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Abstract. This article examines various techniques used to detect moisture in the SFs gas of high-voltage circuit breakers
and evaluates their operational effectiveness. The pros and cons of each detection technology are compared, with particular
emphasis on their capability for real-time monitoring. According to the analysis findings, a hybrid system, which combines
two already available forms of measurements, is presented to improve the accuracy and reliability. The results indicate that
the enhanced moisture sensing method can extend the service life of high-voltage circuit breakers, increase maintenance
efficiency, as well as reduce the frequency of failures within power systems.

INTRODUCTION

Modern power systems are characterized by the large use of high-voltage SFs circuit breakers with high dielectric
strength and good arc-quenching performance. The quality of such equipment, however, depends significantly on the
quality of SFe gas especially on its moisture level. A rise in moisture causes a substantial decrease in dielectric strength
of the gas, hastens the ionization, and causes the instability of an electric arc inside the breaker, which can be a cause
of partial discharges. Consequently, the risk of the circuit breaker failure rises and unexpected failures may occur in
power networks [1-2]. There are different causes of moisture entering the SFs gas compartment which include
installation errors, leakages in the systemduring the maintenance process, degradation of internal insulation materials
and corrosion processes. Thus, moisture in SF¢ gas needs to be detected and continuous monitoring is the key to the
high-voltage equipments safety and reliability in the long run. Within recent years, a range of technologies have been
created to detect moisture in SFs gas, but the analytical research that comprehensively evaluates their benefits and
drawbacks still is not made [3-5].

Though, many research papers are devoted to the study of single technologies, capacitive sensors, optical methods,
dew-point measurement techniques, and electrochemical sensors, the comparative analysis of their accuracy,
sensitivity, stability, and appropriateness to online monitoring has not been fully provided. The most important aim of
the proposed research is to examine the most popular moisture detection techniques of SFs gas, evaluate operational
efficiency and give scientifically-based comparison. Besides, the article suggests a hybrid approach, which
incorporates two of the most effective existing technologies now, the purpose of which is to improve the overall
performance of measurements and reach high detection efficiency [6].

The impact of moisture in SF¢ gas.

The outstanding dielectric strength of sulfur hexafluoride (SF¢) gas is one of the greatest strengths of this substance.
Nevertheless, this property can be greatly impaired by the presence of moisture in the gas. The ionization of water
vapor in SFe by an electric field lowers the insulation capacity of the equipment significantly. The negative influence
of moisture in SF¢ occurs in a variety of forms. As an example, the electric field can cause the moisture to condense
or freeze. When the temperature is low, water vapor may change into microdroplets or ice crystals forming an
asymmetric electric field between the electrodes and this leads to further enhancement of the possibilities of partial
discharges. With time, there will be partial discharge which can cause the breakdown of insulation, erosion and
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corrosion of the contact elements. These processes get accelerated, which heightens the chances of failure of high-
voltage equipment. Besides having direct effect in reducing the dielectric properties of the gas, the existence of
moisture also has adverse effects on heat transfer processes. Consequently, the interior temperature of the device can
increase, thus overheating contact or leading to rapid wear. As a result, one of the most important predictors of the
reliability of the insulation is constant monitoring of moisture content in SFs gas. To have SFg circuit breakers
operating optimally, the moisture content should usually be associated with a dew point that is below -40 °C. Such
stringent conditions are due to the fact that moisture at small percentage rates of parts per million (ppm) of SF¢ is a
deadly risk when applied to high voltage conditions. The considerations above emphasize the need to measure the
moisture and monitor it in SFe-insulated circuit breakers. The inability to find moisture in time may decrease the safety
of the whole power network, raise the number of unplanned disruptions, and raise the cost of maintenance. Thus, the
adoption of real-time monitoring systems based on the latest diagnostic technologies is regarded as one of the crucial
demands associated with providing the power systems with the safety [7-12].

