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Abstract: In this paper, we study the conducted interference to an electronic current transformer
introduced in the process of bus-charging currents which are caused by switching a gas insulated
switchgear (GIS) disconnector. To cope with these issues, the EMTP-ATP and Matlab/Simulink
software are used to carry out equivalent modeling simulations and experimental research,
respectively. More specifically, the very fast transient current generated by disconnector switching
(DS) is used as the input source of the equivalent simulation model of the Rogowski coil, and the
characteristics of conducted interference waveforms of the Rogowski coil, the active integrator and
filter outputs under single and multiple breakdowns are analyzed step by step. Moreover, several
anti-interference methods are proposed to improve the resistance to the high-voltage and high-
frequency conducted interference for the Rogowski coil, such as reducing the Rogowski cut-off
frequency, increasing the transient voltage suppressor (TVS), active filter, and Cy capacitor. Besides,
the study also reveals that the residual charge of the integral capacitor will discharge with a time
constant t =1 s after arc quenching with the first-order discharge circuit, which is composed of the
feedback resistance and the integral capacitor C. Lastly, the experimental results demonstrate the
correctness of the modeling method proposed in this paper and the effectiveness of anti-interference

measures.

Keywords: gas-insulated switchgear (GIS); electronic current transformer (ECT); Rogowski coil;
very fast transient current (VFTC); active integrator

1. Introduction

It is known that very fast transient overvoltage (VFTO) and very fast transient
current (VFTC) can be generated frequently by multiple prestrikes and restrikes when the
disconnector in air insulated switchgear (AIS) or GIS switches capacitive load. However,
they both have a serious impact on the reliability of primary insulation and secondary
equipment [1,2]. Particularly, the amplitude of VFTC can reach up to several thousand
amperes, causing sudden changes in the current signal and strong electromagnetic
interference [3,4]. Furthermore, the GIS ECT sensor is highly integrated with GIS, and
sampling units are installed on the enclosure or chassis of GIS, which is in a bad
electromagnetic environment [5]. Moreover, the GIS ECT sensor, which is more
susceptible to the fast transient electromagnetic interference in the process of disconnector
switch operation, can cause the change of the ECT accuracy level, intermittent operation
failure, and even permanent damage and failure of devices [6,7].

Recently, the reduction of the damage to electronic current transformers caused by
the disconnector switch operation has aroused the attention of researchers. In [8], the
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combination of RC filter and TVS is utilized to improve the anti-interference performance
of the transformer. Additionally, the signal waveform under the influence of VFTO is
obtained by establishing the high-frequency transient model of the Rogowski coil of the
electronic current transformer [9], where the distributed parameter model is proved that
it can reflect the high-frequency characteristics by comparing the waveform of
distribution parameter model, lumped parameter model and the measured signal
waveform. The authors of [10] proposed that the design and application of the GIS
electronic current transformer is a systematic process, which indicates that it is necessary
to consider the overall design of the GIS, the suppression of VFTO in the GIS structure
layout, buses, the size of the shell and the well-earthing, and other factors. In [11], the
reasons of the acquisition card malfunction are deeply analyzed, and some specific anti-
interference measures are implemented in many aspects, such as the installation position
of the electronic transformer acquisition box, the grounding mode, the protection of the
signal port, and so on. Beyond above, the author of [12] calculates the peak amplitude of
VFTC and their dominant frequency content in a 245 kV GIS at various locations for
different switching operations and substation configurations, which also gives the
influence of the substation layout on the spectrum, dominant frequencies and the highest
possible frequency components of VFTC with different distances from the switch. In [13],
itis proposed that adding a damping resistance can greatly improve the attenuation speed
of the VFTC, which is beneficial for the suppression of VFTC, but the damping resistance
has little impact on the main frequency distribution.

Despite the progress reported in the above references, there are some common
problems in the current research on conducted interference of electronic current
transformers: (1) the cut-off frequency of the Rogowski coil exceeds 100 kHz, even up to
1 MHz, but the protection of the power frequency system only needs 1-13 harmonics.
Under this setting, an unreasonable parameter design can cause serious waste and may
fail to effectively attenuate the VFTC from the perspective of the sensor. (2) It is not
reasonable to use the zero-crossing point of the VFTC as the signal of arc extinction in
simulations. General studies have shown that the arc extinction depends on the moment
when the VFTC attenuation approaches zero, rather than the moment of the current zero-
crossing. (3) Most studies concentrate on the waveform characteristics of the Rogowski
coil output or the final output waveform characteristics of the merging unit, but only a
few introduce TVS and RC filtering suppression. The response waveform characteristics
of key transmission nodes in the intermediate sampling unit have not been studied in
detail. (4) Most of the isolation switches use spring mechanisms, and the switching speed
is 0.54-3.5 m/s, which has a less practical value compared with most low-speed electric
mechanisms used in practical engineering. (5) The test target of switching capacitive
current is not a GIS with a complete interval and ECT in practical engineering, but a
simplified equivalent test circuit.

To solve the above problems, we choose to carry out simulations of conduction
interference to electronic current transformer, in which the VFTC is caused by switching
the capacitive load of the disconnector. Moreover, specific anti-interference measures are
also put forward to overcome above problems. Lastly, an experimental study on
disconnector switching small capacitive current is carried out to verify the effectiveness
of our proposed anti-interference measures and to evaluate the correctness of the
simulation model.

