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Abstract

The article presents the assumptions, characteristics and description of the implementation of a pilot system
for on-line monitoring of partial discharges in heads of the high-voltage cable lines. The main purpose of
the implementation was to increase the reliability of cable line heads by equipping them with a system of
continuous assessment of technical condition with direct transmission of measurement data and alarms to
the SCADA system. In order to achieve the assumed goal, unconventional methods for measuring partial
discharges were used, the application of which does not require disconnecting the line from the voltage.
The implementation was carried out on an active 110 kV high voltage cable line in the area of activity of
one of the Distribution System Operators.

Keywords: cable lines diagnostics, partial discharges, unconventional methods of partial discharges mea-
surement, UHF electromagnetic method.
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1. Introduction

Growing customer demands for continuity of electricity supply combined with the current
quality regulatory model [1] require distribution companies to continuously develop their elec-
trical grids in order to improve power supply reliability. Despite the significant increase in
investment outlays in the distribution grid in recent years (including the solutions described
by the authors in [2]), the reliability indicators of the power supply in the Polish power grid
still differ significantly from the European average [3]. The Polish power grid is still mainly
an overhead grid, which is why it is particularly vulnerable to damage caused by atmospheric
phenomena. Currently, in order to eliminate the impact of weather conditions on the reliability
of power supply to consumers, the investments of distribution system operators (DSOs) have
been focused on the reconstruction of existing overhead lines into cable lines. The intensifica-
tion of the construction of new cable lines, combined with the need to improve the reliability
of power supply, makes it particularly important to ensure trouble-free operation of both new
and existing cable lines. Ensuring trouble-free operation of the cable line requires the use of
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appropriate methods to assess its technical condition. The main task of the assessment is to
detect potential damage before it occurs. An ideal tool for diagnosing the technical condition
of cable lines is the measurement of partial discharges (PDs) occurring in insulation, whose
increased activity indicates an impending failure. This is particularly important for lines and
devices in operation where, since the acceptance tests, the condition of the insulation may have
deteriorated due to degradation, ageing processes or increased operating temperature. Due to
the disadvantages of currently used methods of diagnostic partial discharges (presented by the
authors in publication [4]), in recent years standards for the detection of partial discharges by
unconventional methods have been developed, as described in the IEC TS 62478:2016 standard
[5]. Unconventional methods of detecting partial discharges allow to determine the level of partial
discharges in the tested object, without the need to disconnect the line from voltage. The described
advantages of unconventional measurement methods caused that steps were taken towards their
implementation in the power grid in the form of continuous on-line monitoring systems for
partial discharges. This article describes the pilot implementation of an innovative on-line diag-
nostics system for partial discharges in high-voltage cable lines in the area of operations of one
of the DSOs.

2. Unconventional partial discharges measurement methods and existing
commercial on-line PD monitoring systems

The phenomenon of partial discharges is associated with all types of high voltage electrical
equipment, such as cable lines, switchgears, transformers, generators and motors. Regardless
of the type of device, the occurring discharges can lead to damage in the insulation system.
There are currently several methods for detecting partial discharges, and their applicability is
directly related to the type of device. The occurring partial discharge is in fact a high frequency
current pulse caused by a breakdown of part of the insulating material. The basic and most
common method for measuring partial discharges is the electrical method, in accordance with
the IEC 60270:2000 standard [6]. This method enables direct measurement of the apparent
charge of occurring current pulses, making it the most accurate method. The main disadvan-
tage of the electrical method is the need to switch off the tested object under voltage during
tests. However, the energy accompanying the current impulses of the partial discharge is emit-
ted to the external environment in various forms [7-11]. Owing to measurements of physical
quantities proportional to the occurrence of partial discharges, there is a possibility of indi-
rect measurement of their level — they are called unconventional methods for measuring partial
discharges. Due to the lack of the need to disconnect the tested object from voltage during
testing, unconventional methods are suitable for use in on-line diagnostic systems of partial
discharges.

The unconventional methods of measuring the partial discharges, can be divided into [12, 13]:

— The electromagnetic method, consisting of measuring the level of electromagnetic radiation
in the VHF and UHF waves, propagating both in galvanic elements connected to the
source of partial discharges (e.g. grounding) and in the medium surrounding the source of
discharges (air or oil);

— The acoustic method, based on the measurement of an acoustic wave in ultrasound field
of, propagating in the medium surrounding the source of partial discharges, the source of
which is the mechanical deformation of the medium during discharge;

— The chemical method, consisting in the analysis of chemical reaction products occurring
in oil under the influence of partial discharges (gas chromatography);
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— The spectrophotometric method, consisting in the analysis of the spectrum of light emitted

during partial discharges, possible only to be used in media with good light transmission;

— The thermal method, consisting of measuring local heat emission at the place of occurrence

of partial discharges.