DATA ANALYSIS

Moisture Detection Technologies. Dew-Point Measurement. It is the temperature at which the condensation of
water vapor in a gas starts. In contemporary hygrometers, the determining factor of the presence or absence of moisture
within SFe gas is the dew-point temperature. The greatest advantages of this method includes the fact that it can
measure extremely low moisture levels to a high degree of measurement. Nevertheless, dew-point measurements can
be related to the temperature and pressure of the gas, and extra data processing and correction are necessary in actual

working conditions [13-15].
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here: e;(T,) — the partial pressure of water vapor (in millibars) at the dew point
T,- measurement of the dew-point temperature (°C)
6.112 — 273K the initial value of the pressure
17.62 — the empirical coefficient of water vapor as a function of temperature
243.12 — the parameter used to fit the saturated water vapor curve
SF¢ — moisture concentration in the gas, hbm:

ppmv=M 10° (2)
Psre
ppmv — one part per million by volume
Psre — the total pressure of the gas (hPa)
If the mass fraction is required:
ppmm=ppmy>= "2 3)
Msre

ppmm - one part per million by mass

My, o — molar mass of water

Mgge — molar mass of SFs gas [16].

Dielectric capacitance technique. Dielectric characteristics of the SF¢ gas are also moisture sensitive, and the
presence of water molecules in the gas will result in alterations of the dielectric capacitance. The amount of moisture
is measured by the assistance of dielectric capacitance sensors. The benefit of this type of work is that it can be paired
with online surveillance, and one can work on it in real time. The drawback is that the measurement may be influenced

by a temperature and pressure state. The capacitance between two electrodes is calculated in the following way [17,18].

s
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here: C-capacitance (Farad), £, — 8,85 - 10™12F/m - dielectric permittivity constant of vacuum, &, - relative dielectric
permittivity of SFs gas, S - electrode surface area (m2), 1 - distance between dielectrics (m) [19-21].
When water vapor enters SFg, its relative dielectric constant (&,-) has the following dependence:

& = £dry + kCHZO (5)

here: €., — dielectric constant of dry SFs gas, k - experimental constant empirical coefficient



Ch,o — concentration of water vapor in the gas (millibars).

Optical method. The optical sensors are based on the principles of infrared radiation or a laser and measure the
water molecules in a gas with the help of spectral analysis. The technique offers quick and very accurate
measurements, and it is also non-contact, i.e. the gas flow does not stop. Nonetheless, optical techniques are

complicated instruments that are expensive.

_gCHy0L
Izloea 2

(6)
here: I, — initial light intensity, I - light intensity reaching the detector, A - absorption coefficient (m?/mol), C, Hy0 ~
concentration of water vapor in the gas (millibar), L - optical path length (m).

The greater the amount of light consumed, the more the amount of moisture the gas contains. The greater the
amount of light consumed, the more the amount of moisture the gas contains.

Operating principle:

1. A laser or an infrared LED source emits light at a specific wavelength (usually 1.37 pm or 2.7 pm).

2. The gas SF¢ is where light is passed through.

3. To some degree, this light is absorbed by the water vapor.

4. The detector is an indicator of the intensity of light reduction.

5. The microprocessor is used to compute Cy,paccording to the law of Lambert-Beer.

Sensory (electronic) methods. The moisture level in the gas is measured by sensor measuring devices based on
electrochemical or electric sensors. The benefit of this approach is that the sensors are miniature, cheap and can be
incorporated into the system without much difficulty. Nevertheless, to work in the long-term, sensors have to be
calibrated and undergo frequent maintenance to ensure high accuracy.

