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Abstract: Today, online partial discharge (PD) measurements are common practice to assess the
condition status of dielectrics in high-voltage (HV) electrical grids. However, when online PD
measurements are carried out in electrical facilities, several disadvantages must be considered.
Among the most important are high levels of changing electrical noise and interferences, signal phase
couplings (cross-talk phenomena), and the simultaneous presence of various defects and difficulties
in localizing and identifying them. In the last few decades, various PD-measuring systems have been
developed to deal with these inconveniences and try to achieve the adequate supervision of electrical
installations. In the state of the art, one of the main problems that electrical companies and technology
developers face is the difficulty in characterizing the measuring system’s functionalities in laboratory
setups or in real-world facilities, where simulated or real defects must be detected. This is mainly
due to the complexity and costs that the laboratory setups entail and the fact that the facilities are
permanently in service. Furthermore, in the latter scenario, owners cannot assign facilities to carry out
the tests, which could cause irreversible damage. Additionally, with the aforementioned installations,
a comparison of results over time in various locations is not possible, and noise conditions cannot be
controlled to perform the characterizations in a correct way. To deal with the problems indicated, in
this article, an affordable scale modular test platform that simulates an HV installation is presented,
where real on-site PD measuring conditions are simulated and controlled. In this first development,
the HV installation comprises a cable system connected at both ends to a gas-insulated substation
(GIS). As the most common acquisition technique in online applications is based on the placement
of high-frequency current transformer (HFCT) sensors in the grounding cables of facilities, the test
platform is mainly adapted to carry out measurements with this type of sensor. The designed and
developed test platform was validated to assess its features and the degree of convergence with a real
installation, showing the convenience of its use for the appropriate and standardized characterization
of PD-measuring systems.

Keywords: partial discharges; insulation testing; condition monitoring; performance evaluation;
power system modeling; model-driven development; model checking; sensor phenomena and
characterization

1. Introduction

PDs are partial short circuits in dielectrics, formed by the ionization processes of low
energy, where inhomogeneous electric fields are present. When an HV asset has an insula-
tion defect, the presence of PD activity is common. When PD occurs, repetitive pulsating
signals of very short duration are generated. Several studies have demonstrated that PD
activity is closely related to the degradation of the insulation materials of HV electrical
grids [1-3]. PD measurement makes it possible to detect insulation defects before dielectric
breakdown due to a short circuit. Dielectric breakdowns cause risks to individuals, material
damage, losses of power supply, and increased operating costs. Online PD measuring is
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gaining special attention because it makes the effective detection of defects in installation
assets possible [4-7]. The main advantage of online measurements is that they are per-
formed when the facilities are in normal operation. To appropriately detect PD activity
and perform accurate diagnosis, various measuring applications based on electromagnetic
methods have been and continue to be developed [8-12]. These applications usually have
specific functionalities, such as background noise filters to improve the sensitivity and PD
source discrimination, as well as location and defect identification tools [3,4,13,14]. They
also have the capacity to generate assisted or automatic alarms when a critical defect is
identified [15]. On many occasions, the diagnosis results show varying degrees of success
depending on the technology implemented, the effectiveness of their functionalities, and
the training and expertise of the technical analysts.

When the benefits of using a particular functionality are presented, complex laboratory
setups with artificial defects in a certain asset or in test cells are usually used [4,6,14].
On other occasions, for this purpose, on-site case studies in real installations have been
presented [3,7,11,15]. The laboratory setups required are complex and expensive, and can
only be used in specific locations. Moreover, on-site installations cannot be generally used
for this purpose due to their lack of availability and the risks involved when tests are
performed at the location. In both cases, it is not possible to make a comparison of the
results over time in different emplacements regarding various technologies, and the noise
conditions during the measurements cannot be adequately controlled. Currently, electrical
companies and technology developers are requesting a technical solution that enables
the characterization of the measuring system’s functionalities in a reproducible manner,
without the requirement of using specific laboratory setups or on-site electrical facilities.

To facilitate the performance of characterization tests, in [16,17], small-scale systems
with isolation defects generated in individual insulation elements or test cells were devel-
oped. The implementation of the above systems is useful, since PD activity from several
defects can be simultaneously generated in portable structures. However, the previous
setups have the following disadvantages:

e HV application is required, and the PD is generated at the measuring point. That is,
the measured pulses are not representative of those measured on site;

e  Given the stochastic nature of the PD generated over time, the performance of re-
producible or standardized tests with these scale systems is not possible. Thus, the
realization of intercomparisons among various technologies is not possible;

The noise influence during measurements cannot be adequately controlled;

The physical conditions for PD measurements in real, three-phase installations are
not reproduced. Thus, a consideration of technical aspects such as phase coupling
and pulse attenuation, distortion, and reflection is not possible. This implies that
some functionalities, such as those developed for affected phase identification, defect
location, or defective element recognition, cannot be characterized;

e  The measurement conditions regarding PD acquisition significantly differ from those
on site.

To address the first three previously noted disadvantages in [18-21], a solution based
on the controlled generation of PD time series is presented. An analog generator reproduces
artificial PD and noise signals or signals previously measured in a laboratory setup or on
site, with the additional advantage of not being necessary in the generation of HV. However,
although this solution is useful, the capabilities of an analog PD generator are insufficient
to overcome the last two disadvantages. To deal with these disadvantages, a specific scale
modular test platform was developed to simulate reproducible real physical measuring
conditions and is presented in this paper. The injection of an analog time series in the
test platform initiates the opportunity to address all the technical aspects required, such
as noise influence, sensor coupling and signal transmission, attenuation, distortion, and
reflection. Furthermore, the use of the test platform precludes having to carry out HV tests
in complex laboratory setups or on-site facilities. In addition, the use of the generator with
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the test platform inside a shielded chamber allows for the realization of evaluation tests
under controlled noise conditions.

The next section focuses on the presentation of the modular test platform. Section 3
assesses its validation, showing its degree of convergence with a real HV installation. Lastly,
Section 4 is dedicated to the conclusions. In this last section, the benefits of using the test
platform are indicated.

2. Scale Modular Test Platform Design

For the appropriate characterization of PD-measuring systems, the configuration of
the test platform must be representative of a three-phase power installation and simulate
its physical online and offline measuring conditions.

