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ARTICLE INFO ABSTRACT

Keywords: There are no accepted procedures that quantify the apparent charge of partial discharge (PD) in gas-insulated
Partial discharges substations (GIS). This paper proposes a calibration method for PD charge estimation using unconventional
Calibration electromagnetic sensors: a magnetic loop antenna (inductive coupler) and an electric antenna (capacitive
E]Z:;nssuolzste d substations coupler.) The calibration procedure is intended for the voltage double integral method, which is reviewed for
Charge magnetic antennas and extended for electric antennas. By injecting low-frequency sinusoidal signals, the cali-

bration constants are determined for two different test setups: the first one being a testbench where the char-
acteristic impedance is matched and the second one a full-scale 420 kV GIS. The calibration method is validated
in three ways: with a calibrated pulse in the testbench, a calibrated pulse in a full-scale GIS, and PD defects in the
full-scale GIS. The calibration procedure revealed a frequency limit range dependent on the GIS length and the
sensor’s signal-to-noise ratio. The three validation methods showed low charge estimation errors for the mag-
netic and electric antennas, demonstrating that the PD calibration method applies to any electric/magnetic
detector with a low-frequency derivative response. This research paves the way for better GIS insulation

monitoring and PD sensor harmonization.
© 2017 Elsevier Inc. All rights reserved.

1. Introduction

An accepted method for insulation diagnosis is partial discharge (PD)
measurements, and in many cases, it is a requirement in the acceptance
protocol [1]. There are some parameters in the PD that determine the
insulation’s degradation: repetition rate, PD pattern, and charge
magnitude. The last one provides an estimation of the severity of the
insulation degradation and harmonizes readings from different sensors:
the charge magnitude reading is independent of the sensor character-
istics if adequately calibrated and measured. The PD measurements
which are performed in accordance with the IEC 60270 [2] are the
“conventional methods”; the standard does not provide any recom-
mendation for unconventional instruments, as these methods “do not
directly quantify the apparent charge of the PD current pulses.” The IEC
60270 is only valid for lumped element devices: big equipment such as
cables and gas-insulated substations (GIS) cause significant resonances,

attenuations, and reflections in the measurements. On the other hand,
[3] demonstrates that unconventional detectors, dealing with conducted
signals (not radiated) and for a specific frequency range, can be cali-
brated, providing charge magnitudes.

The most used unconventional electric method in GIS is the ultra-
high-frequency (UHF) sensor; these are capacitive coupled antennas
with a bandwidth range of 0.3 GHz to 3 GHz [4]. Reference [5] conclude
that it is not possible to estimate the PD charge using the UHF range
because of the complex propagation in the transverse electric (TE) and
transverse magnetic (TM) mode; additionally, [6] demonstrates that the
charge information is found in the PD spectra’s low-frequency range.
Since UHF sensors’ calibration is not possible, CIGRE proposes a guide
for sensitivity verification [7]; this procedure establishes the equivalent
PD charge sensitivity (of 5 pC) for UHF sensors; however, it does not
provide the magnitude (severity) of the PD, unlike a calibration.

A PD sensor that measures solely in the transverse electromagnetic

Abbreviations: PD, partial discharges; GIS, gas-insulated substations; UHF, ultra-high frequency; TE, transverse electric; TM, transverse magnetic; TEM, transverse
electromagnetic; V2I, voltage double integral; VNA, vector network analyzer; TF, transfer function; ULF, ultra-low frequency; HFCT, high frequency current

transformer.
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(TEM) mode is, in principle, able to calculate the PD charge. There are
several methods for PD charge estimation [6]; however, the voltage
double integral (V2I) method is the most suitable for non-flat narrow
band sensors [8]. Reference [9] shows a novel GIS PD measuring system
consisting of a magnetic loop antenna, and [10] demonstrates that the
charge magnitude can be obtained from this sensor using the V2I
method. In [11], the magnetic antenna’s transfer function (TF) is
derived, showing the necessary elements for applying the voltage double
integral method. The V2I method for UHF sensors was proposed in other
investigations [12], but it was not mathematically and experimentally
probed in GIS.

