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Abstract

:

The motivation to improve components in electric power equipment brings new proposals from world-renowned scientists to strengthen them in operation. An essential part of every electric power equipment is its insulation system, which must have the best possible parameters. The current problem with mineral oil replacement is investigating and testing other alternative electrical insulating liquids. In this paper, we present a comparison of mineral and hydrocarbon oil (liquefied gas) in terms of conductivity and relaxation mechanisms in the complex plane of the Cole-Cole diagram and dielectric losses. We perform the comparison using the method of dielectric relaxation spectroscopy in the frequency domain at different intensities of the time-varying electric field 0.5 kV/m, 5 kV/m, and 50 kV/m. With the increasing intensity of the time-varying electric field, there is a better approximation of the Debye behavior in all captured polarization processes of the investigated oils. By comparing the distribution of relaxation times, mineral oil shows closer characteristics to Debye relaxation. From the point of view of dielectric losses at the main frequency, hydrocarbon oil achieves better dielectric properties at all applied intensities of the time-varying electric field, which is very important for practical use.
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1. Introduction


The problems of the constant increase of electricity consumption and its supply to the end customer in the required quality and with high reliability correspond to the state of electrical equipment that participates in the whole process. The fundamental component in this system is the insulation of electrical equipment, which is required to operate as efficiently as possible [1,2,3,4,5]. The condition of the insulation system is an essential indicator of the operational reliability of power transformers and other high voltage equipment in the power system. The transformer is included as one of the main components in the transmission and distribution network, and its service life depends on the condition of the insulation system. Said system continuously withstands thermal, chemical, and electrical stresses during its operation. Insulation and cooling effects are the basic properties of fluids used in transformers [6,7,8,9,10,11,12,13].



The development of materials is advancing, which also applies to liquid insulating materials. Mineral oil produced based on non-renewable petroleum products has long been used in power transformers due to its low cost and relatively high rate of heat dissipation. Therefore, based on its biodegradability, global researchers are focusing on alternative, electrical insulating liquids [10,14,15,16]. In researching new materials, it is possible to draw on the knowledge currently acquired during the research or by monitoring the materials after commissioning [6]. In recent years, it is possible to register the development of hydrocarbon transformer oil, produced based on GTL (Gas to Liquid) technology, which is obtained by converting natural gas into liquid waxy hydrocarbons using the Fischer-Tropsch process. These hydrocarbons are finally transformed using a unique technology that includes new catalysts and subsequently distilled into a wide range of products, including electrical insulating oils and other raw materials for the chemical industry. The difference is that the products do not contain inorganic substances such as sulfur, but only pure hydrocarbons, ensuring sufficient paraffin saturation. The absence of sulfur and the negligible amount of aromatic and unsaturated hydrocarbons, significantly present in conventional mineral oils, provide GTL with excellent properties compared to the mineral oils used in operation [17,18,19].




2. Motivation of the Experiment


The publication [20] contains, among other things, a comparison of mineral oil and hydrocarbon oil (liquefied gas) in terms of dielectric losses at different intensities of time-varying electric field (100 kV/m –900 kV/m) at a mains frequency of 50 Hz. Through comparing dielectric losses, it was found that hydrocarbon oil has better insulating properties than conventional mineral oil at all applied electric field intensities. However, the contribution does not include the dielectric behavior of the compared oils in the frequency spectrum but only at the frequency of the network. The reason is that the authors focused their research on the response of the investigated samples only when applying relatively high intensities of the electric field with an industrial frequency. Dielectric behavior in a specific frequency spectrum characterizes the method of dielectric relaxation spectroscopy, which includes measurements of dielectric parameters when applying lower electric field intensities, as mentioned above in [20]. Therefore, our paper will deal with comparing mineral and hydrocarbon oil at lower electric field intensities (E ≤ 50 kV/m), the method of dielectric relaxation spectroscopy in the frequency domain to describe the dielectric in more detail phenomena occurring in the material.



The paper [21] presents frequency-dependent dielectric relaxation spectroscopy of a weakly polar ferrofluid based on mineral oil Mogul TRAFO CZ-A with a nanoparticle concentration of 6.6% at a time-varying electric field intensity of 20 kV/m. Spectroscopic measurements of complex permittivity showed that the investigated sample showed a polarization process close to Debye relaxation in the measured frequency spectrum of 20 Hz–100 kHz. Said process is shown in Figure 1.



Therefore, another goal of our paper is to examine only the carrier medium (i.e., mineral oil Mogul TRAFO CZ-A), supplemented with a comparison with the hydrocarbon oil Shell DIALA S4 ZX-1, produced based on GTL technology. Compared to the contribution [21], we introduce a different experimental study, where dielectric measurements and analyses were conducted at different intensities of the time-varying electric field (lower and higher than 20 kV/m), and also the dielectric processes monitored in the lower frequency band (0.1 mHz–3 kHz).



To investigate dielectric processes, it is necessary to study dynamic polarization spectra, extended by the analysis of conductivity characteristics. Impedance analysis of Cole-Cole formalism in dielectric spectroscopy is a suitable method for studying the conductivity of a material. The paper [22] generally explains the processes of ionic hopping and relaxation in disordered rigid structures through complex plane impedance and frequency-dependent electrical conductivity. The mentioned conductivity performance analysis will be used in our study to describe the conductivity characteristics of electrical insulating oils in the applied time-varying electric field.