To achieve an adequate physical model, various concepts must be considered, such as
the model layout configuration and technical features related to the following aspects: PD
injection points where the insulation defects are reproduced, the waveform of the injected
signals in simulating the defects, the measuring technique, and the measuring points for
PD acquisition.

In the first approach, for simplicity, the design of the platform is focused on the
simulation of an underground HV distribution line. The three-phase line has two straight
joints (see Figure 1), and it is connected at both ends to a GIS substation.

600 m 600 m
— [ e [ [ e
alIls T
C B T

Figure 1. Layout of the HV distribution line considered for reproduction in the test platform.

For the characterization tests” implementation, the test platform comprises the follow-
ing elements (see Figure 2):

e Analog signal generator (ASG) subsystem (1): In this element, PD and electrical noise
signals are generated for the measuring systems’ characterization. These signals are of
the same nature as those present in the power grids;

e  Functional scale module subsystem, consisting of the insulated three-phase cable
elements (2), straight junction chambers (3), cable-GIS connection elements (4), and
GIS modules (5);

e  Defect injection distributed subsystem (6), which is used for the simulation of PD
sources associated with insulation defects. The PD time series can be injected into
the following elements of the installation: GIS compartments, cable terminals, and
cable joints;

e  Distributed HFCT sensors subsystem (7), which is used to carry out PD measurements
in two proposed positions of the installation;

e Noise injection subsystem (8), which is used for the appropriate reproduction of the
same background electrical noise-measuring conditions of a real installation. Within
this subsystem are the cable-GIS connection elements (4) and the HFCT sensors (7);

e A measuring subsystem (9), with at least a three-channel acquisition unit per measur-
ing point.
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Figure 2. Layout of the scale modular test platform developed for the characterization of the PD-
measuring systems’ functionalities.

In the design process, the following aspects were considered to achieve a feasible
test platform.

e  Selection of an appropriate cable for the simulation of the power coaxial cable of a real
installation. The best option was to choose a commercial signal coaxial cable that was
cost-effective, lightweight, and not bulky, and with adequate impedance matching,
attenuation behavior, and propagation speed;

e  Once the signal cable was selected, for the reproduction of the traveling wave behavior,
the technical features of cable attenuation, signal reflection, and propagation speed
were considered in detail;

e  Furthermore, the signal behavior in the measuring points needed to be adequately
reproduced. In this way, impedance matching in the cable—GIS connection points
(border points) was undertaken in two steps to reproduce the same conditions as in an
HYV installation;

e Inaddition, the method of generating and injecting insulation defects and electrical
noise needed to be considered so as to simulate the same measuring conditions as in
an HV installation;

e Inthe final stage of the design, it was necessary to validate the test platform. For this
purpose, various measurements were carried out in a real HV cable and setup and in
the first test platform prototype. The validation study was reinforced with simulations
performed using software tools.

All these issues are treated in detail in the following sections.

The design of the test platform used to simulate the real installation considered the
reference values of the parameters of the involved assets. These values were obtained with
experimental frequency sweeps in laboratory tests under standard conditions (temperature
of 20 °C) and subsequently compared with those provided by the manufacturers at the
same temperature. The platform validation tests were performed at this temperature. Thus,
proper simulation and verification were achieved.

For result-comparison purposes, when characterization tests were performed, the same
temperature was required to be set in order to maintain the same measuring conditions
and properties in the test platform.
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2.1. Selection of a Commercial Signal Coaxial Cable

With a view to developing a commercially viable test platform, its price, weight, and
dimensions must be adequate. In addition, in the points where the insulation defects are
simulated, impedance matching with the ASG must be performed. This last technical
requirement is necessary to avoid signal distortion and incorrect Qpgc charge values in the
measurements. Since the standardized output impedance of ASGs is 50 (2, the selection of
a signal cable with a characteristic impedance of 50 (2 is highly recommended.

Furthermore, the signal propagation speed of the selected cable should be as close
as possible to that of the HV cable to be simulated. The cable to be simulated is of
66 kV, 1200 mm? aluminum conductor and has a 9 mm-thick, cross-linked polyethylene
(XLPE) insulation.

The minimum propagation speed for the signal cables referred to in the technical
specification MIL-C-17 [22] is 198 m/us. Thus, as the propagation speed of the HV cable
to be simulated is around 169 m/ps, and the most adequate signal cables of the MIL-C-17
regarding this parameter are those with the lowest propagation speed.

Additionally, cable attenuation must be considered. High attenuation values with
respect to the characteristic values of HV lines mean that in order to obtain the same levels
of attenuation, the effective lengths in the model will be shorter. With a shorter effective
equivalent length, the weight, volume, and costs will be reduced in the test platform.

Taking into account the aforementioned indications, after a survey was conducted, the
most suitable cables considered for detailed analysis were LLF 240, RG 59, RG 58, and RG
174. The characteristics of these cables were set according to the technical specification MIL-
C-17. The features indicated in Table 1 were assessed for these cables under the assumption

that each had the same weight. The rating criteria were as follows: @ cxcellent (4 points),
@ very good (3 points), (=) good (2 points), O bad (1 point), and O very bad (0 points).
According to the scores obtained, the RG 174 cable was deemed the most suitable for use in

the implementation of the test platform. This cable contained a 0.14 mm? copper conductor
and a polyethylene (PE) insulation 1.5 mm in diameter.

Table 1. Assessment of the MIL-C-17 coaxial cables adequate for the scale model.

ble T
Technical Characteristic Cable Type
LLF 240 RG 58 RG 59 RG 174
Value (p.u.) 1 0.33 0.28 0.31
Cost
vy O @ @ 0@
Value (p.u.) 0.99 0.72 1 0.21
Weight
we @ @ @ 2@
Value (p.u.) 0.99 0.81 1 0.44
Volume
oy O @ O @
Characteristic Value () >0 >0 75 >0
e s @ @ O @
Value (p.u.) 0.33 0.43 0.29 1
Attenuation
we . @ @ @ O
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Table 1. Cont.
Cable T
Technical Characteristic abe ype
LLF 240 RG 58 RG 59 RG 174
. Value 252 198 198 198
Propagation
O I
Total score (points) 9 19 14 23

2.2. Signal Attenuation Consideration and Initial Estimate of the Adequate Real Line to
Be Simulated

To perform accurate diagnoses using PD measurements, the analysis of pulse attenua-
tion with the traveled distance is essential. The attenuation levels in the test platform must
be very similar to those that occur in the HV line. To achieve this, the effective length of the
RG 174 cable must be defined.