To sum up, the main contributions of our work are as follows.

e The cut-off frequency of the Rogowski coil is reduced as much as possible, and the
VFTC with high frequency and high amplitude is attenuated effectively.

e A TVS and an active filter are added to suppress the conducted interference with
high frequency and high amplitude, and the Cy capacitor is used to solve the problem
of PCB ground interference. A detailed method is also provided, which can design
and calculate the cut-off frequency of the Rogowski coil and the parameter selection
of the TVS, the filter and Cy capacitance in the sampling unit.
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e  The arc extinction is judged by VFTC attenuation to zero instead of the VFTC zero-
crossing.

e  The complete GIS interval installed with the ECT is connected to the experimental
circuit, which makes our experiment more in line with the practical application of
engineering.

This paper has five parts: Section 1 is the Introduction; Section 2 introduces the GIS
disconnector switching circuit and the electronic current transformer simulation model;
Section 3 presents the simulation result analysis; Section 4 shows the switching small
capacitive current test of the disconnector. Finally, the conclusions and prospects of this
paper are given in Section 5.

2. Simulation Models of GIS Disconnector Switching Circuit and Electronic Current
Transformer

The VFTO generated due to the disconnector switch operations in GIS and the
associated VFTC could have a rise time ranging from 4 to 7 ns [14]. Compared with the
VFTO, in addition to the characteristics described in the literature [15-17], the VFTC in
the GIS bus will be directly transmitted to the input of the unit through the Rogowski coil
of the electronic current transformer, causing sufficiently severe harm to the sampling unit
and other equipment and disrupting its stable operation.

2.1. Connection Modes of Test Circuit

The State Grid Corporation of China suggested that the charging current test of the
disconnector switch bus should be carried out in accordance with the test duty 3 in
GB1985-2004 in the intelligent GIS test scheme. This paper therefore takes the test duty 3
of the GIS disconnector switching bus-charging currents as the research object [18-21] and
performs simulations and an experimental verification of the conduction interference of
VFTC to ECT generated during the GIS disconnector opening and closing process.
Referring to the IEC62271-102-2001 standard [22], the connection mode of the test duty 3
of bus-charging currents switching by the GIS disconnector is built as shown in Figure 1.
The DS in the GIS is a test disconnector switch used to open and close C1 on the load side
to generate the VFTO and VFTC. The VFTC generated by the operation is sensed and
conducted by the ECT installed on the GIS with the Rogowski coil principle [23,24]. CVT1
and CVT2 are capacitive voltage dividers, which measure the voltage on the power supply
side and load side, respectively. The main parameters of the test circuit are shown in Table
1.

Rp U, BSGI ‘ ‘ U,
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Figure 1. Test duty 3 of switching of bus-charging currents circuit.
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Table 1. Main parameters of power frequency voltage measurement system.

Parameters Notes Value
TT PF transformer (50 Hz) 400/1600 (kV/kVA)
Rp Protection resistance 5kQ
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Co H.V arm capacitance 500 pF
Coz L.V arm capacitance 3uF
Cos H.V arm capacitance 400 pF
Cos L.V arm capacitance 0.4 uF
@ Load capacitance 22 nF
CT Current transformer

DS Disconnector switch
\Y% Voltmeter

CRO Data Acquisition System

ECT Electronic current transformer 5 TPE

2.2. High-Frequency Simulation Model of VFTC Generated by GIS Disconnector Switching

In this paper, we chose the three-phase enclosed 110 kV GIS for the VFTC studies.
Table 2 gives the electrical equivalent representation of various GIS components and
includes sources and loads components [25-30].

Table 2. Equivalent circuits and value of circuit components.

Component Notes
Transformer (Power) L =20 mH, C=1000 pF
High voltage line Z =350-400 Q

Gas-to-air Bushing

Spacers
GIS bus bar

Circuit breaker (CB)

Transmission line of surge impedance 250 () and
capacitance of 20 pF towards ground on either end of
the contacts.

Capacitance of 20 pF towards ground.

Z =40-90 Q3, v=270 m/us
Transmission line of surge impedance 23.4 () and
capacitance of 20 pF towards ground on either end of
the contacts. In open condition, a capacitance of 40 pF
between contacts.

Earthing switch (ES) Equivalent circuit of the Rogowski coil
ECT Current transformer
CVT1 Co1 =500 pF, Co2=3 uF
CVT2 Cos =400 pF, Cos = 0.4 uF
Disconnector switch (DS) R=R.e"" +R €'
Load capacitance 22 nF

The typical length of a GIS bus is much smaller than that of an ordinary substation,
and in the high frequency range from hundreds of kHz to MHz, the GIS bus acts like a
transmission line, with limited transit time, propagation speed, and surge impedance.
Therefore, the GIS bus is modeled as a transmission line with the surge impedance value
as follows:

Z=60In(2) M
a
where g is the diameter of the high voltage bus and b is the inner diameter of the enclosure.
For the 110 kV GIS model, the surge impedance value is found to be between 40-90 Q.
The arc resistance model R(t) adopts the form of the double exponential function [25], as
follows:

R(t)=R,(H)+R,(t)= R,e"" +R ¢ ()
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where Riis the insulation resistance of isolating switch port before the breakdown, which
is about 102 ); 71 is the time constant of the breakdown period, which is about 1 ns and
T2 is the recovery time constant, which is about 1 us; Rc is the arc resistance during the arc
period. As can be seen in Figure 2, we establish the transient process circuit model of the
GIS disconnector switching capacitive bus in the EMTP-ATP software.

