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Fiber optic technology for pressure measurements in high
voltage switchgear

Streszczenie. W artykule przedstawiono przeglad tradycyjnych oraz $wiattowodowych metod dedykowanych do pomiaru ci$nienia w kontekScie
prowadzonych prac badawczych, dotyczgcych opracowania Swiatfowodowego czujnika przeznaczonego do pomiaru wartosci cisnienia
w prézniowych komorach gaszeniowych stosowanych w nowoczesnej aparaturze tgczeniowej, umozliwiajgcego prowadzenie monitoringu w czasie
rzeczywistym.

Abstract. The paper presents a review of traditional and fiber optic methods dedicated to pressure measurement in the context of ongoing research
work on the development of a fiber optic sensor designed to measure pressure values in vacuum extinguishing chambers used in modern

switchgear, allowing real-time monitoring. (Technika Swiatfowodowa do pomiaru ci$nienia w wysokonapieciowej aparaturze fgczeniowej).

Stowa kluczowe: diagnostyka prézni, wytrzymatos¢ dielektryczna, technika Swiattowodowa, $wiattowodowe czujniki ci$nienia.
Keywords: vacuum diagnostics, dielectric strength, fiber optics technology, fiber optic pressure sensors.

Introduction

The popularity of the Smart Grid concept [1], monitoring
of as many network parameters as possible as well as
increasingly restrictive environmental regulations [2] and the
growing importance of closed-circuit equipment force
distribution system operators to use a new efficient and,
above all, ecological insulating medium with parameters at
least equivalent to those of sulphur hexafluoride [3-4], i.e.,
vacuum. A gas with very good insulating properties, which
is also inert for the environment which is an important
advantage. Currently, however, there is no solution for
measuring the pressure value in vacuum extinguishing
chambers used in high-voltage switchgear.

From a safety point of view, pressure measurement is
extremely important because a vacuum can only retain
good insulating properties once a certain pressure value
has been reached, which leads to the problem of controlling
the pressure state in vacuum equipment [5].

Acceptance tests to which manufacturers of vacuum
chambers are obliged [6], as well as periodic inspections of
the technical condition of vacuum devices, despite their low
susceptibility to leakage [7], can be insufficient, as they do
not provide information on whether, and if so when, the
tested chambers will leak and lose their insulating
properties.

This is a particularly dangerous situation for the health
and lives of people carrying out maintenance work on
electricity networks and equipment in which vacuum
insulated equipment is used.

Dielectric strength of vacuum

The overriding aspect affecting the dielectric strength of
vacuum devices is the pressure prevailing in the apparatus.
Research has shown that for pressures lower than 102 Pa
[8-9], the dielectric strength of vacuum apparatus is high
and stable, which means that its changes are negligible and
depend only on the inter-tap distance. The biggest problem
in the use of vacuum becomes apparent when the pressure
in the apparatus rises above 1 Pa. This is when the strength
of the vacuum drops dramatically [5] as shown in Figure 1..
This is when the vacuum strength drops dramatically. It is
therefore important to check the pressure of the apparatus
on a regular basis, preferably on-line, in order to reduce the
risk of leaving unsealed apparatus with inadequate
insulation parameters in service.

The main problem with gas-insulated apparatus is that it
is not possible to visually check for leakage, as this requires

the use of appropriate measuring
specialized equipment.

techniques and
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Fig.1. Dielectric strength of vacuum as a function of pressure value
and interstitial distance. [5]

Therefore, pressure measurement in the vacuum

apparatus remains extremely important.

Measurement of pressure in vacuum apparatus

To meet safety aspects, many methods have been
developed to measure pressure in vacuum equipment.
Pressure diagnosis methods have been the subject of
research by many scientists for a long time [9].

The key aspect of measuring the pressure in the
apparatus is to determine the unsealing of the device, i.e.
the increase in pressure above 10° Pa, which causes the
loss of insulating properties of the extinguishing chamber.
As can be seen from Table 1, there are methods which
make it possible to determine the pressure prevailing in a
vacuum apparatus, but their use requires either specialized
equipment or disassembly of the chamber and testing in a
laboratory, which results in many unfavorable
circumstances, e.g. an increase in reliability coefficients or
the need to incur considerable financial outlays, necessary
for purchase of appropriate measuring equipment.
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Table 1. Summary of traditional vacuum chamber diagnostic methods [9].