The signal attenuation is frequency-dependent, and to characterize how it affects PD
pulses, it is necessary to establish the traveled distance up to which attenuation below
a certain frequency can be considered negligible. Furthermore, it is also necessary to
determine the reference distance traveled above which the spectral components of interest
can be considered negligible. For this purpose, the attenuation curve of the 66 kV XLPE
cable was analyzed from 100 Hz to 1 GHz (see Figure 3).

140

~—— Experimental measurement
120

100

Attenuation(dB/100m)
- - ®
(=] o o

g
(=]

5 9

10° 10° 107 10
Frequency(Hz)

10° 10° 10 10

Figure 3. Signal attenuation in 100 m as a function of frequency for the 66 kV XLPE cable.

The graph depicts 100 Hz to 1 MHz (see Figure 4), and so it can be observed that up
to 100 kHz, the attenuation of this cable is slightly below 0.05 dB/100 m. This means that
to attenuate 1 dB (i.e., to lose 10% of the pulses energy) for frequencies up to 100 kHz,
the pulses have to travel more than 2000 m. Therefore, below 2 km for frequencies up to
100 kHz, the attenuation effect over distance can be considered negligible. Thus, when
comparing the attenuation of both cables, if the maximum traveled distance simulated in
the test platform is less than 2 km, the lower frequency limit to be considered is 100 kHz.

The study described in this paper was focused on PD acquisition using HFCT sensors;
consequently, the higher frequency of interest can be considered as being up to 100 MHz.
For frequencies above 100 MHz, the attenuation is greater than 13 dB/100 m, i.e., the pulses
are attenuated by more than 78%. When the pulses travel more than 153 m, the attenuation
will be greater than 90%. Thus, if the distance to be simulated in the test platform between
an insulation defect and any measuring point is greater than 153 m, the frequency content
of the traveling pulses can be considered negligible above 100 MHz.
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Figure 4. Detail of the signal attenuation from 100 Hz to 1 MHz for the 66 kV XLPE cable.

In the characterization of attenuation, according to these previous considerations, the
frequency interval of interest could be set as between 100 kHz and 100 MHz.

The attenuation analysis over distance was also performed for the RG 174 cable.
Figure 5 shows the attenuation curves for both cables. The attenuation curves shown in
Figures 3 and 5 were obtained experimentally by performing a frequency sweep for the
two cables (66 kV and RG 174).
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Figure 5. Signal attenuation at 100 m as a function of frequency for the 66 kV XLPE and RG 174 cables
in the range from 100 kHz to 100 MHz.

As the attenuation curves are different, it is necessary to find the equivalent length for
the RG 174 cable that will obtain the same attenuation as that in the real cable of 66 kV. To
find this equivalent length, for each frequency f, the amplitude of a pulse must be the same
when traveling a distance Ly over the cable of 66 kV and its equivalent distance Lrg174
over the RG 174 cable; see Equation (1).

O(f, LMT) capte mr = ©(f» LRG174) caple RG174 )

If we replace in each term of Equation (1), Equation (2) [23] describing the propagation
distance, where 7(f) is the propagation coefficient and V, the initial pulse voltage for each
frequency, the relationship between the two cable lengths can be expressed via Equation (3).

U(f, Lx) = VO (f).677(f)'[*cuble (2)
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Lyt Yrciza(f)

LrG174 Ymr(f)

The attenuation in decibels (dB) is determined by Equation (4). The propagation coef-
ficient y(f) of each cable is obtained first by substituting Equation (2) into Equation (4) [24]
and then replacing in Equation (5), the values of AdB taken from Figure 5 for a cable length
(Lcﬂble) of 100 m.

)

AdB(f/ Lcable) = —20~10g (W) 4)
AdB(f, Leapte) = 8.68-(f)Leapie 5)

The relationship between the length of both cables as a function of frequency (see
Figure 6) is obtained using Equation (3).

50

‘—Length relationship

10

1 2 3 - 5 6 7 8 9 10
Frequency (Hz) %107

Figure 6. Relationship between the length of both cables in the frequency range from 100 kHz to
100 MHz.

As shown in Figure 6, the length ratio as a function of frequency shows an inverse
exponential behavior. Therefore, in the first approach, obtaining a constant value to
establish an equivalence between both lengths is not possible. In the second approach, by
iterating in Equation (6) the length ratio (I'), an average value can be calculated for it.

The average ratio is obtained for the value at which the lowest attenuation at low
frequencies is compensated by the highest attenuation at high frequencies. Starting from
an initial value of I, in each iteration, the difference in areas between the exponential curve

of ratio (Lﬁﬁ”@) and the line of the average value I' is calculated before and after the cutoff

frequency between both ( fr: iMT (fr) == F) . The final ratio value at which the iteration

Lrc17s
ends is then the one that makes both area differences equal. With this value, the pulses

traveling along both cables end up being as similar as possible. This equivalence can be
adapted to any type of cable being simulated in the test platform.

f)-Tdf =

00 KHz LRGi7a fr: LIL2](\3411;4 (fr)== LrGi7a

(frdaf (6

/fF : L;Igfm (fr)==T Lyt 100 MHz T Lyt
1

For the cables under study, the ratio value obtained was 5.8. When applying this value,
the waveform and frequency spectrum of the traveling pulses in both cables converged by
more than 85%. The degree of convergence obtained is presented in Section 3.1.

The relationship obtained establishes that 100 m of the 66 kV cable being simulated is
equivalent to an effective length of 17 m of the RG 174 cable used in the test platform.

The signal attenuation characterization described in this section is useful for deriving
an initial estimate of the adequate real line to be simulated. Thus, it is desirable, for one,
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that in this line the total length traveled by a pulse be less than 2 km, and for another, that
the distance traveled by a pulse between a PD source and any measuring point be greater
than 153 m.