B 11T 1TiTE

Figure 2. Model of the very fast transient current (VFTC) simulation circuit.

It can be seen from reference [31] that the high frequency oscillating arc current VFTC
determines the extinction of the arc between disconnector contacts. The arc will be
extinguished (R(#) = 10 only when the high-frequency oscillation current VFTC
attenuates to zero, otherwise the arc-burning process will continue. Thus, the parameters
of the arc current iz and the arc resistance R(t) should be comprehensively considered
when judging the reignition and extinguishment of the arc. The calculation flow of the
simulation model for the VFTC generated by the disconnector switching is described in
Figure 3. According to the reference [32], the breakdown voltage U, of the GIS
disconnector gap is a function of time ¢, which can be simplified as follows:

U - vnpmtE
" l(L-v, HE ©)

close

where voen and veose are the average moving speeds of switch contacts for opening and
closing, respectively, E is the withstand voltage per unit length of the switch gap; L
represents the gap distance when the disconnector is opened, and ¢ is time. Table 3 gives
the electrical parameters of the isolating switch and the breakdown time can be obtained
according to the time when Uz > Uv. As in Equation (3), the arc will be extinguished when
the arc resistance reaches 10> Q) or when iz = 0, and then the time of the arc extinguishment
as well as the corresponding bus residual voltage Ui can be obtained.

Table 3. Technical parameters of the 110 kV gas-insulated switchgear (GIS) disconnector.

Parameters Notes
Type of isolation switch Slow, electric
closing (mm) 97.5
L, Fracture distance (mm) 55

opening time (ms) 685
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Vopen, Opening speed (m/s) 0.062
closing time (ms) 792
veose, closing speed (m/s) 0.069
| Initialization |

Voo lE
U,.= =
b {(L—r 1E

close

Arc Tgnition.,
caleulate single VFTC

Single calculation completed

<G, <0>

End

Figure 3. Simulation flow chart of VFTC.

Figure 3 gives the simple flow chart for the whole process simulation of the VFTC
generated during the disconnector switching [33,34]. The switching speed of the
disconnector is slow, and it takes about 2 s for the contact to turn from fully closed/opened
to fully open/closed. To obtain the detailed transient process of the VFTC in each
breakdown process, the simulation in this paper consists of steady state and transient
processes. The simulation step length of the steady state simulation is 10 ps and that of
transient simulation is 1 ns. In the steady-state simulation stage, the transient circuit
model of the isolation switch simulated by EMTP-ATP is called to judge whether the arc
is extinguished or not according to the arc extinguishing criterion when the breaker meets
the breakdown condition (Us > Us). The high-frequency oscillation attenuates completely
after the arc is extinguished, and the residual voltage of the unloaded bus becomes the
instantaneous value of the power side voltage when the arc is extinguished, while the
switching power side voltage continues to enter the steady-state simulation stage again
according to the cosine change. This process will be repeated many times during the
opening and closing of the disconnector until Us is constantly greater than U and the
process ends. In Figure 4, the power supply voltage, load side residual voltage, and
breakdown voltage during the opening process of the disconnector switch are given. The
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data obtained from running the steady-state circuit and the high-frequency circuit many
times are spliced together in Matlab/Simulink to realize the VFTC waveform of the whole
process of the disconnector contact movement in EMTP-ATP.

200

T
Power voliage
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Figure 4. Power supply voltage, load side residual voltage, and breakdown voltage during the
opening process of the disconnector switch.

2.3. Simulation Model of Electronic Current Transformer Sensor and Integral Filter

The GIS in the test circuit is equipped with electronic current transformers [35-38]
(see Figure 2). Strong transient electromagnetic interference will affect the normal
operation of the sampling unit through the signal input, signal output, enclosure, and DC
power supply input ports during the opening and closing operation of the disconnector
switch and can further affect the merging unit. Limited by space, this paper only analyzes
the coupling interference of the Rogowski coil’s output signal.

The main structure and electromagnetic parameters of the Rogowski coil in the 110
kV ECT developed in this paper are shown in Table 4. The coil’s variable ratio is 2000

A/150 mV(rms), where the copper winding diameter of the rectangular skeleton is ¢ = 1.0
mm [35]. & is the height of the skeleton rectangular section; rs is the outer diameter of the
skeleton; 7. is the inner diameter of the skeleton; N is the total number of turns of the coil;

Ro, Lo, and Co were the resistance, inductance, and capacitance distribution of the
Rogowski coil, respectively; Rs is the load resistance.

Table 4. Main parameters of the Rogowski coil sensor.

Style Parameters Value
v (outer radius)/m 0.11
ra (internal radius)/m 0.095
Structure H(height)/m 0.015
B(width)/m 0.015
N/turns 543
M/uH 0.2387
Lo/mH 0.13
Electromagnetism Co/uF 0.0418
Ro/Q) 7.135

Rs/Q 15k
Based on Rs >> Ro, the Rogowski coil’s upper cut-off frequency is simplified as [38]
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Equation (4) indicates that the determining parameters affecting the Rogowski coil
cut-off frequency fi are Lo and Co. fu = 68.3874 kHz (fi = w/2m) can be obtained by
substituting the data from Table 4 into Equation (4). For the power frequency power
system, it is only necessary to ensure the accuracy of the 1st-13th harmonic. Therefore,
the Rogowski coil cut-off frequency of the ECT can meet the requirements as long as the
cut-off frequency is about 1 kHz. However, the VFTC with high frequency and high
amplitude is conducted to the secondary side through the Rogowski coil and enters the
sampling unit, which is the root of serious conducted interference to the subsequent
circuit. Thus, on the premise of meeting the installation size and other parameters, the
goal is to minimize the cut-off frequency of the Rogowski coil, which can effectively
reduce the VFTC conducted interference caused by the operation of the disconnector.