As only data for sulfur-containing naphthenic mineral oil—Mogul TRAFO CZ-A are known, our goal is to compare these data with a unique type of transformer oil, which has a minimum sulfur content and was produced by liquefaction of natural gas. Dielectric spectroscopy is one of the diagnostic tools that examine the quality of the insulation system. However, comparative data at different electric field intensities and test voltage frequencies are not available, so that we will address this in this paper.



In power engineering, the dielectric properties of electrical insulating liquids are critical, therefore a complex experimental investigation is required at lower and higher electric field intensities, together with the coverage of the most comprehensive possible frequency spectrum. Dielectric spectroscopy in the frequency domain is a useful method for general insulation testing in diagnostics. Dielectric spectroscopy has many advantages over standard dielectric power loss tests at 50 and 60 Hz. One of the main advantages is the testing of the material in a wide range of frequencies, which makes it possible to selectively distinguish the properties of the insulation system [21,23].




3. Dielectric Relaxation Spectroscopy Using a Complex Electric Modulus


Complex electric modulus M* is defined as the inverse of the complex permittivity ε*. The complex permittivity is given by the relation ε*(ω) = ε′(ω) – iε″(ω), where ε′(ω) is the real part of the complex permittivity (relative permittivity) and ε″(ω) is the imaginary part of the complex permittivity, representing the factor of dielectric losses and ω is the angular velocity. It follows that M* is expressed according to the equation:


M* = 1/ε* = (ε′/ε′2 + ε″2) + i(ε″/ε′2 + ε″2) = M′ + iM″



(1)







The complex electric modulus was first used by Macedo et al. to research relaxation processes in glassy ionic conductors. It has also been used to provide information on electric charge dynamics and dielectric polarization in polymer electrolytes. It has rarely been used to describe the dielectric behavior of insulating materials [24,25,26,27,28,29,30].



The Cole-Cole dielectric relaxation is given by the complex permittivity ε*:


ε*(ω) = ε∞ + (εs − ε∞/1 + (iωτ)1−α)



(2)




where ε∞ is the optical permittivity, εs is the static permittivity, and τ is the relaxation time within the complex permittivity, where β (0 < β < 1) is a parameter of the semicircle shape in the complex plane of the Cole-Cole diagram and β = 1 − α holds. Based on Equation (2), a complex electric modulus can be defined as:


M*(ω) = 1/ε* = 1/(ε∞ + (εs − ε∞/1 + (iωτ)β)) = M∞ − (M∞ − Ms/1 + (iωτM)β)



(3)







In this case, M∞ = 1/ε∞ is the optical electric modulus, and Ms = 1/εs is the static electric modulus. Then for the real and imaginary part of the complex electric modulus:


M′(ω) = M∞ + (Ms − M∞/1 + (ωτM)2)



(4)






M″(ω) = (Ms− M∞) ωτM/1 + (ωτM)2



(5)




where τM is the relaxation time for M* equal to:


τM = τ(ε∞/εs)1/β



(6)







In general, εs is greater than ε∞, so τM is less than τ. It causes relaxation processes at higher frequencies within the complex electric modulus M*, in contrast to the low-frequency relaxation processes described by the complex permittivity ε*. The position ε′ and ε″ in the denominator of Equation (1) causes low values of M′ and M″ under the condition of higher values of ε′ and ε″. The relaxation peaks are completely bounded in the frequency spectra of M′ and M″. The shape of the curve in the complex plane does not change during the transformation from ε* to M* and thus not even β, as expressed in Equation (3). In other words, for complex permittivity and complex electric modulus in the complex plane, a lower value of β is related to a larger distribution of relaxation times τ or τM in each respective center of the semicircle [24,25,31].



The degree of Cole-Cole relaxation time distribution between M* and ε* does not change through the parameters α and β. The difference is that the position of their loss peaks Mmax″ and εmax″ will be different. Mmax″ is shifted to higher frequencies at position (ωτ)Mmax″α = εs/ε∞, while εmax″ is located at position (ωτ)εmax″ = 1. This is because M″ converts the low-frequency increase ε″, caused by the ion distribution, into a conductive peak characterizing the ohmic relaxation time. Thus, it is clear that complex electric modulus analysis offers better separation between dipole relaxations and losses with significant ionic distribution than complex permittivity analysis. Simply put, in the low-frequency spectrum, the complex permittivity and the dielectric dissipation factor are significantly affected by the effect of electrode polarization and conductivity. The reduction of the influence of these factors is caused by M*(ω), therefore it is understood as a valuable tool for highlighting the details of relaxation information registered in insulation materials in the low-frequency band [31,32].




4. Experiment


4.1. Examined Samples


We performed experimental measurements on two new, ageless samples of electrical insulating liquids:




	
Mogul TRAFO CZ-A, hereinafter referred to as MO;



	
Shell DIALA S4 ZX-1, hereinafter referred to as SD.