2.3. Signal Reflection Consideration in the Cable System and Line Length Estimate

To simulate the same measurement conditions as in a real HV installation, the effect
of the signal reflection on the impedance changes must be considered. For the line shown
in Figure 1, these impedance changes take place at the cable-GIS connections points. In
straight joints, if the accessories are correctly assembled, there are no impedance changes
that give rise to appreciable reflections. In real cable systems, as the distances are generally
long, the waveform of the measured pulses is not affected by superposition with pulses
coming from reflections. This same scenario must be maintained in the test platform. The
duration of the PD pulses measured with HFCT sensors in HV lines generally does not
exceed 1 ps. Thus, if the time delay of the reflected pulses with respect to the original ones
is greater than 1 us, we can infer the absence of overlapping between them. Considering
the signal propagation speed of the RG 174 cable (198 m/us) and of the cable with 66 kV
(169 m/us), a time of 1 us corresponds to additional distances traveled by the reflected
pulses of 198 m and 169 m, respectively. In this way, to avoid overlapping, in the worst case,
the additional distances traveled must be greater than these distances. For the modeled
line in the test platform (see Figure 7) and the measurements performed at point 1, the
additional distances are indicated in Table 2, with the presence of defects at points 1, 2,
3, and 4 being considered. The reference cable section length A was considered for the
test platform. If the measurements were to be performed at point 4, the results would be
equivalent since the line has a symmetrical configuration.

Insulation defect

« ) Point 4 ol sl =
“}
< 4 —
([ [ [ ] [
i B}
1D TIr
Length A Point 2 Length A Point 3 Length A

Path traveled by the original pulse
Additional path traveled by the reflected pulse

Path traveled by the reflected pulse shared with the original pulse

Figure 7. Modeled line with cable sections of length A and the pulses’ traveling paths when a defect
is simulated in point 3.

Table 2. Additional distances traveled by the reflected pulses with insulation defects simulated at
points 1, 2, 3, and 4 and measured at position 1.

Defect Location

Point 1 Point 2 Point 3 Point 4
(Line Start) (Joint 1) (Joint 2) (Line End)
Additional distance traveled by 6A AA IA 6A

the reflected pulses

It can be verified that when the measurements are performed in point 1, the worst
case—that is, the shortest distance (2A)—is obtained when there is a defect in point 3
(second joint). Figure 6 shows the pulses’ traveling paths when there is a defect in this
point. The violet line represents the additional path (2A) traveled by the reflected pulses.
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Therefore, to ensure the absence of pulse overlaps, the cable section length A set for
the test platform is 100 m, with the distance 2A (200 m) being greater than the minimum
required (198 m). In the previous section, it was established that the length ratio between
the RG 174 cable and the cable of 66 kV is 5.8; thus, the 100 m section selected in the test
platform corresponds to 580 m in the HV installation. When using this distance in the real
installation, there is no overlap in the measured and reflected pulses. The complete cable
systems’ lengths, considering that they are formed from three cable sections (see Figure 7),
are 300 m and 1740 m, respectively.

2.4. Signal Propagation Speed Consideration

Another feature to consider in the test platform design is the signal propagation speed
(Vp). In PD diagnosis, this parameter is used for defect localization. When an online
measurement is performed using HFCT sensors with the distance between them (L) and the
signal propagation speed (V) being known, the localization of the PD sources is possible.
When applying time-of-flight analysis to the measured pulses [4], the equations below are
used. For each phase, a pulse detected by one sensor is associated with another detected
by a consecutive one only if the time delay between their arrival times At is less than the
signal propagation time between the measuring points t;, (defined in Equation (7)).

L
tw = — (7)
VP
With the parameters Af, t,,, and L being known, the location of a pulse source x(At)
can be determined using Equation (8).

x(At) = % {1 - (tifﬂ (8)

For the characterization of the functionalities of measuring systems used for defect
localization, the main technical requirement is that the signals generated in the PD sources
arrive with the expected delay at the sensors position.

To simulate a real 66 kV cable 1740 m in length for PD source localization purposes, the
propagation speed of an RG 174 cable 300 m in length must be redefined and determined
as follows. As the propagation speed of the RG 174 cable is 198 m/us, the signals take
1.5 ps to travel the 300 m. This is the real propagation time and cannot be modified. Thus,
as the length to be simulated is 1740 m, to maintain the calculated propagation time, a new
fictitious propagation speed parameter is set for the RG 174 cable. This new parameter is
called the equivalent propagation speed (V}), and its value is given by Equation (9).

Luy
Ve = Vorciza’ Lrci7s ©)
where VrG174 and Lrgi74 are the propagation speed and length of the RG 174 cable,
respectively, and Lyy is the length of the HV cable.
The equivalent propagation speed value obtained, V}, = 1164.2 m/us, must be consid-
ered for the estimation of the defects’ locations in the test platform.

2.5. Impedance Matching and Measuring Conditions

To simulate the same pulse behaviors, the effect of impedance change at the cable-GIS
connections must be the same in the test platform and in the HV installation. In addition,
the measuring conditions in the grounding connections must also be the same. To fulfil
the above, a study was carried out in two stages. In the first one, the coaxiality between
the cable and GIS was maintained up to their junction point. This consideration enabled
an estimate of the GIS characteristic impedance and the design of this element in the test
platform. In the second stage, the effects of the cable terminal-earth connection were
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assessed. Via these considerations, the conditions of measuring using HFCT sensors could
be properly reproduced in this critical part of the test platform.

2.5.1. GIS Characteristic Impedance and Design

In any real HV installation, the cable and GIS impedances are always defined. For the
estimate of GIS impedance in the test platform, the impedance value of the selected RG 174
(50 ©2) cable must be considered. In the estimation process, a condition is imposed whereby
the pulse reflection phenomenon must be the same for the HV line and the test platform.
Signal reflection at the boundary points is characterized by the reflection coefficient I'; [25].
This coefficient depends only on the impedance involved, and its value is determined by
Equation (10), with Zgs and Z 4, being the GIS and cable impedances, respectively.

Zcis — 2
, = GIS cable (10)
ZGIS + anhle

Considering the cable and GIS as transmission lines composed of infinitesimal el-
ements (see Figure 8) [26], the value of the previous impedances can be derived from
Equation (11) [27], where Ry, Ly, G4, and C; are the distributed resistance, inductance,
conductance, and capacitance of these elements, respectively.

(Rg+wLgj)

Z= | \RdTWE])
(Ga+wCq )

(11)

Infinitesimal segment

Figure 8. Layout of a transmission line composed of infinitesimal parameters.