The unconventional methods of measuring partial discharges presented above have recently
started to be used in on-line monitoring systems for partial discharges dedicated to various
power devices. The most widespread systems, their characteristics and range of applications are
presented below.

Omicron MONCABLO - a cable line monitoring system using the electromagnetic method
and HECT (High Frequency Current Transformer) sensors. The sensors are mounted on the
return conductors of the cable terminations and cross-bonding joints, enabling their continuous
monitoring of partial discharges. The system, apart from the sensors, also consists of a processing
unit and a server with a dedicated application. The applied HFCT sensors are characterized by
a measuring range only up to 40 MHz (analyzer up to 30 MHz), which makes it impossible
to detect higher frequency discharges, which is the main limitation of the system’s capabili-
ties [14].

doblePRIME PD-Guard — a universal partial discharge monitoring system dedicated to
transformers, rotating machines, cable lines and gas-insulated switchgears. For partial discharges
detection, the system uses the electromagnetic method and various types of sensors: omnidirec-
tional and directional antennas, HFCT sensors, capacitive dividers for cable terminations and
valve probes for transformers. The system works in a wide frequency range up to 1000 MHz,
thanks to which it can detect the majority of partial discharges. The diverse and extensive system
infrastructure as well as advanced method of PD frequency analysis in each analyzer result in the
high price of this solution [15].

Prysmian PRY-CAM - a system dedicated to all power devices using the electromagnetic
method and sensors in the form of antennas installed in dedicated casings. Using only antennas
to detect partial discharges results in lower accuracy and precision of measurements. The disad-
vantage of the system is also the small measuring range (up to 50 MHz) [16].

Eaton InsulGard — a system designed for monitoring of medium voltage equipment — gen-
erators, motors, switchgears and transformers. HFCT sensors and capacitive dividers connected
directly to live parts are used to detect partial discharges by the electromagnetic method. The sys-
tem operates in the frequency range up to 20 MHz, which means that the ability to detect all
discharges is definitely limited [17].

Qualitrol PDM - a monitoring system for transformers and switchgears in gas insulation
(GIS) using the electromagnetic method and sensors dedicated to monitored devices (valve
probes, capacitive dividers and antennas). The system operates in a very wide frequency range
up to 2000 MHz, enabling detection of practically all discharges. The disadvantage of the system
is the limitation of its monitoring capabilities only to transformers and GIS switchgears as well
as the large size of the entire system, resulting in the high price of the solution [18, 19].

3. The pilot installation of on-line partial discharges monitoring system

The main purpose of the monitoring installation was to use unconventional partial discharge
detection methods to continuously assess the technical condition of a high voltage cable line.
The key task of the system is to immediately notify the line operator of exceeding the acceptable
level of partial discharges, which indicates an impending failure. The first stage of the research
work preceding the implementation of the complete system was to equip the existing 110 kV high
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voltage power line only with PD sensors using the UHF method for detecting partial discharges
(based on the measurement of electromagnetic radiation in the ultra-high frequency range) [20].
Assumptions, description of the implementation and conclusions from the carried out research
work are presented in [4]. The knowledge acquired during the assembly and testing of the UHF
sensors were used to design, manufacture and install a complete system for online monitoring
of PD level in cable terminations. The previously acquired information was used to optimize
installation of sensors and the initial configuration of the diagnostic system alarms to eliminate
the impact of weather conditions and external interference on its operation.

The 110 kV high voltage cable line covered by the implementation of the complete monitoring
system was made with the 3XXRUHKXS 1x630RMC/95 64/110(123) kV cable ended with dry
cable terminations. The total length of the cable line is about 740 m, on one side of the line
there is a transition to the overhead line, and on the other it is led to the gateway at the HV/MV
substation. Both ends of the line are equipped with surge arresters.

As in the first stage of implementation, Doble LDWS-T sensors were used as partial discharge
sensors (Fig. 1), which are in fact capacitive dividers operating in the UHF band (100 MHz—
1 GHz). The UHF sensors allow the measurement of partial discharges by the unconventional
method in a continuous mode (when supplying the line with 110 kV 50 Hz operating voltage),
without disconnecting it from the voltage (in accordance with IEC TS 62478:2016 standard).
The applied sensors enable direct detection of partial discharges in cable terminations. Through
the propagation of the electromagnetic wave in both the air and the cable’s return wire, the sensors
can simultaneously detect partial discharges in the equipment surrounding the terminations (surge
arresters and close section of the cable).