The self-inductance Lo takes N as the proportional coefficient and changes
synchronously with the mutual inductance M. Simulations indicate that the upper cut-off
frequency of Rogowski coil fi decreases gradually with the increase of M and reaches
about 6.8 kHz when M = 23.87 uH. In the case of constant parameters of the inner and
outer diameters of the skeleton, according to the formula of Lo in [35], the height & of the
coil skeleton needs a 100-fold increase (0.015 x 100 = 1.5 m). Similarly, the frequency
response characteristic of the change of Co is simulated, which indicates that fi reaches
about 21 kHz when Co = 418 nF. As shown in the calculation formula of Co, the width and
height of the target coil skeleton should be increased by 10 times ((0.015~0.015) x10 =
(0.15~0.15) m) when the parameters of the inner and outer diameter of the skeleton are
constant. However, Lo and Co corresponding to 6.8 kHz and 21 kHz are only ideal
simulation values, which cannot be realized in the actual product size design.

The mutual inductance M is a fixed value when the Rogowski coil parameters are
constant and the inductive signal is proportional to the differential of the measured
current. The magnitude of measured current i(t) can be obtained by signal processing such
as an integral transformation. In this paper, the classical hardware simulation integrator
[35,38] is adopted, and an M-level feedback large resistor is connected in parallel at both
ends of the integral capacitors Ci and Cz, which is mainly aimed at solving the problem of
the integral drift and making the integrator work stably for a long time. We take

R
%:312.5 and t=Rf (C1+ () =1s.

The first-order active inverting input low-pass filter is used to filter out the high-
frequency interference signal output by the integrator, and the transfer function and cut-
off frequency of the filter are given by Equations (5) and (6).

R k
Glo)= ~ 2t e ©
R, RCstl  T,s+l
1 1
S = 27R,C  27xT, ©

where k2 = R2/R1 and T2 = RzC; the voltage amplification factor of the circuit is k2 =1, where
T2 = R2C =159.8 x 1074, so fiirr = 1 KHZ, which meets the cut-off frequency requirements of
the ECT in this paper, and the high-frequency signal transmitted by the front-end
Rogowski coil is effectively filtered out to ensure the subsequent sampling circuit’s safety.

Based on the above parameter selection and the data in Table 4 the simulation model
of the Rogowski coil and the integral filter of the electronic current transformer sensor is
constructed in Matlab/Simulink, as shown in Figure 5, where R, =15 k and K = —(2.38732
x 107). The primary current rated effective value of the Rogowski coil is 2000 A, and the
corresponding rated secondary output effective value is 150 mV (i.e., input of the
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sampling unit). The rated dynamic range is 47 times of the rated effective value
(corresponding to the primary current of 94,000 A).

Active integrator . )
\ Active filter

w0 2 g
e

B . s

Continuous
cz
RI 2 :
= 3-Na3
il i 2 5 ‘V—h o> efi> '@
Rp R B VWA~ - Gaint Gain2 SNot
P Op-Amp1

Rogowski coil
Figure 5. Simulation circuit of the Rogowski coil and integral filter.

The single VFTC current data simulated in EMTP-ATP are imported into Matlab and
the waveform data are spliced according to the interval time of each breakdown to
generate a complete VFTC waveform of the opening and closing process of the GIS
disconnector switch which lasts for tens or even hundreds of ms. As the input signal (t,
14Xx0005) of the circuit shown in Figure 5, the waveform is sent to AD sampling through
the Rogowski coil equivalent model, active integrator, and first-order active inverter input
low-pass filter.

3. Simulation and Result Analysis

3.1. Subsection Simulation and Result Analysis of VFTC Signal Conduction in a Single
Breakdown

Taking the simulation of closing the disconnector switch as an example, the most
serious arc reignition is regarded as the condition before the switch operation, that is, the
voltage on the power supply side is the positive peak value, and the residual charge
voltage of the disconnected bus is the negative peak value of the power supply voltage (at
the load of 22 nF). At this time, the power supply side voltage of the disconnector switch

is 1.0 p.u. (110/[><\/§z89.8kV ), and the load side voltage is -1.0 p.u. Table 5
demonstrates the signal transmission of the VFTC and subsequent links on the bus in
detail.

Table 5. Transient VFTC at different electronic current transformer (ECT) component points
(single).

S. No Position Amplitude Unit Waveform
1 GIS bus (ECT) A Figure 6
2 the secondary port of Rogowski coil \Y Figure 7
3 Output of active integrator \Y% Figure 8
4 (AD sampling) A Figure 9
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The out waveforms of a single VFTC pulse are shown in Figure 6a, the transient
current has oscillations at distinct frequencies, including high frequency (HF), medium
frequency (MF) and the power frequency (PF). The magnitude of the VFTC is about 2.966
kA, and the frequency spectrum of the VFTC is shown in Figure 6b. Its dominant
frequencies are 2.1 MHz and 4.4 MHz, and the highest one does not exceed 4.5 MHz. The
VFTC only exists in the opening and closing process of the disconnector switch, and it
appears to be a high-frequency oscillation attenuation wave. From the single VFTC
breakdown waveform obtained by simulation, it is evident that the attenuation oscillation
trend does not change after the high frequency current passes through zero, but lasts until
the amplitude gradually tends to zero, as shown in Figure 6a. About 13 microseconds after
the breakdown of the fracture of the disconnector switch, the instantaneous amplitude of
the VFTC has been less than 10 A, which is almost submerged in the white noise, so it can
be considered that the arc ignition process is over. This means that as the VFTC amplitude
attenuation tends to 0 instead of reaching 0 (the arc burning time is around 13 us), the
high-frequency arc will be extinguished, which is distinct from that the conventional high-
voltage circuit breaker extinguishing the arc when the VFTC crosses zero.