In coaxial geometries, for frequencies above 100 kHz, Ry < wL; and G; < wCy, and
therefore Equation (11) can be simplified to Equation (12).

_ |La
z_\/; (12)

In a real HV line, for the characteristic values of the 66 kV cable and the 66 kV GIS
considered (Ly cgpre (160 nH), Cy capre (211 pF), Ly 615 (203 nH) and Cy g15 (67 pF)), the cable
and GIS impedances are 28 () and 55 (), respectively.

The values of the previously distributed parameters were obtained from the theoretical
and practical development presented in Appendix A of this article. Through Equation (10),
the reflection coefficient at the boundary point can be inferred to be 0.32. To simulate the
behavior of the reflected pulses in the test platform, the same reflection coefficient must
be set, and thus impedance matching between the cable and GIS is required. As such, as
the RG 174 test platform cable is 50 (), the GIS impedance must be calculated using the

following equation:

14T
Zgrs platform — ZRG17a- 1_ FZ (13)
z

The resulting value of Zgs piatform to be considered in the design of the GIS was 97 ().
To achieve an economically viable prototype, an RG 62A coaxial cable of 93 () was used to
simulate this element of the test platform. This is the cable that best fits the 97 () required.
The difference between the target reflection coefficient (0.32) and the one achieved with
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93 (1 (0.3) is 5%. With this slight deviation, this approach can be considered as yielding an
adequate simulation of the reflected pulses.

To simulate the pulses” behavior when they propagate through the GIS, an equivalent
length was established for the RG 62A cable with the same propagation speed as that in a
real GIS. As the pulse propagation speed in the 66 kV GIS to be simulated is similar to that
of light (V, = 300 m/us) and as the propagation speed of the RG 62A cable is 250 m/us, its
length must be 1.2 times shorter than that of the simulated GIS. Assuming that the 66 kV
GIS is 10 m long, the length required for the RG 62A cable will be 12 m. As the lengths
of the real and simulated GIS are very short, the signal attenuation phenomena can be
considered negligible when the pulses travel through this coaxial media.

The degree of pulse reflection in the epoxy resin spacers of the GIS compartments
is negligible when the wavelength (A) of the signals is 10 times longer than the length of
these spacers [28], which does not exceed 20 cm. Thus, for wavelengths longer than 2 m,
in applying Equation (14) and considering a pulse propagation speed in the spacers of
165 m/ s, for frequencies higher than 87 MHz, their reflections can be neglected.

\%
f= (14)

For signals with a spectral content greater than 87 MHz, as the characteristic impedance
of the spacers (around 60 ) [29] is very similar to that of the GIS compartments (around
55 ), the reflection coefficient is very low (around 0.04), meaning that in this case, the
reflections can again be neglected.

At the output of the GIS, continuity with a cable system is simulated with the same
cable-GIS connection elements as at the input. In addition, these modules are connected
to a 50 3 BNC-type impedance in order to ensure the same impedance as that of the RG
174 cable.

2.5.2. Consideration of Measuring Conditions

In real installations, the cable screen is grounded in the connections with the GIS
(see Figure 9); thus, at the measurement points, the coaxiality is interrupted. In this case,
the waveform of the original pulses coming from the cable is only maintained for the
reflected ones that return through it. Consequently, to characterize the signal’s behavior in
the grounding cables where the HFCT sensors are located, it is necessary to carry out the
following analysis.

Cp cable—ground

Z cable ~Froumd ZG!S—graund

Figure 9. Impedances at the measuring point in the cable-GIS connections.

To simulate the same measuring conditions in the cable earthing points, the equivalent
circuit formed by the impedances at the cable-GIS connection points (GIS-grounding and
cable screen—grounding) is considered (see Figure 9).
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In this part of the test platform, the impedances are those of the cable (Z;.), GIS
(Zcis), cable grounding (Zcaple-grouna), and GIS grounding (Zgys ground), as well as the stray
capacitance between the cable and ground plane (C;, capie-ground)-

It is assumed that the GIS grounding is close to the cable connection. In this case, the
value of the impedance Zgs ¢round can be considered zero. In addition, it is assumed that
in the area close to the cable-GIS junction point, the distance between the cable and the
ground plane is large enough (>30 cm) [30,31] to consider the capacitance value Cp capie-ground
to be very low. Consequently, the pulses only circulate through the impedance Z e ground-

As the elements used to simulate the cable system (RG 174 cable) and GIS (RG 62 A
cable) have already been defined, it is only necessary to determine the value of the ground-
ing impedance (Zgple-ground) components. For this purpose, the grounding is considered as
a transmission line and is studied using the distributed parameter method (see Figure 10).

( Lp_gis

able U T T- T D—-GIS

—

EIJ cable-ground

|.

._I.’D-tab[e-ground

A

Figure 10. Electrical circuit at the measuring point in the cable-GIS connection.

The circuit shown in Figure 10 was simulated with Simulink for a real 66 kV installation
and for the test platform. The values of the distributed cable and GIS parameters considered
in the models were obtained from the theoretical and practical development presented in
Appendix A. For the grounding cable, a length of 10 m was considered. Taking for the
parameters L;, Cy, and R; of the real installation, the values of 0.7 uH, 6 pF, and 0.5 mQ},
respectively, very similar pulses can be measured in both installations when for the test
platform, these parameters are adjusted to 1 pH, 5 pF, and 0.1 m(}, respectively. To compare
the similarity of the measured pulses, a reference pulse was injected between the conductor
and the screen of a two-meter-long cable connected to a GIS. The injected pulse was defined
by the inverse double exponential function indicated in Equations (15) and (16) [32], where
V), is the pulse peak voltage, t, and t; are the time constants related to its rise and fall time,
and t is the delay from the beginning of the injected signal.

ta + tp
(raity)
o{)"

Vo

t—tg t—tp

et +e B
For the same pulse injected in both models (see Figure 11a,b), the waveform and
frequency spectrum of the pulses measured are very similar (see Figure 11c,d).

(15)

v = (16)
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Figure 11. Comparison of a pulse circulating through the cable grounding in the real installation
and in the test platform. (a) Waveform of the injected pulse, (b) frequency spectrum of this pulse,
(c) waveform of the measured pulses, and (d) frequency spectrum of these pulses.