The sensors were mounted in parallel to the support insulators of the cable terminations on
both sides of the cable line (6 pieces in total), and the measuring waveguides (connected to the
sensors via the TNC socket) were brought to the measuring cabinets. The method of mounting
the UHF sensor on the cable head is shown in Fig. 2.

!‘.

Fig. 1. Partial discharge sensor using the UHF method Fig. 2. Mounting method of a UHF sensor on the
—a Doble LDWS-T. cable head.

NDB PD Annunciator partial discharge analyzers (Fig. 3), operating in accordance with the
IEC TS 62478: 2016 standard, were used to obtain and analyze measurement data in continuous
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mode and to configure the system accordingly. A single analyzer enables connection of up to 3
partial discharge sensors working in the UHF band (the measurement band for the analyzer is
from 10 MHz to 500 MHz) as well as conversion of the measurement signal to digital data and
their transmission via the MODBUS protocol.

Fig. 3. Partial discharges analyzer - NDB PD Annunciator.

The analyzer does not perform frequency analysis of the measuring signal, making it much
more economical than competing solutions. The built-in function of the analyzer is also the
configuration and transmission of alarms on exceeding the level of partial discharges in the
monitored terminations.

The main function of the developed system is continuous monitoring of the level of partial
discharges and transmission of measurement data and alarms directly to the SCADA system to
allow remote assessment of the technical condition of the cable line. As previously mentioned, in
most cases, a complete breakdown of insulation is preceded by the activity of partial discharges,
thanks to which the real-time knowledge of the level of partial discharges allows for the early
detection of potential damage and planning appropriate corrective actions. Depending on the
location of the measurement system (pole or gate at the HV/MV substation), a different set of
accompanying equipment was used, enabling the correct operation of the entire system. Block
diagrams of both measuring stands are shown in Fig. 4 (pole stand) and Fig. 5 (stand in the main
power supply point).

UHF PD Sensor usB USB/Ethernet | Ethernet
Phase L1 Converter
) GPRS
UHF
UHF PD Sensor UHF PD Analyzer MODBUS Communication
Phase L2 Controller
UHF
8 g
3 38
UHF PD Sensor Sl M=
Phase L3
Battery Pack Hybrid Charge Power Supply
24V 24Ah Regulator (PV & wind turbine)

Fig. 4. Block diagram of the measuring stand on the high voltage pole.
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Fig. 5. Block diagram of the measuring stand at the gate of the HV/MV substation.

The partial discharge monitoring station located at the gate of the HV/MV substation is
equipped with:

— Doble LDWS-T partial discharge UHF sensors mounted at the cable terminations of each

phase (3 pcs.);

— an NDB PD Annunciator partial discharge analyzer, collecting, analyzing and sending
measurement data via MODBUS protocol,

— an Elkomtech Ex-BRG3 communication controller, converting data from the analyzer to
DNP3 protocol, understandable for existing telecommunications infrastructure, equipped
with GSM/GPRS modem.

The devices installed in the area of the HV/MV substation were supplied directly from
the existing guaranteed power supply switchgear located in the building of the substation con-
trol room. Transmission of measurement data from the measuring node to the SCADA sys-
tem was carried out via the existing Elkomtech Ex-MST?2 station data concentrator in the
control room, connected to the SCADA system via DSO fiber optic communication. Com-
munication between the partial discharge analyzer and the communication controller is per-
formed with the MODBUS protocol. The controller is connected to the station concentra-
tor by a fiber optic connection. In parallel to the MODBUS protocol, remote access to the
partial discharge analyzer was implemented using a USB/Ethernet converter, also connected
to the Ex-BRG3 communication controller. The parallel engineering link allows to remotely
change the device configuration using the manufacturer’s dedicated application and provides
access to archival measurement data stored directly on the device without blocking the measure-
ment link.

The measuring station located on the high voltage pole was additionally equipped with:

— apower supply set consisting of 2 photovoltaic panels with a rated power of 50 W each and

a wind turbine with a rated power of 300 W;

— ahybrid charging regulator stabilizing voltage at 24 V DC and managing the operation of
the power supply system;

— a24 V 24 Ahaccumulator battery to maintain equipment operation in the absence of power.

