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ARTICLE INFO ABSTRACT

Keywords: This paper introduces a directional coupler for partial discharge (PD) measurements in gas-insulated substations
Partial discharges (GIS). The sensor comprises a combination of magnetic and electric couplers, effectively segregating forward and
PD sensors backward pulses to enhance PD charge estimation and defect location. The sensor’s design was supported with
g:;;‘:;;f;ﬁ finite element method simulations and measurements conducted in a transverse electromagnetic test bench.

Comparative analyses were performed against independent magnetic and electric couplers. The charge estima-
tion and the directional coupler’s directivity were evaluated in both the test bench and a full-scale GIS with
different PD defects. Initially, the combined magnetic and the electric couplers exhibited undesired interactions,
prompting corrective measures. Subsequent adjustments included changes to the electric coupler material and
modifications to the magnetic coupler construction. The resulting high-voltage directional coupler performed
better than the separated couplers in a GIS with discontinuities. This partial discharge sensor emerges as a

Directional coupler

candidate for future SFe-free alternative GIS.

1. Introduction

Partial discharge (PD) measurement is a widely recognised technique
for diagnosing electric insulation and is often required for routine and
site tests. The PD charge magnitude quantifies the insulation degrada-
tion level in pC and allows different measuring systems to be calibrated
to a common reference value [1]. The IEC 60270 [2] is the only standard
for PD charge measurements in gas-insulated substations (GIS). How-
ever, its accuracy is compromised by the GIS length, and its imple-
mentation is impractical for online monitoring. The ultra-high frequency
(UHF) method has been widely used, but in some cases, its frequency
range exceeds the PD bandwidth in SF6-alternatives gases [3]. More-
over, the PD charge cannot be accurately estimated in the UHF range
[4].

In previous research [5], the authors presented a novel GIS PD
magnetic sensor capable of measuring the PD charge. This sensor con-
sists of a loop installed in the same mounting hole as the commercial
UHF sensor. Moreover, in [6], the authors showed that an electric
coupler can also capture the PD charge when it is limited to the very-

high frequency (VHF) range. Fig. 1 a) illustrates the operation of the
electric and magnetic sensors on the left and right GIS mounting holes,
respectively. When the PD pulse propagates through the GIS, the mag-
netic sensor picks up the magnetic field (green arrows) produced by the
enclosure current (blue arrows). Simultaneously, the electric sensor
couples the electric field (red arrows) produced by the pulse wave.
Therefore, the magnetic and electric sensors operate by coupling the PD
magnetic and electric fields, respectively.

The electromagnetic fields coupled to the sensors, depicted in Fig. 1
a), represent the propagation in the transverse electromagnetic (TEM)
mode. This propagation mode covers the very-high frequency range,
where the PD charge information is contained [7]. The electric and
magnetic sensors can be modelled in the VHF range using the circuits in
Fig. 1 b) and ¢), resulting in (1) and (2), in accordance to [6,8,9]. In these
models, Iq represents the PD current, Zgs is the local GIS characteristic
impedance, M and C; are the mutual inductance and capacitance be-
tween the GIS and the sensors, L is the sensors’ self-inductance, Cs and
Cn, are the sensors’ capacitance to ground, R is the load, and V, is the
sensors’ output voltage. These models are valid for the PD charge

Abbreviations: PD, partial discharge; GIS, gas-insulated substation; UHF, ultra-high frequency; VHF, very-high frequency; TEM, transverse electromagnetic mode;
DGISC, directional GIS coupler; CB, carbon black epoxy resin mixture; V2I, voltage double integral; LPF, low-pass filter; JP, jumping particle; SD, surface discharge;

HFCT, high-frequency current transformer.
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Fig. 1. A) illustration of the electric (left) and magnetic (right) sensors in the
GIS, showing the inner conductor current (pink arrow), the enclosure current
(blue arrows), the mounting hole’s magnetic field (green arrows), and the
charges induced in the electric coupler (red dots). electric b) and magnetic c)
sensors’ circuits.