2.6. Insulation Defects and Pulsating Noise Simulation

The generation of insulation defects in the test platform can be undertaken in each
phase in the two cable terminals, two cable joints, and two GIS compartments (see Figure 2).
This makes a total of eighteen injection points. The PD time series corresponding to the
defects are generated with the ASG. At each injection point, there is a BNC T-type adapter
connected to the main conductor and screen/enclosure of the affected element (cable
terminal, cable joint, or GIS). The ASG is wired to the T adapter with an LLF 240 cable of
one meter and 50 (). This cable was chosen due to its very low attenuation and consequently
negligible influence on the injected signals.

As the impedances of the ASG and the LLF 240 and RG 174 cables are the same, we
see impedance matching in the injection points of the cable terminals and joints. Thus, in
these emplacements, there is no pulse reflection. However, as the cable used to simulate
the GIS compartment (RG 62-A) is 93 (), an impedance matching with the LLF 240 cable is
required. This matching is carried out by means of a passive resistance adapter based on
the balanced pi attenuator shown in Figure 12 [33]. To achieve the impedance matching, in
the first step, the parameter voltage gain (V) is calculated by applying Equation (17),
and then the parameter of minimum possible attenuation (attenuation dB) is obtained
using Equation (18) [33]. Z,, and Z;, are the RG 62-A (93 (2) and RG174 (50 )) cables’
impedances, respectively. As the value of the minimum possible attenuation is —7.2 dB,
the output voltage is 43.4% lower than the input voltage. This reduction is considered in
the injection process of the PD time series in the GIS.

V., 1
Vgain = % = (17)

Zout \/Zaut —
\/ Zin + Zin 1

Attenuation (dB) = 20-log(Vgain) (18)
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Figure 12. Passive resistance adapter for impedance matching in the GIS injection points.

In the second step, the resistances in parallel at the adapter input (Rgj;pt.i,,) and output
(Rsnunt-our) and the two resistances in series (Rg,ris) are calculated with Equations (20)-(22) [33],
respectively. V,,; is the signal voltage level in the adapter output, which is determined
using Equation (19) [33]. For the impedance values of Z;, (50 Q) and Z,,; (93 Q)), the
resulting values of Rgynt-in, Rshunt-outs aNd Rgeries are 73 3, 8 kQ), and 64 (), respectively.

Z; 1
Voo — in 19
out \/Zout 10(Vgain : O~l) ( )

(Zout'Zin> - (Zinz'voutz)

Rspunt—in = 5 (20)
Zout + (Zin'vout ) - (Z'Zin'vout)
Vout
Rspunt—out = 1 Voufu 1 (21)
Zin ~ Zout  shunty,
1-V, - (Z;,,-shunt;
Reeries = ( out) ( in ST m) (22)

shunt;, — Z;y,

In a real power line, PD sources are generated somewhere in the dielectric between
the main conductor and the cable screen or GIS enclosure. In these cases, the pulses
first propagate through the healthy part of the dielectric until they reach the active or
screen/enclosure of the affected element and then through the transmission line. However,
when the PD source is simulated with the ASG, the healthy part of the dielectrics cannot
be considered. In this case, the pulses are injected directly between the active and the
screen/enclosure and then propagate through the line. This approach to injecting the
pulses can be considered suitable for the following reason. In the case of a real insulation
defect, at the position where the PD source is located, the capacity of the defective dielectric
is much smaller than is the one in the series of the healthy dielectric, so the former prevails,
and the latter can be neglected. Consequently, for practical purposes, the method of
simulating PD sources with the ASG, where only the capacity of the defective dielectric
is considered, is adequate. The previous consideration is the same as that accepted in the
calibration process of a PD measurement, when the calibrator is connected to the test object.

The PD time series to be injected with the ASG were previously measured in a con-
trolled way in cable accessories and test cells where real insulation defects were generated.
Pulsating noise signals characteristic of electrical grids can also be generated with the ASG
to simulate this type of noise condition. These signals are injected in the test platform in
the same way as are the PD pulses time series.
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2.7. Background Noise Signal Simulation

To simulate the same background noise conditions as those seen in a real installation,
the following procedure was established. In the first step, the noise signals to be injected
were previously measured online with HFCT sensors in real cable systems. The bandwidth
of these sensors was up to 80 MHz. The original and measured noise time series are
identified with the letters A and B, respectively, in Figure 13. In the second step, the original
signals, identified with letter C, were recovered by signal reconstruction, applying the
method explained in [23]. This method was developed experimentally through sensor
characterization. After this step, the noise time series were prepared for generation with
the ASG.

Test platform injection points

ASG|

Pt
(B)
.
Oscilloscope
Signal
processing

Figure 13. Online noise measurement, signal processing, noise generation, and noise measurement in
the test platform.

In the third step, the noise signal time series are injected in the test platform to be
measured using the HFCT sensors. In this process, to avoid changes in the noise signal
waveform at the injection points, the coaxiality in the transmission medium must be
maintained. Thus, a galvanically isolated module that wraps the three sensors of each
measuring position was designed. The noise signals are conducted through the three
sensors individually (by means of three different conductors), offering the possibility of
injecting the same or a different noise time series in each phase (see Figures 13 and 14). With
this configuration, changes in the signal waveform that might occur if a unique conductor
were to be passed through the three sensors are prevented. To avoid reflections, the noise
module must have the same characteristic impedance as the ASG (50 (2). This impedance
value is achieved via the appropriate design of the module dimensions. First, the ideal
characteristic impedance (Z;) is calculated using Equation (23) [34] given that the active
conductor diameter implemented for the noise injection is zero.

4-H

ZyyEr
T e 60

Zk = (23)

Zy is the characteristic impedance (50 )), ¢, is the relative permeability of air (1.01),
and H is the inner module height, set as 120 mm for an HFCT sensor height of up to 120 mm.
Then, the diameter of the active conductor D can be determined by applying Equation (24).

1-b 7 \1-b 1-b (1_ )

D
H
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Setting the module height to accommodate sensors with an outer diameter of up to
120 mm results in a conductor with a diameter of 55 mm. With this design, a convergence
in the measured signals B (see Figure 13) is obtained in the time and frequency domain.