MO is an inhibited mineral oil with an oxidation inhibitor, which meets all the requirements placed on its use properties. It is used as an insulating and cooling liquid for transformers of all voltage levels and other power equipment. It has low density, high surface tension, excellent electrical insulating properties, high oxidative stability, and long life. It is made from high-quality hydrocracked deep-refined base oil obtained from paraffin oil using state-of-the-art technology. Its characteristic parameters are given in Table 1 [33].



SD is a hydrocarbon oil produced based on GTL technology with long service life, negligible sulfur content, and low content of aromatic and unsaturated substances. The service life is an inhibited oil with good oxidizing properties. The negligible sulfur content does not cause corrosion of copper. It does not contain polychlorinated biphenyls (PCBs) and reacts positively to antioxidants. It has excellent viscous properties at low temperatures, which causes efficient heat transfer in the transformer. The characteristic parameters are given in Table 2 [17,18].




4.2. Experimental Workplace and Instrumentation


Experimental measurements were performed under laboratory conditions with an atmospheric air pressure of 1013 hPa at a temperature of 294 K. We chose the connection of the measuring setup, which is shown in Figure 2.



The diagram in Figure 2 contains the Tettex AG Zürich electrode system type 2903a (protective ring capacitor) with the stainless steel electrode material. It has a geometric capacity of 60 pF, a distance between the electrodes of 2 × 10−3 m, a volume of 40 × 10−3 L, and a maximum test field strength of 1 MV/m [34]. Testing of electrical insulating liquids was performed using an IDAX 300 measuring device [35], which was connected via USB (Universal Serial Bus) to a computer with IDAX 4.1.16 software, with which the measured data were collected.




4.3. Realization of the Experiment


We connected all the devices described above, according to the diagram in Figure 2. We first applied a sample of MO mineral oil stored in a plastic canister to the prepared electrode system using a syringe with a volume of 40 × 10−3 L. Subsequently, we placed the electrode system with the MO oil sample in a deaeration pump to eliminate air bubbles for one hour. By using shielded connecting wires we connected the high-voltage and low-voltage electrodes to the IDAX 300 measuring device. In the test procedure, three time-varying electric field intensities with a decimal gradation of 0.5 kV/m, 5 kV/m, and 50 kV/m (RMS – Root Mean Square) were applied to the oil sample in order of the field intensity magnitude in the frequency range from 0.1 mHz to 3 kHz. The measured data were transferred to a computer, from which we analyzed by dielectric relaxation spectroscopy. After obtaining the spectroscopic characteristics of the MO oil, we cleaned, dried, degreased the electrode system, and prepared for the application of the second examined sample of the SD hydrocarbon GTL oil in a similar manner. The SD oil sample was finally subjected to dielectric relaxation spectroscopy at the same applied time-varying electric field intensities in the same frequency spectrum compared with MO oil.




4.4. Description of Applied Electrical Parameters for the Experiment


It is clear that higher harmonics are present in power transformers up to 150 kHz, but their amplitude is small. In [36] there is shown the supraharmonic spectrum of the current at the output of the PV (Photovoltaic) system at the level of mA units. The investigation of the dielectric spectrum in this supraharmonic range requires appropriate measuring apparatus. Most available devices have a test voltage of up to 2 V, which will generate an electric field strength of 1 kV/m. In this paper, we do not deal with the whole range of harmonics and supraharmonic spectra [36], but with the highly polarizing dynamic range given by the fundamental harmonics and close harmonics and subharmonics of the power system. The publication [37] and standards [38,39] state, that the quality of the power system is assessed up to the 40th (2 kHz) and 50th harmonic components of the electric current (2.5 kHz), respectively. Our frequency range for examining the dielectric quantities of insulating oils is 0.1 mHz–3 kHz, which is in line with the assessment of the quality of the power system. In addition, it is necessary to study the frequency spectrum from approximately 1 mHz to 10 kHz to describe the dynamics of conductivity and polarization processes simultaneously. If an LCR meter with a frequency range from 20 Hz to 2 MHz were used, it would not be possible to study conductivity processes that occur in the low-frequency band (0.1 mHz–1 Hz). Therefore, several diagnostic methods would be needed to investigate conductivity processes. From this point of view, the use of the IDAX 300 measuring instrument is suitable for covering several diagnostic methods simultaneously [35,40]. Dealing with power transformers, the frequency range used for frequency-domain spectroscopy analysis is typically 1 mHz–1 kHz [41], which is in line with the analysis of frequency-dependent dielectric parameters in [42,43,44,45,46,47,48,49,50,51,52,53,54].