estimation [10]. It is worth mentioning that for the PD charge estimation
in GIS, the discontinuities produced by circuit breakers, voltage and
current transformers, T-branches, disconnector switches, earthing
switch, etc., produce PD pulse overlapping [11], affecting the PD charge
estimation [1].
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In [12], the authors developed the so-called “synergy” method that
identifies the forward and backward components of the PD. In this
method, the sensors were installed in the same transversal position
within the GIS but in adjacent mounting holes, as depicted in Fig. 1.
Using the signals measured by both sensors, the synergy processing of
the electric and magnetic measurements eliminates the backward
component. This results in the calculation of the incident pulse,
enhancing the PD charge estimation when PD pulses overlap due to
pulse reflections within the GIS. However, this method requires both
sensors’ signals to arrive simultaneously, which represents an additional
challenge to the synergy method. This digitally processed synergy
method is identified in this paper as “software synergy.”.

This paper proposes a “hardware synergy” method by physically
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combining the electric and magnetic couplers in a manner similar to a
directional coupler. The combination of both couplers, identified in this
paper as directional GIS coupler (DGISC), offers advantages over the
previous method, including power-frequency voltage shielding, single
mounting hole installation, and incident and reflected pulses segrega-
tion without the need for additional software signal processing. How-
ever, the physical combination of both sensors requires additional
considerations in terms of the sensor design and the calibration
procedure.

This article begins by introducing directional couplers theory and its
relation to the proposed sensor. In the second part, the interaction be-
tween the electric and magnetic couplers is analysed through finite
element simulation and tested in a TEM test bench. The goal of this
section is not to present an optimised sensor design, but rather to
highlight the impact of physical phenomena on the design parameters.
Subsequently, the DGISC design and its calibration are presented.
Finally, the sensor’s response and charge estimation capabilities are
tested in the TEM test bench and a full-scale GIS.

2. The directional coupler

Directional couplers are widely used for radio frequency applica-
tions. Their primary function is to measure incident and reflected waves,
and they are used to check the connection integrity of antennas and
vector network analysers [13]. Fig. 2 shows the fundamentals of the
directional coupler. In Fig. 2 a), a wave travels in the main circuit (top
line) from left to right, with its current (blue arrow) in the same direc-
tion. This wave produces an electric field (red arrows) and a magnetic
field (green cross) in the secondary circuit (bottom circuit), where the
electric field induces a common-mode current (light-red arrows) and the
magnetic field a counterclockwise current (light-blue arrows). These
induced electric and magnetic currents are added in the left resistor and
subtracted in the right one. Now, if the secondary circuit is designed to
couple the same amount of inductive and capacitive current, the induced
voltage is doubled and nulled in the left and right loads, respectively. In
Fig. 2 b), the wave travels from right to left, inducing an electric field in
the same direction as in the previous case but with an opposite polarity
magnetic field. This results in a doubled and a nulled voltage in the right
and left loads, respectively. Therefore, this configuration measures the
forward component in one load and the backward component in the
other. The directional coupler’s ability to separate the forward and
backward wave propagation is quantified by the directivity.

The GIS PD electric and magnetic sensors can be configured similarly
to the directional coupler. In this case, the GIS acts as the primary cir-
cuit, and the sensors function as the couplers of the secondary circuit. A
notable distinction between a traditional directional coupler and the
DGISC lies in the high voltage associated with the latter. This imposes
limitations on the sensor’s positioning and geometry, requiring it to be
adapted to the GIS mounting hole and to cope with the electric field at
the power frequency, typically 50/60 Hz or DC.