(a)
Cf:a’dal Sﬁf&i(fn BNC sensorou tput
7 % 7
. . ; y Conical impedance
.51g.na1. noise % adaptation
injection 2 % ssssss
\ % 775

BNC scale [
model cable
nnnnn ction

(b)

Figure 14. Module designed for the background noise injection. (a) Longitudinal view and
(b) transversal view.

3. Test Platform Validation

To validate the test platform, the similarities between the pulses’ behaviors here and
in a real installation of 66 kV were analyzed. The convergence of the pulses was checked in
the following parts of both installations:

e In the cable system, where the cable design was validated;
e In the measuring points, where the cable-GIS connection and the earth connection
designs were validated.

3.1. Cable System Validation

In the design process presented in Section 2.3, the total cable length set in the test
platform to simulate a real 66 kV cable system of 1740 m was 300 m.

Given the impossibility of performing measurements in a real 66 kV cable section of
1740 m and the lack of availability in the design process of a real RG 174 cable of 300 m, the
validation was carried out by modeling both cables with the required lengths using the
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| 280
/) ASG
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L 500

software PSPICE (version 9.1). Figure 15 shows the layouts of both cables. The values of the
distributed cable parameters considered for the models were obtained via the theoretical
and practical development presented in Appendix A.

(a)
66 kV 66 IV 66 kV

1 ! |
Section3 “Rmatch-  Rosc Cosc |
28Q | 0.95MQ  19.3pF

1

Section2
580m 580m 580m

Section1

(b)

RG174 RG174 RG174
D 4L ) 3 ) 4 " |
Section1 Section2 Section3 R;lé‘;;h 0. 9R5‘1’\s; a1 QC;§F|

100m 100m 100m

Figure 15. Layout of the modeled cables. (a) Cable of 66 kV of a real installation and (b) the RG 174

cable of the test platform.

The similarity between the pulse behaviors in both cables was checked by injecting a
reference pulse with the ASG at the beginning of the cable and measuring it in the positions
shown in Table 3. The measuring point shown in Figure 15 was positioned at the end of the
cables. The pulse to be injected was determined by Equations (15) and (16) in Section 2.5.2.

Table 3. Results obtained for the pulses measured in both cable systems.

Cable Model o
. 6KV RG 174 %o Convergence
Meas.urmg Traveled Traveled
Point Distance Vpeak Fmax Energy Distance Vpeak Fmax Energy Vpeak Fmax  Ener
) mV)  (MHz) (v>Hz) ) (mV)  (MHz) (2-Hz) P 8y
1 0 500 70.2 497 0 500 70.2 4.97 100%  100%  100%
2 588 145.9 23.1 1.17 100 154.8 26.8 1.19 94% 86% 98%
3 1.176 76.2 13.1 0.53 200 70.7 15.2 0.48 93% 86% 91%
4 1.764 471 8.1 0.32 300 39.8 9.5 0.27 85% 85% 85%

Figure 16 shows the waveform and frequency spectrum of the pulses measured in
both installations at the distances indicated in Table 3.

To check the similarity of the pulses measured at the same positions, the following
parameters were considered: peak voltage, energy, and frequency limit above which the
pulse loses 90% of its energy (see Table 3).

After analyzing the results shown in the third column, as expected, we found that the
convergence of the pulses was better when the distance traveled was shorter. In all cases,
the convergence was higher than 85%. Therefore, it can be concluded that the cable system
designed for the test platform satisfactorily simulates a real cable system of 66 kV.
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Figure 16. Pulse behavior of pulses measured at different positions. (a) Signals in the time domain
and (b) signals in the frequency domain.

3.2. Cable—GIS Connection and Earth Connection Validation

For the validation of the cable-GIS connection and earth connection, the similarity
between the pulse behaviors in the cable—earth connections of the real 66 kV installation and
in the test platform was checked. For the pulse comparison, a laboratory setup consisting
of two meters of the 66 kV cable connected to a 66 kV GIS section was used. The reference
pulse defined by Equations (15) and (16) was injected at the end of the 66 kV cable and at
the end of a one-meter-long RG 174 cable connected to the GIS element of the test platform.

The pulses were measured with HFCT sensors located at the cable—earth connections
of both setups. The bandwidth of this sensor ranged from 100 kHz to 80 MHz. The
cable length of the earth connection in both installations was 10 m, in accordance with the
distances considered in the design process presented in Section 2.5.2.

Figure 17 shows the pulses measured with the HFCT sensors in the two real installa-
tions, together with their frequency spectra.



Sensors 2024, 24, 1363

20 of 25

0.05 10
0 AN .
2 [ i - _\"‘“\\H
= -0.05 N g \
2 / = 10 '\
=, 01 : = \
E"’ | ; —scale model HFCT pulse ™ i |
< 015 w real instalation HECT pulse el imtallton HECT pulse
-0.2 10 |
0 0.5 15 2 25 3 107 10° 10"
Time (s) %107 Frequency (MHz)
Figure 17. Pulses measured with the HFCT sensors in the 66 kV cable-GIS setup and in the test
platform. (a) Signals in the time domain and (b) signals in the frequency domain.
To determine the similarity of the pulses, again, the following parameters were con-
sidered: peak voltage, energy, and frequency limit above which the pulse loses 90% of its
energy (see Table 4).
Table 4. Results obtained for the measured pulses in the 66 kV laboratory setup and in the
test platform.
66 kV Cable-GIS Laboratory Setup Test Platform % Convergence
Vpeak Fmax Energy Vpeak Fmax Energy
(mV) (MHz) v2-Hz) (mV) (MHz) (v2-Hz) Vpeak Fmax Energy
173.1 8.97 221 %1073 152.8 8.57 212x 1073 88% 96% 96%

When analyzing the results shown in the third column, we found that, in all cases,
the convergence was higher than 88%. Therefore, it can be concluded that the cable-GIS
connection and earth connection in the test platform satisfactorily simulate the cable-GIS
connection and earth connection of a real 66 kV installation.

4. Conclusions

An affordable scale modular test platform that simulates HV installations for the
adequate and repetitive or standardized characterization of PD-measuring systems was
developed in this study. The availability of this reference test platform provides a solution
to the difficulties encountered by technology developers and electrical companies when
they characterize PD-measuring systems using complex laboratory setups or real on-site
installations. The use of laboratory setups is costly, and real installations are generally
not available; furthermore, in both cases, the influences of the noise conditions on the
measurements are not controlled. The performance of characterization tests with this test
platform in shielded chambers enables the control of noise conditions.