The standard [54] states that the average electric field strength for testing a sample of dielectric material shall not be less than 5 kV/m (RMS). Higher stress tests are required but must not exceed the ionization threshold at which the sample would be exposed to electric discharges. Dielectric spectroscopy is a non-destructive diagnostic method, so the application of high electric fields to the material would not even be possible [51]. The average electric field test ranges are from 5 kV/m to 30 kV/m (RMS). No minimum voltage is specified when using low voltage measurement instruments for routine tests. However, high electrical stresses must not be applied, which would degrade the test material [54]. In this study, we apply electric field intensities of 0.5 kV/m, 5 kV/m, and 50 kV/m (RMS), as described in Chapter 4.3. The selected electric field intensities are under the normal and average test range of electric stress similarly as in [21,27,43,46,49,53,54]. Our goal was to obtain experimental data at the electric field intensity, which can occur in the power transformer during normal operation, see [55]. Intensities of 0.5 kV/m, 5 kV/m, and 50 kV/m (RMS), which were produced in the experimental test fixture [34], corresponded to the application of test voltages 1 V, 10 V, and 100 V (RMS). Dielectric tests require an increased current load on the test apparatus, therefore a professional test cell Tettex AG Zürich 2903a was used to achieve the required electric field strength [34,56]. Another reason for applying these electric field intensities is to investigate the dielectric behavior of oils at lower and higher intensities, as in [21], with decimal scaling to compare the effect of a 10-fold increase in the electric field on samples. The IDAX 300 m has a frequency range from 0.1 mHz to 10 kHz and a maximum test voltage of 200 V (RMS), which would cause a field strength of 100 kV/m. The frequency spectrum investigated by us is limited to 3 kHz due to the applied voltage of 100 V (50 kV/m), because in the frequency band 4 kHz–10 kHz, a higher electric current is generated, which burdens the source of the measuring instrument. It is due to a decrease in capacitive reactance with increasing frequency. Simply put, increasing the frequency (4 kHz–10 kHz) decreases the capacitive reactance of the measuring apparatus, which creates a higher electric current in the measuring circuit (at 100 V), which loads the source of the IDAX 300 m [23]. Therefore, the frequency limit of the measuring circuit, to achieve the highest possible electric field intensity, is up to 3 kHz. An increase in the applied voltage (>100 V) would cause a decrease in the frequency band (<3 kHz), which would mean less coverage of the investigated phenomena in the insulating fluids.





5. Analysis of Dielectric Properties of Electrical Insulating Oils by Dielectric Relaxation Spectroscopy


For the analysis of experimental samples, we chose dielectric relaxation spectroscopy to examine the dielectric parameters, the complex electric modulus M*, the electrical conductivity σ, and the complex impedance Z*. Complex electric modulus M* was derived by application of the measured values of the complex permittivity ε* to Equation (1).



5.1. Analysis of Polarization Processes of MO Oil


Figure 3 shows the dependence of a complex electric modulus’s real and imaginary parts in the measured frequency spectrum 0.1 mHz–3 kHz. A decimal increase in the applied intensity of the time-varying electric field causes the curves of the real and imaginary part of the complex electric modulus of MO oil to shift to higher frequencies. With this shift, the maximum values of the imaginary part Mm″ also increase. Considering the state of ideal dielectric parameters with the relation Mm″ = 1/2 (Mm′) it is clear that increasing the intensity of the electric field improves the dielectric properties of the oil MO by approaching Mm″ to 0.5. The given mechanism is attributed to the dielectric relaxation, indicated in Figure 3 by the number 1. These are relaxation peaks whose position is according to a decimal increase in the intensity of the electric field at frequencies of 1 mHz, 2 mHz, and 0.3 Hz. The deformation of the curves M′ and the broadening of the curves M″ is indicated by the number 2, as the second relaxation process in the measured frequency band. Their relaxation peaks are located at frequencies of 0.3 Hz and 7 Hz in order of decimal increase in electric field strength.



According to the Cole-Cole diagram, the representation of the values of the real and imaginary parts of the complex electric modulus in the complex plane is shown in Figure 4. This diagram confirms all the mentioned processes in Figure 3. All the continuous curves in Figure 4 show the character of a waveform composed of two polarization processes with different relaxation times τM. According to Equation (3), ideal Debye relaxation curves were plotted for both polarization processes (dotted and dashed curves) with the indicated fitting parameters based on the Cole-Cole principle of the distribution of relaxation times. By obtaining the Debye characteristics and comparing them with the measured data, the parameter α was expressed, characterizing the degree of distribution of relaxation times. For this parameter, it was necessary to obtain the angle π∙α/2, formed by the line (between the center of the semicircle and the coordinates (0; 0)) and the x-axis of the real part complex electric modulus M′. By obtaining the parameter α (Table 3), we can say that with increasing intensity of the time-varying electric field in the measured frequency band of the oil MO, there is a more excellent approximation of the Debye behavior in both captured polarization mechanisms (1 and 2).




5.2. Analysis of Polarization Processes of SD Oil


The frequency dependences of the real and imaginary parts of the complex electric modulus of SD oil are shown in Figure 5. As the intensity of the time-varying electric field increases, the curves M′ and M″ shift to higher frequencies. With said dispersion of the curves M′, there is a gradual increase in the values of Mm″ with the decimal applied intensity of the electric field. This effect indicates an improvement in the dielectric properties in approaching the ideal state with a value of 0.4865 for a given relaxation process. The number 1 in Figure 5 denotes the first polarization process, manifested by a peak (at M″) together with an S-shaped curve (at M′). The process manifested itself at frequencies of 2 mHz, 5 mHz, and 10 mHz, respectively, according to a decimal increase in electric field strength. In the high-frequency band of the measured frequency spectrum, from approximately 400 Hz, the values of M′ and M″ gradually increase. The given increase in values is attributed to the developing polarization phenomenon, marked with the number 2. Its relaxation maximum cannot be defined due to the limited frequency range of the measuring instrument.