This publication presents the calibration procedure for electric and
magnetic antennas. The theory of the V2I method shown in [8] is
adopted and demonstrated for capacitive coupled sensors. The calibra-
tion method is validated in the testbench presented in [13] and in a full-
scale 420 kV GIS, using a calibrator and a test-cell with PD defects.
Finally, the calibration and charge estimation methods are presented
and evaluated for capacitive and inductive couplers.

2. Electric antenna charge estimation

UHF sensors are capacitive couplers, also known as electric antennas;
they are used for frequencies above 300 MHz, making them impossible
for charge magnitude estimation. However, the charge measurement is
possible if the sensor is used below the TE mode frequency [12]. The
UHF sensor was previously represented in [14] as a coupling capaci-
tance between the sensor and the GIS’ inner conductor (C;), in parallel
with the sensor’s load (R) and parasitic capacitance (Cz) with the GIS
enclosure. This model is suitable for low-frequency and when the sensor
has a negligible inductance; when the feeder conductor is thin, the
inductance (L) of the antenna becomes relevant: Fig. 1 shows an electric
circuit diagram which includes the parasitic inductance L. Equations (1)
and (2) shows the electric circuit’s Kirchoff’s Voltage Law equations in
the time domain; by solving them in the Laplace domain, (3) shows the
transfer function; with V, being the measured voltage, and V,q the
propagated PD voltage.

1 [, 1 /. 1 [,
V’”’(’)_CT/O ll(z)dz+a/0 tl(t)dt—a/o i> (1)t o)
L iwd =1 [ w129 4 iy @
G Jo G Jo dt
v, SRC, 3)

Voa  $LC, + 5(CoR + CL + RCy) + 1
Since C; < C3 ([14]), the previous equation can be simplified as:

Vo SRC,

N—————— 4
i SPLC, + sGR + 1 @

<

Fig. 1. Electric circuit of an electric antenna.
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Equation (4) associates the propagated PD voltage with the
measured voltage; to determine the charge magnitude is necessary to
know the propagated PD current (I,q). Since the GIS behaves as a
transmission line, I,,q is obtained with Ohms law (Vj4/Zo), where Zy is the
characteristic impedance; hence, the output voltage is related to the
propagated PD current as shown in (5):

v, V, SRC1Z,

=2 _—_H$) )~ —« —— 5
Voa/Zo  Ipa ®) s2LCy, + sCR + 1 ®

Since the simplified electric antenna’s transfer function is a second-
order model with one zero at the origin, the theory presented in [8]
can be used independently of the sensor’s physics; thus, the charge can
be estimated using the voltage double integral method:

1/rV (r)dt ~ LC: V, (1) + < /’V(t)dt-‘r ! /’ /!V(z)dtdz
ZoJo ™ RCZy " " CiZo Jy ° CZR )y Jo °
—_———

q(1)

(6)

By evaluating (6) when t—oo, the first two terms in the right-side
hand tend to zero; additionally, [8] demonstrate that the total charge,
Q, can be approximated by integrating up to the second zero crossing of
the output voltage (t = tp), resulting in (7).

1 oty plo
Q ~ CI—ZOR/O /0 V,,(f)dfdf (7)

The charge evaluation of the magnetic sensor calculated in [10] is
shown in (8); in this case, V, is the measured voltage with the magnetic
antenna.

1 10 10
~— V,(t)dtd 8
(0] MA A (¢)drdt 8)

In both sensors, the coupling element (C; or M) is inversely pro-
portional to the charge; additionally, the electric sensor also depends on
the resistive load and the characteristic impedance of the PD propaga-
tion medium. If there are no GIS discontinuities (change of impedance)
close to the sensor’s location, the antenna sees a constant voltage-
current propagation ratio; therefore, the characteristic impedance is a
local phenomenon dependent on the GIS’ local geometry and dielectric
material ([15]), and the one to be considered for the calibration.

The PD charge estimation using the V2I is proportional to a cali-
bration constant (9). In [8], it is demonstrated that the calibration
constant k (M or RC1Zy) is approximated to the transfer function at low
frequencies. This matches with the slope of the TF in the low-frequency
range, representing the sensor’s derivative behavior.

lim‘M

p ~k when o # 0 )]

w—0

3. Calibration in the testbench

As a first attempt, the calibration constant is obtained experimentally
using the testbench presented in [13]. Since the testbench is matched to
50 Q, it is guaranteed that the injected voltage is the same everywhere in
the testbench, including where the sensors are positioned; the matched
50 Q dictates the ratio between the voltage and current wave. Low-
frequency sinusoidal signals were injected and measured in one of the
transition cones, and measured at the antenna’s output voltage. The
sinusoidal signal can be provided by a function generator or a vector
network analyzer (VNA) and measured with an oscilloscope or with the
same VNA: the VNA results are presented for the testbench and full-scale
GIS calibration since it provides a sampled sweep.