The sensors depicted in Fig. 1 can be interconnected to simulta-
neously couple the PD electric and magnetic fields, as illustrated in Fig. 3
a). The integration of both sensors into a single circuit leads to the
electric model depicted in Fig. 3 b). In this representation, the lower

Forward

Backward
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® ®
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Fig. 2. A) forward and b) backward components induced in a direc-
tional coupler.
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Fig. 3. DGISC a) induced forward and backward components illustration and b)
electric circuit.

circuit corresponds to the GIS, while the upper one corresponds to the
sensor. The DGISC model (3) results in the superposition of the electric
(1) and magnetic (2) sensors’ transfer functions. The addition or sub-
traction between the magnetic and electric components depends upon
the propagation direction, as with the directional coupler.
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The DGISC measures both the forward and backward components of
a PD, providing advantages over using a single magnetic or electric
sensor. This integrated approach enhances the PD charge estimation,
facilitates the PD defect location, and aids in interference identification
through waveform reconstruction [14]. Additionally, in the DGISC, the
electric coupler shields the magnetic coupler against the power-
frequency voltage. However, the combination of both sensors in the
same mounting hole leads to undesirable interactions between them.
The subsequent section outlines these interactions between the couplers
and details the solutions adopted to minimise them.

3. Electric and magnetic sensors interaction

This section explores the interaction between both couplers within
the same mounting hole without being connected to form a directional
coupler. On one hand, the magnetic field coupled to the magnetic loop is
reduced by the incorporation of the electric shield. On the other hand,
the attachment of the electric coupler to the magnetic loop introduces an
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undesired resonance. To investigate these interactions, frequency-
domain FEM simulations were conducted at 100 MHz, employing the
electromagnetic wave equation (4). Here, y, represents the relative
permeability, o and &9 denote the permeability and permittivity of free
space, o is the angular frequency, and ¢ represents the lossy permittivity
(5). The first term in (5) is associated with the polarizability of the
dielectric (&), while the second is related to the conduction losses, where
o is the DC conductivity.

Moreover, frequency-domain measurements were performed in the
TEM test bench illustrated in Fig. 4. A detailed description of the test
bench can be found in [15]. In this setup, the input is connected to one of
the transition cones, and the output signals are extracted from the sen-
sors located at the mounting hole. The entire setup is tuned to 50 Q, and
the reflections can be controlled through the load at the output cone.

1 ~
V x —(V x E) — @’ eopy€E = 0 4)
g1 ®)
wEy

Reference [5] demonstrated that the PD current generates a mag-
netic field in the xy-plane of the GIS mounting hole, illustrated in the
coloured plane in Fig. 5 a). The time-varying magnetic field induces a
voltage in the magnetic sensor, and any other conductor within the same
xy-plane induces a counter-electromotive force in the magnetic coupler,
reducing its sensitivity. Based on the TEM test bench, a FEM simulation
was conducted to evaluate the capacitive and magnetic coupling of the
electric and magnetic sensors, respectively. The electric sensor is
mounted in between the high-voltage conductor and the magnetic loop,
so the magnetic sensor does not interfere with the electric coupling.
Therefore, to reduce the simulation time, the magnetic sensor was
omitted. However, by knowing the magnetic flux in the magnetic sen-
sor’s plane (@,), and the charge (Q) at the electric sensor’s bottom face,
their corresponding coupling inductance and capacitance can be
approximated with (6).

M=®_ /I, and C, = O/ (LuZgis) ©

Fig. 5 b) shows the capacitance and inductance of the sensors con-
cerning three variables: magnetic plane position (@ [mm]), electric
coupler diameter (O [mm]), and electric disk lossy permittivity (X). The
magnetic plane position is measured from the GIS enclosure, aligning
with the electric disk’s top face (see Fig. 5a). For reference, the sensors’
maximum capacitance (Cpax) and inductance (Mp,,x) were determined
individually with a 98 mm diameter aluminium (7x1 07 S/m) disk, and a
magnetic plane placed at X = 2 mm. These variables were independently
simulated while keeping the remaining variables constant to the refer-
ence values, as shown in Table 1.