Confirmation of the ongoing events in the SD oil of Figure 5 is presented by plotting it in the Cole-Cole diagram in Figure 6. In this view, we point to the presence of one polarization process with a capture of the beginning of the developing second polarization process. According to the Cole-Cole principle, ideal Debye curves were obtained for different electric field intensities, the output parameters of which differ only slightly. The obtained parameters α, given in Table 3, indicate a more significant distribution of relaxation times with a decimal decrease of the applied intensity of the time-varying electric field. It is due to the increasing displacement of the center of the semicircle below the real axis M′. In the developing second polarization process in the frequency band, it was not possible to determine the ideal characteristics of Debye, as this is only an indication of said relaxation.




5.3. Comparison of Polarization Processes of Oils


In this section, we present a comparison of MO and SD electrical insulating oils by plotting a complex electric modulus in the complex plane of the Cole-Cole diagram. Figure 7 shows a comparison of oils at a time-varying electric field intensity of 0.5 kV/m. Mineral oil MO shows two complete polarization processes (MO1 and MO2) in the measured frequency spectrum, while hydrocarbon oil SD shows one complete and the other developing. The dielectric behavior of oils in terms of relaxation processes is positively inclined to the mineral oil side at an electric field intensity of 0.5 kV/m due to the smaller distribution of relaxation times in captured polarization processes in the investigated frequency band.



The dielectric properties of oils with a decimal increase in electric field strength to 5 kV/m (Figure 8) show better-distinguished parameters than 0.5 kV/m. Comparing the measured MO and SD data to the ideal Debye characteristics, MO also shows better-distinguished parameters in the investigated frequency band concerning α.



Increasing the intensity of the time-varying electric field to 50 kV/m in Figure 9 yields the same interactions in terms of oil comparison as the field strength of 0.5 kV/m and 5 kV/m. Simply put, a comparison of MO oil and SD shows better-distinguished characteristics of the behavior of polarization processes in mineral oil MO even at a field intensity of 50 kV/m. From a visual point of view, it is clear that the measured curve of the mineral oil MO converges in the vicinity of the two captured relaxation processes to a very high degree. In comparison, SD hydrocarbon oil has a specific deviation from the ideal Debye state, even at an intensity of 50 kV/m.




5.4. Comparison of Relaxation Mechanisms


In Section 5.1, Section 5.2 and Section 5.3, the relaxation processes occurring in the measured frequency spectrum of MO and SD oils were analyzed using a complex electric modulus regarding Table 3, which is given in this section. Therefore, this section describes in detail the parameters of relaxation processes captured in the samples.



In Table 3, in addition to the parameter α, the parameter β is given as the distribution of relaxation times with the opposite relation. We also report the relaxation times τM and the maximum values Mm″, also associated with the degree of approach to the ideal characteristics of Debye relaxation.



Figure 10 shows the regression lines of the relaxation time distribution parameter α depending on the applied intensity of the time-varying electric field. With a decimal increase in the intensity of the electric field, α decreases in all captured relaxation processes. By comparing oils, MO mineral oil has a lower relaxation time distribution than SD oil, similar to that described in Section 5.3.



The parameter β in Figure 11 shows an increasing trend of approaching the ideal Debye characteristics with a decimal increase in the applied intensity of the time-varying electric field. Publication [21] contains the dielectric behavior of a weakly polar ferrofluid based on mineral oil MO. Relaxation process very close to Debye’s behavior was captured at an intensity of 20 kV/m and an oil temperature of 358 K. From our measurements we found that MO mineral oil shows Debye behavior (β = 0.996 and β = 0.967) even without additional nanoparticles of Fe3O4 magnetite, at the different intensity of time-varying electric field (50 kV/m), at a different oil temperature (294 K) and lower frequency spectrum (0.1 mHz–3 kHz).



The observed relaxation times τM of the captured polarization processes depending on the intensity of the time-varying electric field are shown in Figure 12. The relaxation times of the polarization processes decrease with increasing intensity of the time-varying electric field in both oils. It means that a higher electric field intensity accelerates changes in the rotation of the electric dipoles behind changes in the time-varying electric field.




5.5. Comparison of Conductivity Processes of Oils


Electrical conductivity is also an important parameter for characterizing the state of a dielectric material. For a complete description of the investigated electrical insulating oils with an impact for use in practice, we must also consider the conductivity processes in the material when applying the intensity of the electric field. Figure 13 shows the frequency dependence of the electrical conductivity σ of the investigated oils at the intensity of the time-varying electric field. The electrical conductivity of the researched oils increases with increasing frequency, which corresponds to the theoretical assumptions. Said increase in the electrical conductivity of the hydrocarbon oil SD is steeper than the increase in the electrical conductivity of the mineral oil MO, especially in the high-frequency range. The influence of the intensity of the time-varying electric field is directly proportional to the increase of the electrical conductivity of the investigated oils, especially in the low-frequency band. This dispersion is present in the entire frequency spectrum at an applied electric field strength of 50 kV/m for MO mineral oil. Through the frequency-dependent electrical conductivity characteristics of oils at main frequencies of 50 Hz and 60 Hz, the dielectric response indicates a higher conductivity of MO mineral oil, caused by less charge absorption and greater distribution of free charges in the liquid. It applies to all applied intensities of the time-varying electric field. The condition of the hydrocarbon oil SD is better in this respect, which would improve the operation of the AC (Alternating Current) power equipment.