4000 T 200
R (@) y ol (b)
2000 AT — 2l o 150 2.1MHz¢! 4.4MHz<! —
< ook ‘ “ - 2 N
S o AMMMMIM ! ! £ 100
= I =
= || i i g
-2000 | ! g J < sof
PFe!
_4000 - L .l 1 1 1 1 L 0 1 'l I -~ 1 M
0.2 04 08 08 1 12 14 186 0 1 2 3 4 5 6
time(second) 10% Frequency %108
(a) (b)

Figure 6. VFTC waveforms at GIS bus (ECT) for disconnector switching (DS) operation (S. Nol): (a) single current

waveform; (b) freque

ncy spectra of the VFTC.

When the steady-state rated input frequency is 50 Hz and the effective value is 2000
A, according to the parameters in Figure 3, the effective value of the Rogowski coil
output’s secondary side is 0.15 V. The simulation results show that the disconnector will
give origin to a large overcurrent VFTC (no TVS), and the maximum instantaneous value
of high-frequency output induced by the Roche coil is 38 V, as shown in Figure 7, which
far exceeds the 10 V maximum acceptable value at the sampling unit signal input port.
This is a very severe challenge for the sampling unit itself, which will lead to the collapse
of the corresponding integration circuit, resulting in extreme repercussions of irreversible

VETC(V)

-40

failure.

GETREIl ,

N oW ot s el S o] N FaNE =y T S T s R

A\ 4 b e
\ \ . \ \ . . . . 20 . . . , . . . .
0 02 0.4 06 08 1 1:2 14 1.6 1.8 2 0 0.2 04 0.6 08 1 12 14 186 1.8 2
time(second) <104 time(second) %107
(a) (b)

Figure 7. VFTC waveforms at the secondary port of the Rogowski coil (S. No2). (a) No TVS; (b) added TVS.

In order to enhance the sampling unit’s anti-interference ability and reduce the effect
of high-frequency voltage on the sampling unit, surge suppression, voltage clamping, and
high-frequency interference signal filtering are carried out by adding the transient
suppression diode TVS to the receiving signal end of the sampling unit and a low-pass
filter after the integrator. When both periodic and the aperiodic components (DC
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component offset 100% of the short circuit current) exist at the same time [39], the formula
for calculating the maximum voltage Umax of the sampling unit signal input in normal
operation is as follows:

u. =u

max inm

xK,, +U, (100%) @)

where Kuris the overload multiple, and the value should not exceed 47. The result obtained
by substituting the parameters into Equation (7) is:

m

U, =U,, K, +U, (100%) =0.15x2x23.6+5=10 V ®)

If there is no DC component, the symmetrical AC signal can reach 47 times overload
capacity. In order to restrain the damage to the circuit caused by the higher voltage, the
TVS element is selected for clamping protection at the signal input end, and the reverse
working voltage Vrwm of TVS is selected as 10 V; The breakdown voltage is V(BR) =
Vrwn/0.85=11.76 V and the maximum clamping voltage is VC(MAX) =1.30 x V(BR) = 15.3
V, taking 16 V. Therefore, the SMBJ10(C)A TVS can be selected to meet the requirements
of the above parameters and the VFTC simulation waveform (added TVS) with the TVS
is demonstrated in Figure 7. As can be seen, the amplitude has been limited to 10 V and
the presence or absence of the TVS has no effect on the system frequency f=1/At =1/14.63
us = 68.35 kHZ which is consistent with the cut-off frequency of the Rogowski coil
measured by the previous simulation.

The classic active integrator hardware, as shown in Figure 5, is called an ideal analog
integrator when there is no feedback resistance R. At both ends of the integral capacitor
Ci and C, the integrator is connected in parallel with an M-level feedback resistor,
primarily aimed at restraining the integral drift and making the integrator work stably for

R
a long time. In Figure 5, we take T, = Rf(C1+ C,)=1, k= ?f =312.5, and the integrator
output is shown in Equation (9) [40]:
TR t
e(ty=———e " jﬂ e(r)e" dr—u_(0,)e " )

R,C

where e(1) is the output of the Rogowski coil, taking 7 as the independent variable of time
t. T1 = R(C is the time constant of the integrator; uc(0+) is the initial voltage of the integral
capacitor C at zero time, whose default value is 0.

As for the signal larger than 15.9 Hz processed by the active integrator selected in
this paper, the higher the frequency of the signal is, the greater the amplitude gain.
Besides, the change rate of gain with the increase of frequency is about —20 dB/dec
attenuation and 90° phase shift. As shown in Figure 8, the active integrator output not
only has adequate accuracy and stability, but also integrates the input signal, making the
output stabilize at a fixed DC bias of 0.219 V after about Tengn = 160 us.
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Figure 8. VFTC waveforms at the output of active integrator (S. No3).