Results from varying the magnetic plane position indicate that the
maximum magnetic flux no longer occurs at 2 mm due to the presence of
the electric disk; instead, it shifts to 11 mm. Another approach to

Input Output

Mounting hole

Fig. 4. Matched test bench used for sensors’ characterisation.
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Fig. 5. A) finite element method simulation of the magnetic field induced in a
xy-plane in the presence of an electric disk. b) capacitance and inductance
simulation as a function of the parameters shown in Table 1.

Table 1
Parameters used for FEM simulation in Fig. 5.

Electric disk
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permittivity to maintain the effectiveness of the power-frequency shield
grading.

The material properties of the electric disk must fulfil the trade-off
between shielding the 50 Hz power-frequency electric field and block-
ing the high-frequency Eddy currents. An electrostatic finite element
simulation was conducted to determine the minimum required con-
ductivity for an effective grading shield. The criterion involved reducing
the shield’s conductivity until the electric field at the magnetic loop
exceeded the field when no loop was placed, resulting in a value of 4 x
1077 S/m at 50 Hz. The material’s lossy permittivity can be manipulated
by incorporating carbon black into an epoxy resin mixture (CB). An
Araldire® epoxy resin with 5% carbon black was cast, yielding a 100
MHz lossy permittivity of 20 and a 50 Hz conductivity of 1.7 x 107> S/
m, as measured with the vector network analyzer.

Various parameters must be considered to achieve maximum gain
with the two sensors. Fig. 6 shows the frequency response of the electric
(a) and magnetic (b) couplers, both sharing the same mounting hole,
with different disk configurations. The blue line represents a 100 mm
diameter aluminium disk, matching the mounting hole’s diameter,
providing optimal electric coupling but with increased Eddy current.
The red plot represents an aluminium disk reduced to 60 mm diameter,
yielding a lower electric sensor’s gain but without affecting the magnetic
coupler. An alternative solution, plotted in black, is a 70 mm diameter
aluminium disk with a 16 mm thick CB rim (Fig. 7). As demonstrated in
Fig. 5, decreasing the material’s permittivity at the disk’s edge preserves
the magnetic sensor’s magnetic field. Furthermore, the incorporation of
the aluminium disk into the CB rim allows better electric contact.
Table 2 details the sensors’ parameters calculated for the test bench. The
described interaction between the electric and magnetic couplers arises
from sharing the same mounting hole, even before interconnecting them
to form a directional coupler.

4. Directional GIS coupler design

The electric connection of the electric and magnetic couplers can be
conceptualized as a single sensor with an electric component (electric
sensor’s contribution) and a magnetic component (magnetic sensor’s
contribution). As shown in (3), to enhance the directional coupler’s
directivity, the magnetic and electric components must be similar to
effectively segregate forward and backward pulses. Consequently, the

Magnetic plane

position [mm]

Electric coupler

diameter [mm]

lossy permittivity

. 2 98 1E+10
. 5 98 1E+10
. 8 98 1E+10

11 98 1E+10
° 14 98 1E+10
(6] 2 94 1E+10
(6] 2 90 1E+10
(6] 2 86 1E+10

2 82 1E+10
X 2 98 1E+06
X 2 98 1E+04
X 2 98 1E+03

2 98 2E+00

diminish the electric disk magnetic coupling is by reducing the electric
disk diameter. As depicted in Fig. 5 a), due to proximity effect, most of
the magnetic field lies at the edge. Thus, by decreasing the electric disk
diameter, the counter-electromotive force is diminished, reducing the
electric coupling (C;) as well. The third option involves increasing the
disk impedance, revealing optimal electric and magnetic coupling with a
lossy permittivity of 1 x 103 It is crucial to control this material

0 T T
-10} Electric Sensor
frequency response
=20} q y resp
3
2 39 J
C
©
O -40 — 100mm Al 1
—— 60mm Al
-50 —— 102mmAI&CB |
-60 : :
10 a)
Magnetic Sensor ' I
20l frequency response
@ -30
S
= — 100mm Al I
g0 ———— 6omm Al
50 — 102mmAI&CB ||
-60 : .
108 107 b) 108

Frequency [Hz]

Fig. 6. A) electric and b) magnetic sensors’ frequency response with different
disk configurations[16].
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Fig. 7. Picture and dimensions of the electric and magnetic sensors in a single
mounting hole configuration.