To test the electrical insulating character of MO and SD oils, we present graphs of complex impedance Cole-Cole in Figure 14. As the intensity of the time-varying electric field increases, the impedance in the complex plane decreases. It means that it is not possible to display all impedance characteristics in detail. An increase in impedance with a decrease in field strength causes a detailed capture of the low-frequency range of Cole-Cole characteristics. These impedances in the complex plane correspond to the low-frequency spectrum in Figure 13, where it increases that as the impedance of the material increases, the electrical conductivity decreases. In addition to the Cole-Cole impedance curves, ideal semicircles (IS) were plotted for all applied electric field intensities of both investigated oils. According to [57], the conductivity of a material is described by impedance in the complex plane, where it is stated that the ideal Cole-Cole formalism represents pure unidirectional conductivity. Comparing the Cole-Cole complex impedance curves with the plotted ideal semicircles in Figure 14, it is clear that the distribution of free charges in the investigated fluids under a time-varying electric field is not purely unidirectional. Therefore, we attribute this dispersion to the superimposed conductivity of direct current and alternating current. This statement is also supported by the Cole-Cole impedance study in [57].





6. Discussion


The comparison of the investigated electrical insulating oils in our paper focuses on analyzing dielectric phenomena in the measured frequency spectrum using a complex electric modulus and a complex impedance in the complex plane of the Cole-Cole diagram. We found that the recorded relaxation processes of MO mineral oil showed more characteristical parameters in terms of approach to the characteristics of Debye than the relaxation process of hydrocarbon oil SD at all applied intensities of the time-varying electric field.



Electrical insulating oils show dielectric losses under high voltage stress. Knowledge of dielectric losses is very important from the point of view of the design and operation of the equipment to prevent failure due to dielectric thermal effects. Measuring dielectric losses at regular intervals is the only diagnostic tool to determine the degree of degradation of the insulating fluid in the aging process. Dielectric losses are described by the dissipation factor tg δ as a measure of the power loss in a liquid when a time-varying electric field is applied. The generated energy is converted into heat and heats the liquid, which requires additional energy for faster heat dissipation. For this reason, monitoring and optimizing the dissipation factor is very important to maintain sufficient efficiency of electricity transmission with the lowest possible operating costs [44,58]. Figure 15 shows the dependence of dielectric losses in the frequency band.



The paradox is that in terms of dielectric losses of electrical insulating oils at mains frequency (50 and 60 Hz), SD hydrocarbon oil achieves better dielectric properties, i.e., lower dielectric losses, because it has lower dissipation factor values at a given frequency at all times applied intensities of the time-varying electric field. From Figure 15, we conclude that this dispersion is due to the trapped relaxation process number 2 of MO oil, which increases the dielectric losses at the mains frequency. The dissipation factor particular values are presented in detail in Table 4.



In work [20] authors present the comparison of mineral and hydrocarbon oil in terms of dielectric losses at the mains frequency of 50 Hz and at higher intensities of the time-varying electric field (100–900 kV/m). At given electric field intensities, hydrocarbon oil achieved lower dielectric losses. Our experiment and analysis presented in this work confirmed this because hydrocarbon oil showed lower dielectric losses even at lower intensities of time-varying electric field (E ≤ 50 kV/m).



According to [59], new transformer oils based on natural esters are being developed. So far, their major disadvantage is the lower resistance to thermal stress that is present in large power transformers. In addition, at low temperatures, their viscosity is significantly higher than that of naphthenic mineral oil, which significantly affects the cooling of the transformer. Therefore, for such transformers, a liquefied gas oil with a very low sulfur content with the preserved advantages of naphthenic mineral oil appears to be a suitable choice from an ecological and operational point of view.



Compared to the conditions inside the transformer, our measured dissipation factor frequency spectra show slight changes because these are initial data. In the operating mode of the transformer, the initial data are affected by temperature, electrical stress, chemical processes in the aging process, and the like, which cause changes in the measured diagnostic parameters [43,60,61]. However, this study does not address and consider all operating conditions in the transformer, only comparing the dynamic behavior of insulating fluids in a time-varying electric field. Indeed, the determination of dielectric properties is generally not covered by only one method, so the subject of further research is the application and evaluation of the condition of insulating fluids through other methods. The insulating liquid must be examined for changes in the influence of individual parameters, such as intensity of electrical stress, thermal stress intensity, aging time to electrical strength, dielectric dissipation factor, complex permittivity, gas chromatography, furan content, resistance to partial discharges, and the like. However, it is always based on the initial state, and the changed values are compared against it. Our work aimed to find out the initial state of classic mineral oil and a unique hydrocarbon oil based on liquefied natural gas and compare them. The evaluation of the oil performance using complex permittivity was not unambiguous. However, the examination using a complex electric modulus is significantly more advantageous.




