O LU R B, A FUE S A b e T
R s 0 R R LB I & S = T )
VFTO ARG 4%k 650 kHz, F2 0T 1.6 Fl
3.5 MHz [¥) i v . W45 B 55 [ A S5 B
AR, R TSRS VFTO il
FRG I I T
5 &t

D $EH T IHTA RIS EE LS VFTO



128 S R <E 1 R R = SO 4 %30 %

BT, Wi R 2 A £ S gyl [12] FeT, Apzhte, #idy, 2. =AML GIS PRl Sk

= it 12 J T , 2005, 25(20): 112-117.

AR R T 0 S AR Y B840 FO T i 0
N n Kang Ning, ZouJianhua, Yang Lanjun, etal. Transient parameters
2) %ﬂ:%$ Tﬁimﬂ%u%ﬂ%iﬁ@iﬂ{ﬁ%ﬁ and numerical calculation model on VFTO in three-phase enclosed
AL S AR N . T 5 Wiener JEULES GIS[J]. Proceedings of the CSEE, 2005, 25(20): 112-117(in Chinese).

[A) 52 35 ARy ] A 300k /) TR A T v e i e [13] EAEFE. AR RS2k P PR P B A U B 0], [ L TR

4R, 1996, 16(5): 299-306.
ﬂ =
LE}ZE/]UJ [ Wang Zanji . Modeling for simulating very fast transient in

3 %%Elﬁ%%%lﬁlﬂ T%Uﬁﬁﬂ: \ E‘JE%{? transformer windings[J]. Proceedings of the CSEE, 1996, 16(5):
SRS MR A o S vl A 2 DR 250 . I 299-306(in Chinese)-
N [14] Wi, X DA, ERFKE, 5. WEAMUH] GIS thRF e Anl v
Il H < 3
UL TS H%Eﬁﬂﬂm%‘“ a8 T JE BRI AR G0 R 20 [3]. P E L R 4R, 2005, 25(19):
JI5. A DL RE & FOGHRAE L ) VFTO. 101-105.

. Xiang Zutao, Liu Weidong, Qian Jiali, et al. Simulation test and
é%zﬁﬁ computation of suppressing very fast transient overvoltage in GIS by
[1] Meppelink J, Diederich K, Feser K, et al. Very fast transients in magnetic rings[J]. Proceedings of the CSEE, 2005, 25(19): 101-105(in

GIS[J]. IEEE Trans. on Power Delivery, 1989, 14(l): 223-233. Chinese).

[2] L. BV REIIRYOE S & RURWRID). paze, py (18] WOER, TIURE. 0. HUDRIR SR EA AL B AL BTL). o
HLAEHIHAR, 2009, 28(1): 11-15.
Yang Yu, Wang Zanji, Shao Chong. Modeling of power transformer

ALK, 1997,

Shi Baozhuang. Studies on measurement of very fast transient
overvoltages by differentiating integrating systems[D]. XI’an: Xi’An in wide frequency range and analysis of the impedance characteristic
[J]. Advanced Technology of Electrical Engineering and Energy,
2009, 28(1): 11-15(in Chinese).

[16] Hesids, wKES, LWeRg, . FRpudig il bl N g assedl

Jiaotong University, 1997(in Chinese).
[3] IEC. IEC62271-102—2002 High-voltage switchgear and controlgear

partl02 : alternating current disconnectors and earthing
switches[S]. Geneva: IEC, 2002. AR BRI BT[] I DL T A4, 2006, 26(4): 144-148.
[4]  fT3%0C. GIS P A BLA[). filkrhgs, 1995, 31(2): 41-46. Liang Guishu, Zhang Xile, Wang Xiaohui, et al. Research on

high-frequency circuit model of transformer windings in VFTO
[J]. Proceedings of the CSEE, 2006, 26(4): 144-148(in Chinese).

He Shanging. Fast transient phenomenon in GIS[J]. High Voltage
Apparatus, 1995, 31(2): 41-45(in Chinese).
5 WEIE. LS b XAk R T g gy (L) TR SR, R . R i R A
[D]. fsE: H#dbm ik, 2004. ?1‘:[3] HFE AL TRE2EH, 2006, 26(21): 172-176.
Zhang Zhongyuan. Research on the electromagnetic interference due Sima Wenxia, Lan Haitao, Du Lin, et al. Study on response characteristic
of voltage sensor mounted at the tap of transformer bushing
[J]. Proceedings of the CSEE, 2006, 26(21): 172-176(in Chinese).
[18] ERK, futh, &=, RGN ZRIEM]. Jbat: it
current and voltage waveforms using optical-transmission techniques NFERRAL, 1983: 42-49.
[J]. IEE Proceedings, 1987, 134(6): 415-422. Xia Tianchang, Xiong Guangleng, Li Fangyun. Least square method for

to switching operation in gas insulated substation[D]. Baoding: North
China Electric Power University, 2004(in Chinese).
[6] Nojima K, Nishiwaki S, Okubo H, et al. Measurement of surge

system identification[M]. Beijing: Tsinghua University Press, 1983:
42-49(in Chinese).
[19] Zou Mouyan, Rolf U. New algorithms of two-dimensional blind

[7] Malewski R, Douville J, Lavallee L. Measurement of switching
transients in 735 kV substations and assessment of their severity for

transformer insulation[J]. |EEE Trans. on Power Delivery, 1988,
3(4): 1380-1390 deconvolution[J]. Optical Engineering, 1995, 34(10): 2945-2956.
[8] Christian J, Xie J. Very fast transient oscillation measurement at three [20] Carsimamovic S, Bajramovic Z, Ljevak M, et al. Very fast

gorges left bank hydro power plant[C]/International Conference on electromagnetic transients in air insulated substations and gas insulated

Power System Technology. Chongging, China: IEEE, 2006: 1-7. substations due to disconnector switching[C]. IEEE International

0] FHBE, Ty, XUI4e. B A b SR BT A i R Symposium on Electromagnetic Compatibility. Chicago: IEEE, 2005:
[ HEEHLTESR, 2002, 22(7): 111-114. 382-387.

Yin Xiaofang, Yu Li, Liu Guangwei. Overvoltage from gas insulated
switchgear disconnector[J]. Proceedings of the CSEE, 2002, 22(7):
111-114(in Chinese).

[10] Kumar V V, Thomas J. Capacitive sensor for the measurement of
VFTO in GIS[C]//Eleventh International Conference on High Voltage
Engineering Symposium. London, UK: IET, 1999: 156-159. I, maguoming@ieee.org:

[L] W5, RICH, NG, % VETO (R FAMRSLuith  ON,  PAURL9ST), 5, B WL M$
JEVFEIE]. BiHIERR, 2005, 31(8): 4-6, 26. —r=T 8L RGN KRB TR

JEB B BN HUR LG BIE SRR ﬂ?!i

TRCRBAE T AT ST TAE, Icr@ncepu.edu.cn.

Yk BHA: 2009-09-30.

EZ &Y

W (1984), B, WA, WA
PG AR B | RO 250 I At LA S v 2 i 7 DICTR A

Zhang Xile, Liang Guishu, Sun Haifeng, etal. Computation of very
fast transient overvoltages in transformer windings[J]. High Voltage
Engineering, 2005, 31(8): 4-6, 26(in Chinese). ( Ercéﬁ?rﬂ B 416)