Calculated by Equation (6), the cut-off frequency of the first-order RC filter is 1 kHz,
which effectively filters out the high-frequency signal of the active integrator output and
finally stabilizes at ¢ = 1.5 ms. At this time, the residual voltage of the integrator is 0.219 V
(reduced to the primary current of 295.6 A), which is the residual charge voltage on the
integral capacitors Ci1 and Cz and then the integrated capacitor discharges. The above
process simulation is shown in Figure 9, and the specific process is explained in Figure 10.

100 |

X:1.001 expansion

Y:-108.8

0

X:2.004
Y:-39.9

100 |

VFTC(A)

(Vs
13.5% 200

J 300" T
2.5 0 0.5 1
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(b)

time ( second ) x10

(a)

Figure 9. The wave shapes of VFTC Output of filter (AD sampling) and its expansion (S. No4). (a) VFTC waveforms; (b)
the expansion of VFTC waveforms.

S(t=0)>( U.:1 Usz UR . Uc

G—_—

||
I
1 +
Q
|
1
(%]
Né_,/
3
e

e(t) )

(a) (b)

Figure 10. The first-order discharge circuit composed of feedback resistors and integral capacitors:
(a) zero input response of RC Circuit; (b) first-order RC discharge equivalent circuit.

In the RC circuit shown in Figure 10, the capacitors Ci1 and C2 have been charged
before the switch S is switched off, and their voltage is u =u, =e(t). After the switch

S is switched off, the energy stored in the capacitor C1 and C2 will be released in the form
of thermal energy through the resistor. Taking the switch action time as the starting point
(t=0), right after the switch S is disconnected (¢ > 0), the equivalent circuit shown in Figure
10b derives Equation (10) according to the Kirchhoff Voltage Laws (KVL).
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U, —u=0 (10)

d
where C = C1 + Cz. Substituting URf =iR, and i=-C Z“ into the above equation, we
obtain:

au
RC—=+U, =0 11

According to the initial conditions Uc(0+) = Uc(0-) = e(to+) = Uo, the following results are
obtained:

_t t

U, =U =Ue " =Uge " (12)

where 7 is a time constant of R/C. It can be seen from the above expression that both Uxs
and U. attenuate according to the same exponential law, and their attenuation speed is
determined by the time constant. According to the parameter selection in this paper, 7 =
R/C=1s, which means U(t) = Uoe! = 0.368Lo after 1 s (f = 7) and, as shown in Figure 9, the
attenuation of the VFTC produced by a single breakdown complies with this law after
passing through the integrator. The value of Uo depends on e(t), whose value range is
[e(f)min~e(f)max].

3.2. Simulation and Result Analysis of VFTC Signal Conduction in Multiple Breakdowns

The disconnector switch will break down many times during a complete switching
process, and Table 6 gives the waveform characteristics of signals in different transmission
links. As can be seen from Figure 11, the red arrows Arc E represent the arc extinction and
the black arrows Arc R represent the arc reignition. There are 60 breakdowns occurring
during the opening operation with a duration of 118 ms under the specified initial
conditions. By analyzing the waveform of the VFTC, it can be found that the VFTC only
exists in the single disconnector switch breakdown process, and it seems to be several
pulses in the whole process of multiple breakdowns. Further, the VFTC waveform
generates a transient process when each breakdown occurs, and the step size of the
waveform change reaches the ns level. There is a relatively steady state stage with a ms-
level step size between the end of this transient attenuation process and the formation of
a new transient by the next breakdown. Besides, the breakdown numbers are relatively
higher but the amplitude is smaller at the initial stage of opening, which will be less but
larger at the later stage, while the closing process is the opposite, so it is not repeated here.

Table 6. Transient VFTC at different ECT component points (the whole process).

S.No Position Amplitude Unit Waveform
1 GIS bus (ECT) A Figure 11
2 the secondary port of Rogowski coil \Y Figure 12
3 Output of active integrator \Y% Figure 13
4 (AD sampling) A Figure 14
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Figure 11. VFTC waveforms at GIS bus (ECT) and its expansion (S. Nol): (a) VFTC waveforms; (b) the expansion of VETC
waveforms.
The VFTC waveform of the whole opening process obtained in Figure 11 is used as
the input for the circuit shown in Figure 5, and the simulation step is 10 ns. In Figure 12,
the Rogowski coil output waveform e(t) is given, which is also a repeated pulse waveform
similar to the VFTC waveform input and also shows that the waveform has a 90° phase
shift after the differential transformation of the initial VFTC signal. Therefore, under the
use of the TVS, the maximum output amplitude is less than +10 V, revealing that the TVS
provides fast overvoltage protection for the circuit components.
20 : 20 ; ;
10 ] 10 .
S | 0 g |
e JHHH £
> ‘ = ‘
-10 . 0 f |
-20 ) : : : : : 20 : ' : ‘ ‘ : : : ‘
0 0.02 0.04 0.06 0.08 0.1 0.12 0 0002 0004 0006 0.008 0.01 0012 0014 0.016 0.018 002
time(second) time(second)
@) (b)

Figure 12. VFTC waveforms in the whole process at the secondary port of the Rogowski coil (S. No2). (a) VFTC waveforms;
(b) the expansion of VFTC waveforms.