TABLE 1. Technical specifications of humidity measurement technologies in SF¢ gas

Moisture-Measurement Operating Humidity Accuracy | Response Sensitivity Suitability for
Methods temperature measurement level (%) | time (temperature- | online
range (°C) range (ppm) dependent) monitoring
Dew-Point Measurement -80...+20 1-3000 +1 % 5-15s Moderate Yes
Dielectric-capacitance -40...+85 10 -2000 +3 % 1-3s High Yes
Optical method -20...+60 50 -3000 +2 % 3-10s Moderate Yes (limited)
- N — S —

Sensory (electronic) 20...+80 100 —2000 +2.5% 2-5s Low Limited
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FIGURE 1. Analysis of operating temperature, humidity measurement interval, and response time for humidity
measurement technologies



PROPOSED HYBRID SYSTEM

In the foregoing section, different ways of measuring the moisture content in high-voltage exhaust gases were
discussed. Considering the pros and cons of these already existing methods, we suggest a hybrid solution of optical-
capacitive sensors. Such an integrated approach is a combination of high level of sensitivity and accuracy of capacitive
sensors on the one hand and the possibility of fast response and long-term monitoring of optical elements on the other
hand. Consequently, the humidity will be able to be monitored in the switch in real time and precisely [27-56]. The
conceptual nature of the hybrid functioning is to guarantee that measurements are compatible on the basis of two
independent physical laws. In case the dielectric measuring device is erroneous because it is sensitive to temperature
variations then the optical module identifies the error and rescues the result with the error elimination factor. A real-
time automatic adaptation algorithm is implemented in the hybrid system, and the measurements of elements are
analyzed by optimizing the measurement parameters. Consequently, the device retains the stability and the accuracy
of the measurement results over a long period. The digital form of the signal of the modules of the measuring element
is constantly processed using a microcontroller in this complicated system of measurements. This enables you to check
the status of the SFs circuit breaker insulation online.(Figure 2)
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FIGURE 2. Functional diagram of the dielectric-optic hybrid humidity monitoring system.

1. The SF¢ gas is the SFs (hydrofluoric sulfur) gas, meaning the object of measurement of the system. Such gas is
very popular in high-voltage circuit breakers as a dielectric medium. Its water content has a direct influence on the
electrical strength and reliability of operation of the gas. So, accurate moisture regulation in the SF¢ medium is a
significant technical strictness.

2. One of the factors which are the most significant in a hybrid system is temperature which impacts both
measurement channels. As this temperature change in the gas with the temperature measuring unit modifies the
dielectric constant and the optical attenuation coefficient, the system has a temperature measurement function. The
denser the gas the higher the temperature and vice versa, and this lowers the dielectric constant. Thus, the entire
relationship:

e = f(T) (7
& = gro(1+ (T —Tp)) 3

here: &, - dielectric permittivity, T - temperature, o a - temperature coefficient. (7) and (8) the formula for the
temperature dependence of the capacitance has the form:

C(T) = go2ro(1 + (T = T)) 3 ©)



Consequently, the change in value of dielectric permittivity as a function of temperature change has a direct impact
on the capacitance value. Hence the variations in temperature within the SFs circuit breaker can be established by
variations in capacitance between the differential capacitance. The dielectric measuring element is a storing of energy.

W = ~C(T)U? (10)

As the temperature rises, &, reduces and as the C(T) bond reduces and the energy of charge retention decreases.
Thus, the dielectric component of the hybrid system is a temperature sensitive, but fast channel. The optical channel
on the other hand, is a slow and highly temperature compensated channel [22-25]. Another important element of this
relationship is in a hybrid measurement system as the dielectric capacitance measuring element is sensitive to a change
in temperature and along with the optical measuring element, enhances accuracy of measurement results. Temperature
resistance of the system is dependent on the physical characteristics of SFs gas and stability of the material of
measurement element. Practical experiments SFs gas normally has an operating temperature of between -40 to +80
OC. At temperatures lower than -40 °C, the gas density becomes large and the change in dielectric is nonlinear; At
higher temperatures, above +80 °C, the gas pressure is increasing, and the linearity of optical absorption is broken.
Hence, the heat-resistant dielectric materials shield the module of the measuring element.

3. A dielectric capacitive measurement unit. A dielectric measure producing element that identifies the moisture
content of gas SF¢ based on the change in capacitance. As the water vapor concentration of the gas rises, its dielectric
constant varies hence it varies the value of capacitance between the electrodes. It is a change in form of electrical
signal and it is utilized as one of the primary indicators of humidity.