Method Detection range [Pa] Pressure display Accuracy Applicabilty in
operation

Pening 10°-107 + + -
Magnetronowa 10°-107 + + -
Ignition voltages 50 Hz >1 + +/- +/-

DC ignition voltages >1 + + +
AC Coupling Capacities >107? - +- +/-
Emission currents >10"7 - +/- +/-
Emission currents + HF current 10° -1 + + +
X-ray >10" - +/- +

DC arc voltage 10° - 1 + + +

Vo/VE 10° -1 + + +

Screen potential 10°+ 10" + +- _
Switching off the induction current >0.3 + + +
Measurement of partial discharges >260 + + +/-

The problem of conventional methods is also the low
accuracy of measurements. As a matter of fact, it can be
read from the table that some of the presented methods
enable pressure measurement with satisfactory accuracy,
however, they are connected with the necessity of making
modifications to the operating device. Thus, for the AC
ignition voltage measurement it is necessary to adjust the
inter-tap distance in order to detect the prevailing pressure
[10], and for the high-frequency current surge emission
measurement method [11] it is necessary to induce a high-
frequency direct current discharge, which, in spite of the
possibility of measuring directly in the device, causes the
necessity of shutting down the device for testing, and this,
in turn, influences the increase in the reliability coefficient
values. A recently recognized method is the measurement
of partial discharges [12], however the measurement range
offered by this method is insufficient, and the development
of a system for which the partial discharge will take place
only inside the discharge chamber requires complicated
isolation processes.

Due to the continuing interest in vacuum technology, it is
becoming necessary to develop new innovative methods
that allow real-time measurements to be made without
interfering with the operation of the vacuum device itself.

Researchers have therefore shifted their research
interests towards fiber optic technology.

Fiber optic technology for pressure measurements in
high voltage vacuum apparatus

With their small size, low weight, high level of sensitivity,
resistance to corrosion and, most importantly, resistance to
electromagnetic interference, fiber optic sensors are an
alternative to conventional measurement methods [13-14].
The above advantages have intensified the interest of
researchers, as evidenced by the amount of research
aimed at popularizing and industrializing fiber optic sensors
in various configurations such as the Fabry-Perot (FPI)
sensor [15], Bragg grating sensors [16], polymer grating
Bragg sensor [17] and other fiber optic sensor structures
[18-20].

The multitasking nature of fiber optic sensors also
causes problems. The susceptibility of fiber optics to
temperature is ideally suited to the idea of building a fiber
optic temperature sensor, but in pressure measurements
this poses a major problem. It is therefore necessary to use
appropriate techniques to compensate for the influence of
temperature [14].

The problem of temperature compensation for fiber optic
pressure sensors is the subject of research work. Various

methods have been developed to compensate for the
effects of temperature on sensor operation. Some of them
are based on the use of two optical fibers. The first one is
subjected to the influence of both pressure and
temperature, while the second one is only affected by
temperature, which, based on the difference in wavelength,
allows the influence of temperature on the obtained results
to be determined [21]. An alternative version of temperature
influence compensation is the use of two Bragg gratings,
but connected together in a structure [22], which, when the
same temperature acts on each of the gratings, causes the
same deformation for both gratings, but with opposite
values, which allows compensation of the temperature
influence during measurements.

An  additional complication = when  conducting
measurements with replaceable fiber optic sensors is the
measurement system itself. When using optical elements,
an optical spectrum analyzer, which is an excellent
measuring device for laboratory use, is necessary for
reading the results. The situation looks much worse when
making measurements in real power plants. The optical
spectrum analyzer is not very compact, which makes it
practically impossible to carry out measurements in the
field. In addition, it should be noted that the purchase of an
analyzer is associated with a significant financial outlay that
must be borne.