After the Rogowski coil’s differential output waveform e(t) is restored by the integral
of active integrator, the output waveform is ei(t), as shown in Figure 13, which can be seen
as several attenuated shock waves. The attenuation waveform is relatively dense in the
initial stage due to the small breakdown interval. Then, the attenuation waveform
becomes loose with the increase of the breakdown interval. The expressions of ei(t) and
ein(t) are shown in Equations (13) and (14), respectively. After the attenuation is stable, the
integral capacitor will carry out an exponential decay discharge with the time constant
Atei = (tn1 = tn) — Tiengn, where the duration is (ts+1 — tn) = [Tmin, Tmax] = [0.17 ms, 11.1 ms],
meaning that the residual charges on the integrating capacitors Ci and Cz have not been
released yet, while the next breakdown comes again, repeated until the last breakdown
discharge ends.

e (H=2 e, (13)

where t = [t, tw], meaning that the integral output consists of 60 single breakdown
waveforms.

t—t, t-t,

n

I St COPNG T
eln(t)_—ﬁe Lnen(r)e dr—u_(0,)e (14)

wheren=1,2, ..., 60; t = [t t++1], which indicates the duration of the attenuation waveform
of a single breakdown until the next breakdown.
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Figure 13. VFTC waveforms in the whole process at the output of active integrator (S. No3). (a) VFTC waveforms; (b) the
expansion of VFTC waveforms.

The integrated output waveform after filtering by the active filter is shown in Figure
14. As can be seen in Figure 13, the 1 kHz cut-off frequency filter can filter out the high-
frequency instantaneous super value well, and the waveform returned to the primary
current is relatively smooth after sampling at a frequency of 4 kHz (250 us sampling
interval), with a maximum amplitude of 306.7 A, which is 10.8% of the peak value. The
residual voltage on the integrator is discharged exponentially after the last breakdown
with the time constant 7 = T1 = 1 according to the law explained in Figure 10. After 1 s =
(1.125 - 0.125), the residual voltage attenuates to 36.8% of the initial value (38.25/104), and
the transition process ends after 5 s.

200

T T

200

VFTC
280k Xt’:t:r?uation tailin
0 Y:-104 P ]
- X: 1125 E
-200 Y:-38.25 - > -200 A
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0 0.2 0.4 0.6 0.8 1 0 0.02 0.04 0.06 0.08 0.1 0.12
time(second) time(second)
(a) (b)

Figure 14. VFTC waveforms in the whole process at the output of filter (AD sampling) (S. No4). (a) VFTC waveforms; (b)
the expansion of VFTC waveforms.

In addition to the conducted interference at the signal end analyzed above, the signal
earth of the sampling unit is also vulnerable to interference during the disconnector
switching. The main sources of high-frequency common-mode interference flowing
through the PCB ground are the VFTC of the Rogowski coil, the distributed capacitance
of power supply to ground, and the harmonics generated by a 50 MHz crystal oscillator
of the digital circuit. These conducted interferences appear as high-frequency current Iem
to the PCB ground, which flows through the ground, encounters the ground impedance
ZGND and then generates a voltage drop (Ien x Zonp) that will form interference when
superimposed on the normal signal Us. The Zcevo in Figure 15 represents the ground
impedance in the sampling unit PCB between the integral operational amplifier and the
filter operational amplifier circuit [41]. In order to reduce the above interference, this
paper adopts the Cy capacitor connected between the GND signal and the EARTH
protective ground, mainly to provide the fastest low-impedance loop channel I, for high-
frequency signals to reduce the impact of high-frequency signals on the PCB circuit
system.
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Figure 15. Voltage drops caused by common mode interference current flowing through ground
impedance.

The frequency of the crystal oscillator of the sampling unit selected in this paper is
50 MHz, and the voltage drop induced by the common mode interference flowing through
the ground plane should not exceed 250 V and the leakage current should not exceed 0.25
mA. The Cy capacitance is calculated and selected according to these key parameters, and
the formula for calculating the ground leakage current of the Cy capacitance is as follows:

I=Ux2zfC, (15)

where I is the leakage current, f is the test voltage frequency, U is the test voltage, and Cy
is the Y capacitance between the GND signal and the EARTH protective ground connected
to the PCB [42]. Substituting the parameters given in Figure 16 into Equation (15) we get
the following result:

_ 1 021x10°
Y Ux2zf 250x2x7x60

=2229x10"F (16)

Therefore, the capacitance of the Cy capacitor selected in this paper is 2200 pF (2.2 x
10 F), and the ceramic capacitor X1Y2: DE2E3KY222MA2BMO1F meets the requirements
of this paper, the characteristics of which are shown in Figure 16, where the insertion loss-
frequency characteristics are shown in Figure 16a. As can be seen, the insertion loss is 34
dB near 30 MHz, and its amplitude attenuates to 2% of the original value. In order to
protect the subsequent sampling circuit from being affected by high-frequency
interference, the high-frequency common-mode signal is suppressed in the frequency
band less than its resonant frequency.
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Figure 16. 2200 pf Cy capacitance characteristics: (a) insertion loss-frequency characteristics; (b) impedance frequency
characteristic.
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4. Immunity Test of ECT When Disconnector Switching Small Capacitive Current