4. Unit of optical measuring. Optical measuring element, which measures humidity, depending on the light
attenuation, absorption, or refraction coefficients. The optical radiation is altered by the water vapor in SFe gas and is
measured by the measuring element. The benefit of the optical method is that, it is not directly acting on the gas
environment but rather it is not prone to the influence of external electromagnetic interference.

5. Signal processing unit. Signals of dielectric, optical and temperature measuring elements are processed through
a digital device in this unit where these signals are digitized, filtered and compensated. The measurement results are
then merged depending on a hybrid algorithm to achieve one moisture value. At this point the system comparing the
two methods measurements is chosen and the best one is selected.

6. Data Processing and Collection Unit. This unit stores, analyses, and transmits data of measurement that is
processed. The system interacts with external devices in case of need. This, in its turn, makes it possible to monitor
remotely.

7. Result display block. This block works as a user interface, where the display of the measurement results is seen
in a digital form. The display or digital port indicates the humidity, temperature and the system status in general. This
block enhances the convenience of operation of the system [26].

The dielectric measurement unit in the proposed hybrid system is founded on the variation in the capacitance of
SF¢ gas and calculates the functional dependence of its dielectric constant (&,) and the percentage of moisture.
Meanwhile, the optical measuring module is another independent parameter which records the alterations in the extent
of light absorption and refractive index. By working parallel with both modules, the measurement results are verified
with each other and the final value is obtained with high accuracy.

The advantages of the hybrid method are:

1. High accuracy: Capacitive sensors are sensitive to any slight change in moisture, and can be used to determine
accuracy even during long term measurements.

2. Quick answer: It is possible to detect sudden changes of moisture in real-time using optical components.

3. Stable operating mode: The hybrid system provides stability during operation at different temperature, pressure
and electric field conditions, which is needed in high-voltage SFs circuit breakers.

4. Long-term monitoring: With the help of the hybrid approach, long-term monitoring of moisture in the circuit
breaker can be performed, which is capable of predicting maintenance and malfunctions.

5. Practical convenience of use: It is possible to transfer the measurement outcomes to a digital system, which
leads to the effective implementation of automated diagnostic and preventive measures.

6. Maximum efficiency: Capacitive and optical sensors create the best combination in terms of high sensitivity and
quick reaction as opposed to conventional techniques and hence reliability is enhanced in GIS systems.



CONCLUSION

To sum up, it may be stated that the evaluation of the techniques of the moisture content high-voltage electrolytic
gas circuit breakers measurement was taken into account. The dew point technique is used in this instance to calculate
the content of the moisture in the SF¢ gas on the basis of few physical parameters - temperature and pressure and the
obtained results are associated with high precision. But, as the primary drawback of such a technique is that it is very
sensitive to temperature variations, there should be algorithms to its use in continuous monitoring systems. The change
in capacitance under the dielectric capacitance method is gauged by sensors according to the change in the humidity
that offers continuous and immediate check-ups. The benefit of this approach is that it is small and consumes less
energy. In measuring the degree of moisture using the optical method, it has high accuracy using the degree of light
absorption or refractive index. Nevertheless, optical components are very fine and expensive, but therefore this method
is mostly employed in a laboratory setup. Sensor (electronic) modules are sensor modules which measure humidity,
temperature and pressure simultaneously and send it as a digital signal. It is a low cost, small size method that needs
thermal insulation; in order to guarantee long operating life in high voltage gas operating conditions. As per the
analysis findings, the dielectric capacitance and optical process is the most effective. Under this type of hybrid system,
dielectric capacitance method offers a simple accuracy in determining the level of humidity, as the capacitance value
concretly increases with increment in humidity. In the optical sensor method, it is possible to monitor in real time.
Therefore, the system constructed on the principles of these two approaches is a good solution that will allow constant
control of humidity in high-voltage electrolytic gas extinguishers and enhance reliability and minimize the chances of
accidents.
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