Table 2
Electric and magnetic sensors parameters with R = Zgs = 50 Q.

Electric parameters Magnetic parameters

k= RZ51sC; =~ 0.75 nQs
1= 1/C3R ~ 6.7x10° rad/s

M ~ 0.6 nQs
R/ Lg ~ 3.7x108 rad/s

design has to be tailored to align each component’s zeros and poles.
These parameters depend upon the sensor geometry subjected to the GIS
mounting hole dimensions.

The electric and magnetic coupling constants (k) can be matched’ by
adjusting the electric and magnetic couplings (C; and M) with the pa-
rameters shown in Fig. 5. However, for the case of w1, adjusting the self-
inductance (L) and the ground capacitance (C2) proves challenging
without influencing the other parameters. Fig. 3 shows that the currents
originating from the electric coupler (I;) are common-mode, while the
magnetic currents (I,,,) are differential-mode. Introducing a ferrite choke
allows the adjustment of the electric’s first pole without affecting other
parameters. Fig. 8 depicts the induced impedance to a conductor
coupled to the ferrite, reflected in the circuit as shown in Fig. 9, resulting
in (7). Lastly, the second pole is typically above the frequency of interest,
rendering it negligible and thus ignored.

300
)/‘TQ
250 % \\
/l \
200 =
> \
- R.
X 150 A AT
% / /
N =
100 y. AN
A 7 \
///’ XN
50 ,// M
1
/ L1 N N
o =1 \
10° 107 10¢ 10°

Frequency (Hz)

Fig. 8. Induced impedance in a cable coupled to a Fair-Rite 0443164251.
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The differential mode can be satisfied with a shielded magnetic loop
probe, as demonstrated in [8] and [17]. The only accessible location for
connecting the electric coupler to the shielded loop is at the gap. Ref-
erences [8] and [6] present diverse magnetic loop probes designed for
GIS applications, including unshielded loops, unbalanced shielded
loops, and balanced shielded loops, each featuring distinct gap config-
urations. Fig. 10 illustrates the electric coupler connected to both an
unbalanced (bottom lobe) and a balanced (top lobe) loop. In the un-
balanced configuration, nearly all the electric component’s current (red
arrows) flows through the grounded gap path. Conversely, in the
balanced configuration, the electric component current encounters
identical paths at the middle gap. Consequently, the self-inductance is
reduced since the current flows evenly in each direction but with
different polarities. Reference [17] shows the same effect for common-
mode currents in magnetic probes for radio applications. The 8-shaped
balanced magnetic loop, proposed in [18], doubles the magnetic
coupler gain and allows the gap connection in the centre of the electric
disk.

To evaluate the DGISC and assess the impact of the ferrite, mea-
surements in the test bench were taken of the sensor’s backward and
forward outputs using the “8-shaped” balanced loop connected to a 90
mm diameter aluminium electric disk (Fig. 11). As previously
mentioned, the forward output (V") is the sum of both components,
while the backward output (V) is the difference between them, (8).
Adding or subtracting these outputs allows the calculation of the electric
(E.) and the magnetic (M,) components, as indicated in (9). Fig. 12 a)
displays the outputs with and without ferrite chokes, demonstrating that

=—» EA current

Balanced MA

grounded T
Unbalanced MA

Fig. 10. Electric coupler’s current distribution (red arrows) in an unbalanced
loop (bottom lobe) and a balanced loop (top lobe).
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Fig. 12. A) forward and backward output frequency response with and without
ferrite. b) forward and backward outputs’ frequency response with ferrite
choke, and calculated magnetic and electric contributions[16].

the ferrites shift the cutoff frequency and reduce the resonance peak.
Fig. 12 b) illustrates both outputs with ferrite choke and the estimated
electric and magnetic components using (9). Due to the inequality be-
tween the electric and magnetic elements, there is a 15 dB difference
between the forward and backward outputs.