According to the test requirements of GB1985-2014 and the actual situation of the
new generation intelligent substation project, the Test duty 3 for making and breaking
bus-charging current is built at the China National High Voltage Apparatus Quality
Supervision& Inspection Testing Center with reference to the circuit parameters given in
Figure 1. The GIS ECT sensor developed in this paper is highly integrated to the GIS with
the Rogowski coil as shown in Figure 17a. The sampling unit is installed on the GIS
enclosure and has four types of ports: signal input, signal output, enclosure, and DC
power input, as shown in Figure 17b. Figure 17c gives the installation position of the ECT
and the physical drawing of the sampling unit developed in this paper is shown in Figure
18. The merging unit of the ECT is placed in the GIS control cabinet, and the fault recorder
is connected to the ECT MU output to judge whether the ECT is malfunctioning during
the operation of the disconnector switch. The complete GIS installed with the ECT is
connected to the test circuit to simulate the process of disconnector switching the
unloaded bus or capacitive small current load in the engineering site, resulting in severe
transient interference, and the electromagnetic protection performance of the electronic
transformer is evaluated under this condition. The standard requirements for the ECT to
pass the test are [8]: (1) the ECT is not damaged; (2) there is no MU communication
interruption, packet loss, and quality change; (3) abnormal MU output (the single point
output exceeds 100% of the rated secondary output or 2 consecutive point outputs exceed
40% of the rated secondary output) is not permitted.

(b)

Figure 17. The GIS electronic current transformer developed in this paper: (a) Rogowski coil; (b) 110 kV ECT (no included
merging unit); (¢) ECT installed on 110 kV GIS.

Integrator op amp
220V/DC 5V Power supply

Filter opamp /' DC5V supply

AD sampling
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300

Figure 18. The sampling unit developed in this paper.

As shown in Figure 19, sixteen GIS disconnector switching capacitive load operation
tests on the 110 kV ECT with a rated current of 2000 A are carried out. The amplitude and
duration statistics of VFTC obtained from the sampling unit (Figure 18) are shown in
Figure 20a,b, respectively.

Figure 19. Experimental setup of the ECT (Test duty 3).
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Figure 20. Statistics of key parameters of VFTC opening: (a) maximum amplitude of VFTC; (b) VFTC duration.

When the test voltage is 110/ J3 ~635KV, the maximum current peaks measured
in the opening and closing process are 257.5 A and 66.656 A, reaching 9.1% and 2.36% of

the rated current peak value 2000x+2A , respectively. The duration of the opening is
related to the residual charge of the capacitive load and the instantaneous voltage of the
power supply at the first breakdown. The test results fully meet the requirements of the
above introduced criteria. The typical VFTC output of the merging unit during the
opening operation of the disconnector switch is shown in Figure 21c and its expansion
Figure 21d, and the trailing attenuation of current is caused by the first-order discharge
circuit RfC formed by the sampling unit’s integral feedback resistance and capacitance. In
the whole process of the test, the ECT did not exceed the three assessment values required
in the above-mentioned standards.
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Figure 21. Typical wave shapes of irr, Ui, VFTC and its expansion. (a) irr waveforms; (b) U
waveforms; (¢) VFTC waveforms; (d) the expansion of VFTC waveforms.

It can be seen from Figure 21 that there are small burrs in the output signal waveform,
which are mainly induced by the input offset voltage of the operational amplifier
ADB8610B. Although the DC negative feedback loop is designed in an active integrator to
suppress the accumulated DC component, it cannot be eliminated completely, so the zero-
drift algorithm is needed for further processing in the merging unit’s software program.
The primary current 71(t) is obtained by reducing ei(t), and its time domain expression can
be expressed as follows:

t T t T t
... RC , 1 "Rcpt | ®e 1 “®e gt ®c, RC R
i\(t) === reB=re joe(r)e 1 dr+Me jﬂ V. _(r)e d1+ﬁVC(O+)e s (17)

t T

where ios(t):ﬁe;ﬁ J‘;VOS(T)eﬁdr is caused by the input offset voltage of the

operational amplifier [39]. In the simulation, there is no offset voltage in the ideal
operational amplifier AD8610B, so the waveform can be quite smooth.

5. Conclusions

This paper simulates and analyzes the VFTC characteristics and the interference
characteristics transmitted step by step through the Rogowski coil and the sampling unit
in the process of the test duty 3 of bus-charging currents switching by a 110 kV GIS
disconnector, and the switching capacitive small current of the disconnector switch is
verified experimentally. The results of this paper can be summarized as follows:

1. During the switching process of the disconnector, the VFTC produced with the VFTO
is the root of conducting interference generated by the GIS ECT. The cut-off
frequency of the Rogowski coil (21 kHz) is reduced as much as possible on the
premise of the ECT installation size to greatly attenuate the high-voltage and high-
frequency signal.

2. In view of the characteristics of the response simulation waveform of each node in
single and multiple breakdowns, the TVS selected in this paper can effectively
intercept signals 210 V; the designed 1 kHz filter can effectively filter out high-
frequency signals (<68 kHz) and the selected 2200 pF capacitor Cy provides the
fastest low-impedance release circuit for the PCB ground interference (<60 MHz). The
above design ensures that the output interference of the ECT does not exceed 40% of
the rated current during the opening and closing process of the disconnector switch,
which meets the requirements of the evaluation standard.
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3. The experimental test was carried out to measure the output value of the merging
unit during the switching process of the disconnector. As derived from the
measurement, the residual charge of the integrated capacitor discharges
exponentially with the time constant 7 = 1 s after arc extinguishing, and its
characteristics are consistent with the simulated waveform, which demonstrates the
equivalence of the simulation model built in this paper. In the design of the
conducted interference of the 110 kV and higher voltage level ECT, the simulation
has a certain universality and popularizing value.
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