7. Conclusions


Using the method of dielectric relaxation spectroscopy, we found that the mineral oil MO shows two complete polarization events in the measured frequency spectrum, in contrast, the hydrocarbon oil SD offers one complete and the other developing. We found that with increasing intensity of the time-varying electric field, there is a more excellent approximation to Debye behavior in all captured polarization processes of the investigated oils, by monitoring the parameters α, β, and Mm″. The obtained relaxation times of the polarization processes decrease with increasing intensity of the time-varying electric field for both oils. By comparing the Cole-Cole curves of complex impedance with the plotted ideal semicircles, we found that the distribution of free charges in the investigated fluids under a time-varying electric field is not purely unidirectional but superimposed on alternating conductivity. The frequency-dependent electrical conductivity characteristics of the oils at main frequencies of 50 Hz and 60 Hz indicate a higher conductivity of MO mineral oil, which is caused by less charge absorption and greater distribution of free charges in the liquid. Complex electrical modulus appears to be a more capable parameter for comparing dielectric properties than complex permittivity. We have proved that the mineral oil MO depends on the complex electric modulus on the electric field intensity closer to the ideal Debye model than the hydrocarbon oil SD. Mineral oil MO shows Debye behavior (β = 0.996 and β = 0.967) even without additional magnetite nanoparticles, at a different intensity of time-varying electric field (50 kV/m), at different oil temperatures (294 K), and in lower frequency spectrum (0.1 mHz–3 kHz). It means that mineral oil is more homogeneous in terms of polarization processes. However, in the case of mineral oil, we capture a fully developed second relaxation (MO2), which causes higher dielectric losses around the mains frequency than the losses of hydrocarbon oil SD at all applied intensities of the time-varying electric field. This fact is crucial from practical use and points to the progressiveness and fundamental difference of SD hydrocarbon oil in the operation and cooling of power transformers. Therefore, we recommend applying hydrocarbon oil in the operation of AC power equipment. At 60 Hz, there is a more significant percentage loss difference between oils in favor of SD hydrocarbon oil. We mean that operators of power transformers or other power equipment at a frequency of 60 Hz will reduce more operating costs after replacing mineral oil with hydrocarbon oil. However, this does not mean that SD oil operation in power transformers is more efficient than operating at 50 Hz. Our research has shown that applying SD hydrocarbon oil in power transformers with a frequency of 50 Hz is more advantageous in dielectric losses than with a frequency of 60 Hz. It is due to the gradual capture of the second relaxation mechanism, which increases the dielectric loss with increasing frequency. As MO mineral oil at a field intensity of 50 kV/m shows ideal parameters in the low-frequency band (0.1 mHz–0.3 Hz), its application would be more suitable in high-voltage direct current equipment. The added value of this publication lies in the comparison of progressive hydrocarbon oil-based on liquefied natural gas and conventional naphthenic mineral oil concerning individual dielectric spectra and loss ratios, as SD hydrocarbon oil is not sufficiently researched.



Liquefied natural gas-based oil has been shown to have lower dielectric losses at mains frequencies of 50 and 60 Hz even after applying electric field strengths lower than 50 kV/m. The paper states that the same applies to electric field strengths higher than 50 kV/m [20]. It can therefore be considered as a suitable mineral oil substitute. In addition, the research of the authors of the article is currently focused on the development of magnetic fluids based on mineral oils. From an ecological point of view, it is necessary to replace their carrier fluid with more environmental variants while maintaining or improving its dielectric parameters. Liquefied natural gas has been shown to meet this condition, and it is possible to continue research into magnetic fluids, where the carrier base is this oil. Future research will focus on the dielectric properties of hydrocarbon oil SD enriched with impurities based on nanoparticles of magnetite Fe3O4 and fullerene C60, which will analyze its diagnostic parameters at different stresses to describe the progressive material in more detail.




8. Contribution and Recommendation for Practice


The distribution of the thermal field in the power transformers is very important from the point of view of the operation of the equipment. The motivation to reduce the thermal impact and make electricity transmission more efficient is enormous worldwide. The general requirement is to reduce the environmental impact, which corresponds to the reduction in heating into the atmosphere caused by the inefficient operation of power transformers, which has a slight contribution to climate change. These facts are related to dielectric losses of liquid insulation in power transformers. This study provides a reasoned proposal to replace mineral oil with SD hydrocarbon oil. This is related to the investigated frequency-dependent polarization and conductivity spectra. We have found that in the vicinity of the mains frequency of 50 Hz and 60 Hz, mineral oil has a higher electrical conductivity than hydrocarbon oil. As for the captured polarization mechanisms at the stated frequencies, the mineral oil shows an additional polarization mechanism (MO2). These basic dielectric parameters cause an increase in the dielectric losses of the mineral oil at all applied intensities of the time-varying electric field, which has a direct effect on the operation of the power transformers. Increasing the life of the transformer by optimizing operating conditions by using suitable and reliable diagnostic data means great cost savings for the equipment operator. Obtaining the correct diagnostic data is conditioned by examining suitable dielectric parameters, such as complex permittivity and complex electrical modulus undoubtedly. The complex electrical modulus has been shown to be a suitable diagnostic parameter for condition-based diagnostics of power transformers. In the case of the investigated oil insulation, it can point out changes that are more difficult to evaluate when analyzing by complex permittivity due to the shift of dielectric mechanisms in the studied frequency spectrum.
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Figure 1. Dielectric behavior of weakly polar ferrofluid based on mineral oil Mogul TRAFO CZ-A in the complex plane. Adapted from [21]. 
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Figure 2. Wiring diagram of the experimental measuring setup. 
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Figure 3. Complex electric modulus M* of MO oil in the frequency band. 
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Figure 4. Cole-Cole diagram of a complex electric modulus M* of MO oil. 
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Figure 5. Complex electric modulus M* of SD oil in the frequency band. 
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Figure 6. Cole-Cole diagram of a complex electric modulus M* of SD oil. 
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Figure 7. Comparison of electrical insulating oils of the intensity E of time-varying electric field 0.5 kV/m. 
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Figure 8. Comparison of electrical insulating oils of the intensity E of time-varying electric field 5 kV/m. 