In the design process, the following technical aspects were considered:

The signals’ transmission, attenuation, distortion, reflection, and propagation speed;
The signals’ behavior in the measuring points;

The best way to simulate the insulation defects and the electrical noise conditions;
The sensor coupling to reproduce real on-site measuring conditions.

The test platform’s functionality was validated by checking the convergence of the
measured signals within it with those of a real HV installation.

With the designed platform, it is possible to perform all kinds of tests for the character-
ization of the PD-measuring and -monitoring system’s functionalities, such as those related
to their capacity to reject noise signals, detect PD with the required sensitivity, detect the
phase(s) where an insulation defect is present, discriminate the presence of more than one
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defect, locate them, identify them, identify the affected element in the installation, and
generate an alarm when potentially hazardous defects are identified.

It is important to indicate that due to its modular design, the developed platform can
be used for the characterization of PD-measuring systems operating off-line. The modular
design also enables the extension of the platform to simulate more complex installations
for the characterization of measuring systems operating in other environments and with
other sensors in addition to the HFCTs. However, to perform characterizations in these
complementary test platforms, further studies must be performed to simulate the same
measuring conditions as found in on-site installations. The authors are currently working
on new complementary platforms.

The scale modular design ensures the permanent availability and easy portability
of this reference test platform such that the characterization of measuring systems can
be carried out at anytime and anywhere in the world. This enables the possibility of
performing intercomparisons among different technologies.

Furthermore, apart from its use in the research and industrial fields, it can be used
in the training of specialist technicians in PD measurements and in training courses for
electrical engineers.

An example of the use of this test platform for the characterization of PD-measuring
systems will be presented by the authors in a forthcoming publication.

5. Patents

The developments associated with the test platform presented in this research article
are protected by patent application no. 202331099 and reference no. P-102092, filed with
the Spanish Patent and Trademark Office.
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Appendix A. Determination of the Distributed Parameters of the 66 kV Cable, RG 174
Cable, 66 kV GIS, and Test Platform GIS for Modeling

In the study of transmission lines [35,36], there are different ways to model cables
and GIS; for example, by applying the finite difference time domain theory [37] or the
distributed parameters theory [38,39]. In this study, to model a cable of 66 kV, the RG
174 cable, a 66 kV GIS, and a test platform GIS, the latter theory was adopted. Following
this method, these elements were studied by considering infinitesimal segments (see
Figures 8 and 10).

The distributed parameters of these elements can be determined from their physical
structure [26,38,40]. Thus, the distributed resistance (R;), inductance (L;) and conductance
(Gy) can be calculated using Equations (A1) and (A2) [26] and Equation (A3) [38,40], respec-
tively. The distributed capacitance of the 66 kV cable (C;) is calculated using Equation (A4),
with the following capacitances of the cable layers being added from the active to the
screen: internal semiconductor layer (A5), insulation (A6) and external semiconductor layer



Sensors 2024, 24, 1363

22 of 25

(A7) [26,38,40]. For the RG 174 cable and both GISs, only the insulation capacitance (A6) is
considered since in these elements, there are no semiconductor layers. In these equations,
the following parameters are taken into account: the vacuum permeability (y), the active
conductor permeability (p,ct), its conductivity (ogt), its radius (r7), the shield radius (r7),
the insulation conductivity (¢;,s), the inner semiconductor layer’s diameter (ds1), the outer
semiconductor layer’s diameter (ds.), the vacuum dielectric constant (¢g) and the dielectric
constants of the main insulation (g;,5(f)), the inner semiconductor layer (¢51(f)), and the
outer semiconductor layer (g5 (f), which are frequency-dependent.

B 2. ﬂ'f‘VO'Vact . l l
Ra= V 204t (7’1 + ”2) (A1)

Mo Hact 9]
L;y=—""—:In|-—= A2
o= tytetn(2) (A2)
B 27T Oy
Gd B In (71+dscl+dins+dsc2) (A3)
5]
_ 1
Ca= = RS R (Ad)
Cdscl Cdins Cdch
2-7T-€¢-€
Case1 = Oiwl(f) (A5)
l?’l( 1 z scl)
_ 2-meg-gins(f)
Cains = | Trivdoy v (A6)
rl+dscl
2-1t-e9-€sc2(f) (A7)

C =
dsc2 l?’l & +dsc] +dins+d562
r1+dse1 +Hdins

Table A1 shows the values calculated for the distributed parameters of the four elements.

Table Al. Parameters and values calculated with the estimation of the distributed parameters.

R4 Ly Gy Ca

(1Q)/m) (uH/m) (pS/m) (pF/m)
Test platform (Cable RG 174) 127.82 0.25 0.1 101
Real installation (Cable 66 kV) 1.133 0.16 2.77 211
Tet platform GIS - 0.39 - 45
66 kV GIS - 0.20 - 67

Using the values of the distributed parameters calculated for a cable of 66 kV, a section
of 10 m was modeled with PSPICE software (version 9.1). To check that the values used
in the model were correct, a frequency sweep was performed in the modeled cable and
in a real 66 kV cable section of the same length. The results are shown in Figure A1. The
convergence obtained indicates that the values calculated for the model are correct.

Likewise, using the values of the distributed parameters calculated for the RG 174
cable, a cable section of 100 m was modeled with the same software. To verify that the
values used in the model were correct, a frequency sweep was performed on the simulated
cable and on a real RG 174 cable of the same length. The results are shown in Figure A2.
The convergence obtained indicates that the values calculated for the model are correct.
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Figure A1. Frequency response of the modeled and real 66 kV cable sections.

35

—— Experimental measurement
——Pspice model

30}

Attenuation (dB/100m)
- [} I
o 5] G

=

w

10° 10° 107 10°
Frequency (Hz)

Figure A2. Frequency response of the modeled and real RG 174 cable section.

In the cases of both GISs, for the simulation carried out in Section 2.5.2, only their
characteristic impedances were of interest. These impedances were calculated using
Equation (12) for the distributed parameters L; and C; shown in Table Al. The result-
ing characteristic impedance for the 66 kV GIS matched with the value estimated by the
GIS manufacturers.
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