Vi=E. + M.and V- =E.— M, (8)
E.=(V'+V)/2and M, = (V' —V")/)2 9)
5. Calibration procedure

Reference [10] establishes that the PD charge (Q) can be estimated
through the voltage double integral (V2I) method as expressed in (10),

Measurement 225 (2024) 113996

where V, is the output voltage, ty is the pulse second zero-crossing, and k
is the calibration constant. This calibration constant is the sensor’s
transfer function (G) slope when the frequency approaches zero, as
shown in (11). The PD charge for the DGISC can be obtained using this
procedure and the principle of superposition, where the charge esti-
mation (Qpgrsc) is proportional to the addition of electric and magnetic
constants, resulting in (12). The calibration constant can be obtained by
measuring frequency response in the matched test bench.

1 [* fo
0~1 / / V, (1)ds 10)
kJo Jo
kmlim@ when @ # 0 an
« w—0
1 1o fo

~N— V,(t)dt 12

Obaisc k.t /0 /0 (t) 12

Fig. 13 depicts the calibration constant of the DGISC with its electric
and magnetic contributions. The electric component (red) is obtained
with an opened-circuited test bench, and the magnetic one (yellow) is
extracted with a short-circuited test bench. The DGISC in the matched
test bench is represented in blue. In the 1-10 MHz range, the calibration
constant is 0.35 nQs and 0.52 nQs for the electric and magnetic con-
tributions, respectively. Adding both components yields the same value
as the DGISC’s matched measurement of 0.87 nQs. These results
demonstrate that the calibration constant of the DGISC is equal to its
electric and magnetic components’ superposition.

While these measurements were conducted on the TEM test bench,
determining the DGISC calibration constant directly in a full-scale GIS is
challenging due to multiple discontinuities. Reference [6] outlines a
method to find the electric and magnetic sensors’ calibration constants
in a full-scale GIS. The same approach can be applied to the DGISC, but it
requires short-circuiting the GIS for the magnetic contribution, and
open-circuiting it for the electric one.

6. Pulse reflectometry and charge estimation

The directional GIS coupler’s directivity and charge estimation were
tested both in the TEM test bench and a full-scale GIS. The DGISC is
compared against the software synergy using the magnetic and electric
couplers from Fig. 7.

6.1. Matched test bench

In the matched test bench, the input pulse and discontinuities are
controllable, providing less uncertainty compared to the full-scale GIS.
Two scenarios were examined: a discontinuity positioned far from the

1 T .
0.8k E— Electric'C.
Magnetic C.
‘©w0.61
G
K=
x 0.4 Wf\ / 1
0.2r v i
0 I 6 I 7 I 8
10 10 10
Frequency [Hz]

Fig. 13. Calibration constant of the DGISC and electric and magnetic contri-
butions [16].



C. Mier et al.

sensors without pulse overlapping and a discontinuity placed close to
the sensors with pulse overlapping. Utilizing the test setup illustrated in
Fig. 4, a UHF pulse was applied to the input cone, and the discontinuities
were introduced in the output cone. The sensors parameters for the
software synergy and the DGISC are provided in Table 2 and Fig. 13,
respectively.

When a discontinuity is sufficiently distant from the sensor, the re-
flected pulse experiences a noticeable delay from the incident pulse.
Fig. 14 illustrates the DGISC’s forward and backward measurements
when the test bench is open-circuited at 520 cm from the sensors. In
plots a) and b), the outputs are filtered with 190 MHz and 98 MHz low-
pass filters (LPF), resulting in a charge estimation error of 16% and 3%,
respectively (Table 3). Improved reflection suppression and charge
estimation were achieved with the 98 MHz LPF filter, as the electric and
magnetic sensors’ transfer functions exhibit greater similarity at lower
frequencies.