Research methodology

Despite the existence of many pressure measurement
methods as well as fiber optic sensor configurations, to the
authors' knowledge, there is no known solution to control
the pressure level in vacuum apparatus in real time. This
poses the technological challenge of developing a system
to monitor pressure values in vacuum quench chambers
used in high voltage switching apparatus.

A key solution used in the innovative on-line pressure
monitoring system are elastic bellows, which act as an
element transferring mechanical stress caused by the
vacuum present in the chamber. The innovation in the use
of this type of material lies in the measurement of low
pressure, as opposed to traditional applications where
overpressures of the order of MPa are measured.

The technological challenge is the non-linearity of the
bellows operation with respect to the applied pressure and
its installation method in the experimental setup.

Bellows made of bronze and metal, stainless steel and
nickel and copper will be used in the test work. Testing of
bellows made from different materials is aimed at finding
the bellows with the highest deformation due to pressure
loading in order to maximize the measurement range. An
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example of a bellows used in this study is shown in Figure
2. The most important parameters of this bellows are an
elasticity of 8.3 N/mm, a maximum deflection of at least 4.5
mm and a maximum operating pressure of 10° Pa.

Fig. 2. The elastic bellows used in the study.

Specialized testing at pressures in the range of typical
vacuum chamber operation, i.e., from 102 Pa to 1072 Pa,
would not be possible without a set of vacuum pumps, as
shown in Figure 3, capable of reaching pressures of 10
Pa. In order to reach the pressure required for the tests, a
rotary pump is activated as a pre-pump. After it reaches a
pressure of 6*10° Pa, the second pump, a turbomolecular
pump, is activated, enabling the pressure of 10™ Pa to be
reached, a value which is completely sufficient in the
context of the research being carried out, the main objective
of which is to develop a method for detecting, above all,
unsealing of the vacuum system, i.e., a rise in pressure
above 10° Pa.

Fig. 3. Vacuum pump set used in the study

The principle of operation of the system under
development is as follows: under the influence of the
applied pressure, the bellows is deformed, which, in
combination with an optical Bragg grating, makes it possible
to measure this deformation, which is correlated with the
pressure prevailing in the system. For the purposes of
laboratory work, an optical spectrum analyzer, shown in
Figure 4, is used to detect bellows deformation, and thus
the shift in the optical Bragg grating spectrum. It is
characterized by a high dynamic range of measurements
exceeding 55 dB, with an attenuation coefficient of over 70
dB. The spectral range offered by the equipment in use is
between 600 nm and 1620 nm. Within the framework of
conducted research works, it is planned to develop an
optoelectronic crosstalk system, which will be a faster,
easier to operate and more economically advantageous
alternative for measurements performed with an analyzer

Pressure tests are only part of the research work to
which the measuring system under development is
subjected, as the important issue is the behaviors of the
system in real operating conditions.

YORDGANA & L L —

Fig. 4. Optical spectrum analyzer.

In order to carry out voltage tests of the sensor, a
dismountable vacuum chamber, shown in Figure 5, is used.
After mounting the tested sensor in it, it is possible to verify
empirically the correctness of its operation both in the
normal state and in the fault condition. What is important,
the specialized design of the chamber makes it possible to
change the configuration of the device by mounting
additional components in place of the glass sight glass. The
installation of additional apparatus in the chamber requires
the use of vacuum grommets ensuring the tightness of the
system.

Fig. 5. The demountable vacuum chamber.

Summary

The development of a fiber-optic system for monitoring
pressure values in vacuum quench chambers, enabling
real-time measurement, ideally fits into the idea of a Smart
Grid, as well as being a response to development trends
and the needs of the utility power industry.

The final version of the metering system will be used in
modern switchgear and distribution equipment, as well as in
innovative medium-voltage cable connectors equipped with
vacuum circuit breakers and switches.

The application of the system in question will
significantly improve the reliability coefficients by reducing
the number of interruptions in the supply of electricity to end
customers, both planned, caused, among others, by
periodic inspections of equipment, and unplanned, caused
by equipment failures. In addition, it will have a positive
impact on increasing the safety of maintenance work on
power equipment.
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