Fig. 2 a) and b) (electric and magnetic antenna, respectively) show
the measured transfer function H(f) and by using (9), the calculated
calibration constant. In the same figure, the slope of the TF is shown:
ideally, the calibration frequency range is valid before the slope diverges
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Fig. 2. Electric (a) and magnetic (b) antennas’ frequency response, slope, and
calibration constant in the testbench [16].

from the TF. At low-frequency, the calibration constant has higher
variation; this is caused by the low signal-to-noise ratio of the antenna;
at a higher frequency, the constant value starts to decay when the
transfer function deviates from the slope. The calibration constant re-
sults in 1.22 nQs and 0.95 nQs for the electric and magnetic antenna,
respectively.

Given the calibration constants, the charge can be estimated in the
testbench. A fast pulse was injected in one of the transition cones using
the test setup in [11], and the antenna’s output and the reference input
were measured (Fig. 3) with a 3 GHz-50 Q oscilloscope; since the
reference pulse was measured with the oscilloscope, the charge was
calculated by means of the current pulse integration [6]. Fig. 4 a) shows
the reference pulse, and in Fig. 4 b) the measured antennas pulses, using
190 MHz, 8th order low-pass filters, are shown; the electric antenna’s
oscillating response is originated from the not-flat response and the
band-pass filter response behavior of the sensor (bandwidth from tens to
hundreds of MHz). The magnetic antenna was measured with a longer
cable for better visualization, showing a time delay in Fig. 4 b). Table 1
gives the estimated charges and the error percentage compared to the
reference charge; the estimated charge has some error caused by the
following reasons: the voltage double integration method is an
approximation when the integration time is reduced; and the testbench
is not perfectly matched, slightly distorting the propagated pulse.

Input Signal Oscilloscope

Fig. 3. Testbench used for the pulse charge estimation.
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Fig. 4. a) Injected pulse, and b) magnetic and electric antennas’ measurement
with the corresponding integration time limits (black crosses and circles) [16].

Table 1
Calculated charge and error estimation for the magnetic and electric antenna in
the testbench.

Charge [pC] Error [%]

Reference 6.9
Magnetic 6.3 —8.6
Electric 7.3 6.2

4. Calibration in a full-scale GIS

As shown in the previous chapter, the charge calibration constants
for both antennas can be evaluated by determining the slope of the
transfer function in the derivative response region. The following sub-
chapters explain the setup, results, frequency range limitation, and
recommendations for the charge calibration procedure in full-scale GIS.

4.1. Test setup and results

The calibration constant is found either by injecting low-frequency
sinusoidal signals with a function generator or a frequency sweep with
a VNA; since the full-scale GIS is not matched, a different procedure from
the testbench is followed. To calibrate using a VNA is necessary to have
access to the output (B) port and reference (R) and test (TA) input ports
(Fig. 5 a); this is possible with the Anritzu MS4630B VNA. The magnetic
antenna is calibrated in the following way (Fig. 5 b): from the VNA’s
output port B (or signal function generator), the signal is injected into
the GIS; at the GIS input, a high-frequency current transformer (HFCT) is
coupled, where its output is connected at the VNA reference port (or
oscilloscope); and the antenna’s output is connected through an
amplifier to the VNA’s TA output (or oscilloscope). To relate the an-
tenna’s output and the HFCT input current (V,/I;), a pre-calibration
procedure in the VNA is needed: the output port is connected with a
single wire to the test port where the HFCT is coupled, and the HFCT’s
output is connected to the reference port (Fig. 5 a). The electric antenna
is calibrated differently: a sinusoidal signal is injected from the VNA’s B
output (or function generator) to the GIS in parallel with the VNA’s 1
MQ loaded reference port (or oscilloscope); then the antenna’s
measured signal goes to the VNA’s TA input port (or oscilloscope)
through an amplifier; a representation is shown in Fig. 6. A higher
calibration sensitivity is obtained by open-circuiting (electric antenna
calibration) and short-circuiting (magnetic antenna calibration) the GIS
as demonstrated in Fig. 5 b) and Fig. 6.