When the discontinuity is close to the sensor’s location, the incident
and reflected pulses overlap, distorting the measured pulse. Fig. 15
compares pulses without overlapping against those with overlap when
the discontinuity is positioned 76 cm away. In Fig. 15 a), the electric and
magnetic couplers’ measurements are presented for both matched (“M”
in the figure legend) and unmatched (“UM” in the figure legend) con-
ditions. The forward and backward measurements from the software
synergy and the DGISC are illustrated in Fig. 15 b) and c), respectively.
In both sensors, the incident pulse is effectively segregated, exhibiting a
similar shape to the matched measurement. Table 3 shows the charge
estimation for the directional GIS coupler and the software synergy. The
DGISC, when utilizing the 98 MHz LPF, gave a 0.3% charge estimation
error, representing the best estimation. The low errors with the DGISC
can be attributed to the zero-time delay difference between the electric
and magnetic contribution. In contrast, the software synergy requires
the calculation of the time delay between the electric and magnetic
Sensors.

6.2. Full-scale GIS

This section shows the software synergy and the DGISC in a full-scale
gas-insulated substation. The GIS is depicted in Fig. 16 a), with PDs
generated at the end of the GIS. The sensors were positioned 94 cm away
from the T-branch. A propagated pulse in the TEM mode frequency
perceives the T-branch as a discontinuity with half the characteristic
impedance, reflecting part of the pulse [19]. The test setup is illustrated
in Fig. 16 b), where two PD sources in SFg test cells were tested: a
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Fig. 14. Measured incident and reflected pulse with a discontinuity 520 cm
away from DGISC a) using a 190 MHz LPF and b) using 98 MHz LPF. The charge
estimation zero-crossings are marked with an “x” [16].
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Table 3
Charge estimation using software synergy and DGISC with 520 cm and 76 cm
discontinuity.

Discontinuity distance LPF Software synergy DGISC

520 cm 190 MHz 13 % 16 %
520 cm 98 MHz 22 % 3%
76 cm 98 MHz 23 % 0.3%
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Fig. 15. Comparison of matched pulses (M) and unmatched pulses (UM), using
a) magnetic (Mag) and electric (Ele) sensors, b) software synergy’s forward
(FW) and backward (BW) components, and ¢) DGISC forward and backward
components. The charge estimation zero-crossings are marked with an X [16].

jumping particle (JP) defect at 4.5 bars,ps and a surface discharge (SD) at
3 bars,ps. The test cells’ electrodes were connected to the GIS® high-
voltage conductor and the enclosure through a rod, with a high-
frequency current transformer (HFCT) coupled to the rod. The HFCT
served as a reference for PD charge estimation, with a 4 kHz-1 GHz
bandwidth. The sensors were connected to a 31.5 dB, 1 GHz voltage
amplifier, followed by low-pass filters. For safety reasons, surge arresters
with 100 MHz cutoff frequency were connected in parallel to the
oscilloscope input. The HFCT’s broadband response enabled the calcu-
lation of the reference charge using the pulse current integration method
[20]. Table 4 presents the couplers’ calibration constants and the first
poles used for the software synergy method. Due to the full-scale GIS
mounting hole’s geometry, the sensors’ parameters gave different values
than the matched test bench.