Figure 8. Comparison of electrical insulating oils of the intensity E of time-varying electric field 5 kV/m.



[image: Energies 15 00391 g008]







[image: Energies 15 00391 g009 550] 





Figure 9. Comparison of electrical insulating oils of the intensity E of time-varying electric field 50 kV/m. 
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Figure 10. Regression lines of α parameter depend on the intensity E of the time-varying electric field. 
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Figure 11. Regression lines of β parameter depend on the intensity E of the time-varying electric field. 
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Figure 12. Regression lines of relaxation time τM depending on the intensity E of the time-varying electric field. 
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Figure 13. Frequency spectra of electrical conductivity σ of investigated oils at intensity E of the time-varying electric field. 
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Figure 14. Cole-Cole diagram of the complex impedance Z* of the investigated oils. 
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Figure 15. The dielectric dissipation factor tg δ of electrical insulating oils in the frequency band of decimal graduated intensity E of the time-varying electric field. 
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Table 1. Characteristic parameters of MO oil. Adapted from [33].
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	Parameter
	Unit
	Value





	Density at 288.15 K
	kg/m3
	840



	Viscosity at 313.15 K
	mm2/s
	10



	Viscosity at 243.15 K
	mm2/s
	850



	Flashpoint
	K
	448.15



	Flow point
	K
	228.15



	Acid number
	mg KOH/g
	0.005



	Surface tension
	mN/m
	55



	Breakdown voltage
	kV
	75



	Dissipation factor tg δ at 363.15 K
	—
	0.001



	Resistivity
	Ω cm 1012
	1000



	Inhibitor content
	%
	0.4



	Amount of distillate up to 623.15 K
	%
	82
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Table 2. Characteristic parameters of SD oil. Adapted from [17].
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	Parameter
	Unit
	Value





	Density at 293.15 K
	kg/m3
	805



	Viscosity at 313.15 K
	mm2/s
	9.6



	Viscosity at 243.15 K
	mm2/s
	382



	Flashpoint
	K
	464.15



	Flow point
	K
	231.15



	Acid number
	mg KOH/g
	0.02



	Volumetric water content
	mg/kg
	6



	Breakdown voltage
	kV
	75



	Dissipation factor tg δ at 363.15 K
	—
	<0.001



	Sludge content
	%
	<0.01



	Inhibitor content
	%
	0.2



	Total sulfur content
	mg/kg
	<1
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Table 3. Relaxation parameters in the investigated frequency spectrum of electrical insulating oils.






Table 3. Relaxation parameters in the investigated frequency spectrum of electrical insulating oils.





	

	
0.5 kV/m

	
5 kV/m

	
50 kV/m






	

	
α

	
Mm″

	
α

	
Mm″

	
α

	
Mm″




	
SD

	
0.146

	
0.367

	
0.108

	
0.396

	
0.038

	
0.45




	
MO1

	
0.056

	
0.316

	
0.054

	
0.364

	
0.004

	
0.417




	
MO2

	
0.067

	
0.067

	
0.056

	
0.059

	
0.033

	
0.095




	

	
β

	
τM

	
β

	
τM

	
β

	
τM




	
SD

	
0.854

	
73.97

	
0.892

	
33.91

	
0.962

	
13.21




	
MO1

	
0.944

	
105.5

	
0.946

	
58.02

	
0.996

	
0.517




	
MO2

	
0.933

	
1.656

	
0.944

	
1.995

	
0.967

	
0.075
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Table 4. Dielectric dissipation factor tg δ values at mains frequency.
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SD–tg δ (-)

	
MO–tg δ (-)

	
Difference (%)






	
0.5 kV/m

	
50 Hz

	
0.00289

	
0.00396

	
≈27




	
60 Hz

	
0.0031

	
0.00442

	
≈30




	
5 kV/m

	
50 Hz

	
0.00298

	
0.00319

	
≈7




	
60 Hz

	
0.0032

	
0.00346

	
≈8




	
50 kV/m

	
50 Hz

	
0.0028

	
0.02811

	
≈90




	
60 Hz

	
0.00292

	
0.03274

	
≈91
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