Fig. 7 shows the frequency response and calibration constant for the
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Fig. 5. a) VNA ports and magnetic antenna pre-calibration. b) Magnetic an-
tenna calibration setup in a full-scale GIS.

Fig. 6. Electric antenna calibration setup in a full-scale GIS.

electric and magnetic sensors in the TU Delft GIS (Fig. 8). Since the full-
scale GIS has a higher interference content, a balance magnetic antenna
was used [17]: this antenna has a middle gap in the outer shield,
rejecting a higher amount of interference [18]. The magnetic antenna’s
calibration constant is obtained directly; in the case of the electric an-
tenna, the obtained value must be multiplied by the local characteristic
impedance of the GIS. Please note that the calibration is only valid for
the specific antenna and the specific location: the transverse geometry of
the GIS (inner and outer conductors diameter) and mounting hole di-
mensions might change for each section. The measurements revealed
that although the GIS geometry is different than the testbench, the
calibration constants did not change significantly. The calibration con-
stants values for the magnetic and electric antennas are 0.9 nQs and 1.1
nQs, respectively (a GIS characteristic impedance of 70 Q was used);
these values were obtained around the frequency of 100 kHz and were
used for the next chapters. Fig. 7 shows that the calibration constant can
only be obtained a certain frequency range: the reason behind this
limitation and the explanation of the deviations for the low and high-
frequency range are explained in the following sub-chapters.

International Journal of Electrical Power and Energy Systems 141 (2022) 108226

1.5
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Transfer Impedance [dBq]

10* 10° 10°
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Fig. 7. Frequency response, slope and calibration constant in a full-scale GIS
for the a) electric and b) magnetic antennas [16].

Fig. 8. TUDelft GIS top view indicating the injection point and an-
tennas’ position.

4.2. High-frequency limit

The testbench calibration is ideal (it is fully matched): this implies
that the voltage (or current) is the same everywhere in the testbench.
This is not true for a large GIS if it is not fully matched: reflections
modify the voltage (or current) through the GIS. Using TUDelft GIS di-
mensions (Zp~70 Q, and a total length~ 28 m), a simulation (Fig. 9 a) of
how the propagated signal changes at the sensor’s location relative to
the injection point (Vy/V; = Iyp/I; = ¢) was performed. Fig. 9 b) shows
how ¢ is affected by frequency and with three different sensor positions
relative to the injection point (S): next to the injection point (S =1 m); in
the middle of the total GIS length (S = 14 m), and in the opposite end of
the GIS (S = 27 m). Measurements in Fig. 7 show a similar tendency to
the simulation when S = 1: a resonance is observed near 1 MHz.

Assuming the worst case where the sensor is installed in the opposite
side of the injection point (S = [ = 28 m), the voltage at this position can
be obtained using (10): where z is the distance measured from the sensor
location; f is the propagation constant, and is equal the angular fre-
quency (w) over the phase velocity (v,); and I' is the reflection
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Fig. 9. a) GIS electric circuit representation. b) Signal ratio for different sensor
positions. ¢) Frequency limit as a function of GIS length for 1%, 3%, and 5% of
signal variation.

coefficient at the sensor’s location.
V(z) =V [ + e (10)
Evaluating (10) when V(-I) = V; and V(0) = Vp results in (11):

Ezzﬁ 1+T

7 T el f Lo it an

By using (11) when the GIS is open-circuited (I" = 1), the maximum
frequency (fi,), at which the signal variation is equal or less to ¢, can be
obtained as a function of the GIS length resulting in (12). The current
ratio (Ip/I;) evaluation also results in (11) and (12).