The use of an autonomous power supply system was necessary due to the lack of an external
power source on the high voltage pole. Similarly to the station at the substation, communication
between the partial discharge analyzer and the communication controller is performed with the
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MODBUS protocol. As in the case of the station at the substation, parallel to the MODBUS
protocol, remote access to the partial discharge analyzer was implemented using a USB/Ethernet
converter. Transmission of measurement data from the controller to the SCADA system was
carried out using GPRS communication, via the Ex-BRG3 twin controller located in the test
stand at the substation (point-to-point transmission), which is connected to the SCADA system
via the Ex-MST?2 station data concentrator.

Fig. 6 shows the UHF signal waveforms as a function of time from sensors located on all the
three phases of the monitored cable line (pole stand). The pink colour was used for phase L1, grey
for phase L2 and blue for phase L3. As can be seen, UHF signal levels are stable, approximately
equal in all the monitored heads and they do not exceed the level of alarms set to 30 dB. This
means that in any of the terminations, partial discharges currently do not develop. The measuring
stand at the other end of the line is also characterized by very similar UHF signal levels, which
proves good technical condition of the entire tested cable line. Due to the presence in the air of
electromagnetic waves of various origins (such as radio waves, television or mobile telephony),
these signals are also captured by UHF sensors, which causes the measurement background and
external interference during the measurement, which is manifested by the presence of an external
constant component in the waveforms partial discharge signal, even in the absence of partial
discharges.

40

30
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%
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0 150 300
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Fig. 6. Time courses of partial discharges activity — HV pole stand.

4. Conclusions

The on-line partial discharge monitoring system presented in the article consists of devices
from various manufacturers that have not yet been used in one measurement system. Among
others, the authors applied partial discharge sensors by Doble, a partial discharge analyzer by
NDB and a communication controller by Elkomtech. The concept of an innovative measurement
system was developed, and then the selection and integration of individual devices was made, their
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cooperation within the integrated measurement system was verified, including the configuration of
devices in terms of data transmission protocols and determination of threshold values of recorded
signals for individual types of alarms. The power supply and control module for the pole stand
has been developed, designed and manufactured from scratch, including a power supply system
based on renewable energy sources (a hybrid system consisting of photovoltaic panels and a wind
turbine) and a signaling system in accordance with the requirements of the Distribution System
Operator. Preparation of the concept and a proposal for visualization of the system operation
in the SCADA system, which, after being approved by the DSO, has been implemented and
currently allows the dispatching services to assess the technical condition of the analyzed cable
line. The solution presented in this article was the first implementation of the discussed system
in such a configuration and, in general, the first in Poland system of on-line monitoring of partial
discharges installed in cable lines.

The developed solution is in line with current trends in the development of diagnostic methods
and systems for monitoring the technical condition of power networks and is a response to the
needs of the power industry, which is confirmed by its implementation by one of the distribution
system operators.

The advantages of the system and features confirming its innovation include:

— satisfying the need to improve the reliability of power supply to electricity consumers
requires the use of fast and unreliable methods to assess the technical condition of power
lines;

— being an ideal tool for diagnosing the technical condition of cable lines is the measure-
ment of partial discharges occurring in insulation, whose increased activity indicates an
impending failure;

— use of unconventional methods of measuring partial discharges allows continuous moni-
toring of the technical condition of cable lines without the need to switch off the line from
voltage;

— the developed complete on-line monitoring system which enables detection of potential
damage before it occurs and immediately notifies the line operator of an impending failure;

— the developed monitoring system enables, thanks to full integration with SCADA, com-
pletely maintenance-free diagnostics of the technical condition of power equipment in
continuous operation;

— advanced alarm configuration methods allow separation from external interference and
eliminate the impact of weather conditions on external signaling;

— the cable line covered by the implementation did not show an increased level of partial
discharges, which indicates its correct performance and the lack of developing damage.

— the use of capacitive dividers in the measuring system with a wide frequency range makes
it possible to detect the majority of partial discharges in monitored cable heads;

— the architecture simplified compared to the extensive monitoring systems and the departure
from the frequency analysis of partial discharges in each analyzer results in lowering the
costs of the developed solution, while maintaining full functionality as a system signaling
exceeding the allowable level of partial discharges.

The above-mentioned advantages of the developed metering system give the opportunity to
improve the quality standards of electricity distribution, by limiting the number and duration of
interruptions in energy supply to the final consumer, thus ensuring high chances for extensive
system implementation in the high-voltage distribution network.
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