The charges of 200 PDs were estimated for two defects: jumping
particle and surface discharge. In accordance to the IEC standard [22]
and CIGRE [23], the maximum allowed PD charge value in a new GIS is
5 pC, and any PD measuring system is expected to sense at least this
magnitude. Therefore, SD with a charge magnitude in the order of 5 pC
were measured. Table 5 displays the mean and standard deviation errors
using different filters and sensors. These errors have a systematic and
random component, as shown in [21]. The standard deviation comes
from the random noise, which is more pronounced for lower-magnitude
signals. Conversely, the systematic error is attributed to the charge
estimation method, the calibration constant estimation, and overlapping
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Fig. 16. A) full-scale GIS picture indicating the PD source, sensors, and t-sec-
tion. b) full-scale GIS test setup for measuring PD.

Table 4
Parameters of the electric couplers (EC), magnetic couplers (MC) and DGISC in
the full-scale GIS.

EC MC DGISC
k [nQs] 2.5 0.68 1.7
wo [rad/s] 5.7x108 3.1x10® NA
Table 5
Charge estimation error with different defects, LPFs, and sensors [16].
Mean =+ Standard deviation error [%]
LPF [MHz] Magnetic Electric Software DGISC
@defect sensor sensor Synergy
48 @JP 51 + 9% —32 + 4% 3+ 5% 9+ 4%
98 @JP 28 £ 5% —22 £+ 3% -5+ 3% 25 + 8%
190 @JP 21 £ 7% —20 + 6% -9+ 6% 25 + 8%
48 @SD 48 + 25% —41 + 6% -6+ 12% -10 +
13%
98 @SD —4+7% —40 £+ 3% —29 + 5% -21 +
5%
190 @SD —-15+ 4% —41 + 3% —35+ 4% -21 +

7%

of reflected pulses, where the last two are exclusive to this test setup.
The change of impedance at the T-branch overlaps the incident pulse
constructively for the magnetic measurements (overestimation) and
destructively for the electric sensor (underestimation). This phenome-
non can be seen in Table 5: as the filtered frequency decreases, the pulse
duration increases, leading to overlapping. The software synergy
significantly reduces charge estimation errors by mitigating reflection
overlaps. Fig. 17 compares the reference charge against the couplers and
the software synergy filtered at 48 MHz: the magnetic coupler’s charges
are overestimated, and the electric coupler’s ones are underestimated.
For the DGISC, the best charge estimation is achieved when filtered at
48 MHz because the electric and magnetic contributions are more
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Fig. 17. Charge estimation of jumping particle PD using magnetic and electric
sensors and software synergy filtered at 48 MHz [16].

similar at lower frequencies. Fig. 18 compares the reference charge
against the DGISC filtered at 48 MHz. As expected, the forward values
show a higher magnitude than the backward output, as the former is
calculated for the incident pulse and the latter for the attenuated re-
flected pulse.

7. Conclusions

In GIS PD measurements, multiple discontinuities distort the wave
shape and PD charge estimation. The forward and backward compo-
nents can be measured with electric and magnetic sensors placed in the
same GIS longitudinal position. In most cases, the mounting holes are
already used for different purposes, making it convenient to place the PD
sensors in a single one. This paper addressed the challenges of electric
and magnetic couplers sharing the same mounting hole, creating a high-
voltage directional coupler. The following conclusions were drawn from
this research:

e The interactions between the electric and the magnetic couplers
were addressed using a carbon-black-epoxy electric coupler.
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Fig. 18. DGISC filtered at 48 MHz vs. reference charge for a surface discharge
defect [16].
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e Ferrite chokes can be used to adjust the sensor’s transfer function for
better directional coupler directivity.

e The DGISC yielded satisfactory results distinguishing between PD’s
forward and backward components up to 50 MHz, improving the PD
charge estimation.

e The DGISC directivity bandwidth is limited by the matching of the
electric and magnetic sensors’ parameters.

e The DGISC is capable of discern forward and backward components
with a better performance at low frequency.

e The DGISC showed better charge estimation than the independent
couplers for a bandwidth up to 48 MHz.

The next steps involve creating an optimized design to improve the
sensors’ directivity and bandwidth. This study represents a step forward
in online PD monitoring and PD charge estimation in modern GIS with
SFe-alternative gases.
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