2
=Vi-¢ > v_p 12

) 21l

Using (12), Fig. 9 c) shows the frequency limit for different GIS
lengths and signal variations (¢ = 1.01, 1.03, 1.05). Previous equations
are just an approximation: a real GIS has multiple discontinuities with
different characteristic impedances, and the short and open circuits have
inductance and capacitance.

fm(l) = _]ln<

4.3. Low-frequency limit

In the low-frequency range, the noise can be attributed to the
following reasons (ordered by higher contribution):

e Sensor’s sensitivity: the antennas’ sensitivity is proportional to the
frequency; even with an amplifier, the signal-to-noise ratio is limited
for the low-frequency range.

e Common-mode currents: not all the current returns through the GIS’
enclosure; a small percentage of current flows as a common-mode

International Journal of Electrical Power and Energy Systems 141 (2022) 108226

current through the antenna’s coaxial cable feeder, inducing noise
in the measurements. This noise was already observed at the tens of
kHz range, eclipsing the calibration constant value.

Ground paths: the magnetic antenna couples the current in the GIS’
enclosure; hence, any current flowing in another path may affect the
calibration constant value. The influence of the ground paths in the
measurements was relevant at ultra-low-frequency (ULF).

4.4. Recommendations

In practice, because of cost, weight, or equipment availability, it
might not be feasible to use instruments with frequency sweep capa-
bilities. In that case, only a single frequency signal might be available,
and calibration can be performed using one or multiple single frequency
measurements to calculate the slope. To that end, some recommenda-
tions are given for a proper calibration frequency selection:

e The GIS length can be shortened by opening a disconnector (electric
calibration) or closing a ground switch (magnetic calibration) close
to the sensor, increasing the calibration frequency range.

e The frequency limit is increased by injecting the signal near the
sensor’s location.
Even though (12) is an approximation, it can be used as a reference
for choosing the maximum frequency at which the calibration con-
stant can be obtained. A voltage variation tolerance of 1% is rec-
ommended since, as shown in Fig. 9¢), the frequency limit increases
logarithmically with ¢ but, the calibration constant error increases
linearly with ¢.

The common-mode current is reduced by insulating the antenna

from the GIS (for safety reasons, the antenna must be grounded once

it is under operation). The antennas’ ungrounding is indicated with a

red cross in Fig. 5 b) and Fig. 6.

If the calibration is performed in the ULF range (<3 kHz), it is rec-

ommended that the source and any path that bypasses the magnetic

antenna’s mounting hole are floated during the calibration process

(indicated with red crosses in Fig. 5 b); otherwise, use a higher

calibration frequency.

5. Charge calculation with calibrator on a full-scale GIS

Before measuring PD, the calibration method was tested using a
calibrated pulse in the GIS. The full-scale GIS cannot be matched with
the pulse source, as it was previously done in the testbench: the char-
acteristic impedance of the GIS is not 50 Q and varies along its length
(spacers, circuit breaker, change of geometry, etc.). A transition cone

-

Fig. 10. Picture of the transition cone with the directional coupler.
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was used to smooth the transition from the calibrator to the GIS (see
Fig. 10): reducing oscillations in the input signal and preventing TEM to
TE mode transformation. Since the transition cone and the GIS are not
matched with the calibrator’s 50 Q impedance, part of the signal is re-
flected. A directional coupler was used to measure the transmitted input
signal: the transmitted pulse is obtained by subtracting the reflected
pulse with the incident pulse.

Fig. 11 a) shows the incident and reflected pulses (at the GIS’ in-
jection point) measured with the directional coupler; the reference
charge is calculated by subtracting the charge between both pulses: the
directional coupler has a broad bandwidth (1-700 MHz), allowing the
charge calculation by means of the current pulse integration. Only the
first pulse of the reflected signal is used since it represents the transition
from the calibrator to the GIS; other reflections result from the GIS
discontinuities. Fig. 11 b) shows the magnetic and electric antennas’
outputs with 190 MHz 8th order low-pass filters; due to the reflections in
the GIS, the measurements show more oscillations than the testbench
results. The charge estimations are shown in Table 2; the magnetic an-
tenna showed a lower charge error than the testbench: an overlapped
reflection might have contributed to a better charge estimation.

6. Charge calculation with PD on a full-scale GIS

The calibration method is checked with PD test-cells having a
jumping particle and surface defect under SF¢ at 3 bars of pressure.
Fig. 12 shows the test setup used: the GIS is energized with a HV
transformer above the PD inception voltage; the test-cell electrodes are
connected to the HV conductor and the ground via a rod and a resistor
(attenuating resonances caused by the test-cell); at the grounding rod, a
HFCT is coupled to measure the reference pulse; and the antennas’
outputs are measured through amplifiers (25 dB 1 GHz voltage ampli-
fier), and filters (190 MHz 8th order low-pass filter); for safety reasons 1
GHz (~1.5 pF) surge arresters were connected at the oscilloscope input.
Since the HFCT has a broad flat gain, the charge can be calculated by
means of the current integration.

With the test setup previously explained, 200 PD were measured
having the following results: Fig. 13 shows a PD sample in the time
domain: a) is the measured HFCT output and b) is the measured an-
tennas’ outputs. Fig. 14 shows the comparison between the calculated
charges in the antennas (y-axis) and the reference charges (x-axis): for
both antennas, the calculated charges are proportional to the reference
charge; at a higher magnitude, the electric antenna deviates from the
ideal slope, this is associated to the sensor’s high gain (at full

017 — Incident | 1
Reflection

A 1 1 L

T

Magnetic antenna
Electric antenna

Voltage [V]
o

0 50 100 150 200
time [ns]
b)
Fig. 11. a) Incident and reflection pulses measured with the directional coupler

and b) Magnetic and Electric antennas measurements with their integration
time limits (black crosses and circles) [16].
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Table 2
Charge and error estimation for the magnetic and electric antenna using a
transition cone in a full-scale GIS.

Charge [pC] Error [%]

Reference 74.2
Magnetic 73.3 -1.2
Electric 62.8 —15.4
.
H Oscilloscope

HV Filter s
Am urge
pmp arresterd]
A

Resistor

Fig. 12. Test setup for charge estimation in a full-scale GIS.

o

Reference

S o
NN
.

o
)
T
,

Voltage [V]
o
(é)]

-0.5 — Magnetic antenna
Electric antenna

0 50 100 150 200 250 300
time (ns)
b)

Fig. 13. a) HFCT measured reference pulse and b) Magnetic and Electric an-
tennas measurements with their integration time limits (black crosses and cir-
cles) [16].

bandwidth) in combination with the amplifier’s non-linearity that dis-
torts the signal Fig. 14 and Fig. 15 show that 78% of the PD measure-
ments performed with the electric sensor have a charge estimation error
below 30%, this is attributed to the previous explanation and the Z,
value approximation. The magnetic antenna shows that 98% of the PD
measurements are below 30% error. Both antennas’ charge estimation is
affected by attenuation and overlapping reflections in the GIS.
Typically, the highest permissible PD in industrial equipment is
about 5 pC [19]; hence, any PD measuring system is expected to sense
this magnitude. To test the sensitivity of the proposed measuring system,
low-magnitude surface PD were measured. Fig. 16 shows the compari-
son between the calculated charges in the antennas (y-axis) and the
reference charges (x-axis); as expected, the charge error is higher than in
the jumping particle case; nonetheless, the majority of the PD charges
can be evaluated even below 5 pC. By analyzing the waveform of the
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Fig. 14. Antennas and reference charge comparison for 200 jumping particle
PD. Dashed lines show 30% and 50% charge estimation error boundaries [16].
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Fig. 16. Antennas and reference charge comparison for surface PD. Dashed
lines show 30% and 50% charge estimation error boundaries [16].
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most affected charge estimations, it was noted that the error was
attributed to low signal-to-noise ratio and interference. The tests were
performed in a laboratory where the interference and noise are minimal;
further research is needed to simulate an on-site noise environment.

7. Conclusions

The present research proposes a calibration procedure for PD charge
estimation using the voltage double integral method. It is shown that the
calibration constants can be found in a full-scale GIS by applying sinu-
soidal signals in the low-medium frequency range (50-500 kHz). The
method is extended to derivative electromagnetic sensors, namely
magnetic and electric antennas, and experiments showed low charge
estimation error for both sensors, confirming the interoperability of the
method. The result of this study opens the possibility of measuring PD
charge magnitudes with unconventional electric methods, enabling
better GIS insulation monitoring and a harmonization value for different
sensors. For the next research steps, experiments considering noisy en-
vironments (replicating on-site situations) will be performed; and
further study to improve the charge estimation accuracy will be carried
out, aiming the & 10% or 1 pC (whatever is bigger) tolerance established
in IEC 60270.
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