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Abstract: The constant optimization of the properties of insulating materials, is currently 

highly topical, at a global scale, as it directly concerns the efficiency of the operation of 

electrical equipment. This study includes research on modern insulation systems based on 

hybrid and non-hybrid nanofluid-paper. Cellulose insulation is impregnated with Shell Diala 

S4 ZX-1 transformer oil, enriched with two types of Fe3O4 and C60 nanoparticles, with 

varying nanoparticle concentrations. Samples of insulating materials are subjected to 

analysis using the method of dielectric relaxation spectroscopy in the frequency domain.  

The results point to electrophysical processes, of a conductive and polarizing nature.  

The increasing concentration of Fullerene nanoparticles, causes a decrease in dielectric 

losses and reduces the influence of interfacial polarization and electric double layer 

polarization in the hybrid nanofluid-paper system. The loss spectra of the complex electric 

modulus are the same as the spectra of the complex permittivity in the liquid-paper system. 

The Havriliak-Negami function reveals the dominance of polarization losses over conduction 

losses in the studied frequency spectrum and their origin when an external alternating 

electric field is applied. 
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1 Introduction 

Transformers in electricity system are one of key devices for a safe operation of the 

grid. There is a great danger of economic and material damages in case of their 

failure or damage [1] [2]. Therefore, it is necessary to keep the device in operation 

without overloads due to high powers, short circuits, etc. [3]. More frequent 
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overloads of transformers have a negative impact on their isolation system on which 

the lifetime of a transformer is dependent on. It is possible to detect an increasing 

trend in the degradation of the system in time by an appropriate monitoring of an 

isolation system using one of the diagnostic methods. The isolation system in 

transformers is composed of the combination of liquid and solid dielectric: 

insulating liquid and paper [4]. Another requirement for this system is also from the 

view of a heat convection which arises in the area of the transformer winding. 

Conventional insulating liquids include mineral oils, synthetic esters and natural 

esters. The latest requirements to increase the performance of transformers and to 

decrease their dimensions are a motivation for scientists and engineers to discover 

new approaches and methods in the field of insulating materials. 

One of the ideas is to use the nm-sized particles which are freely dispersed in an 

insulating liquid. This method is able to increase the thermal conductivity of a 

particular liquid significantly and, as it is proved in certain studies, the liquid 

breaking strength [5]. Among the materials from the point of view of conductivity, 

both insulators and semi-conductive and conductive materials are used [6]. Since 

there is a strong magnetic field in the winding area, the usage of magnetic 

nanoliquids, where the paramagnetic nanoparticles are used, is considered. Given 

that the magnetization gradient is opposite to the magnetic field gradient, it is 

possible to create a natural circulation of a liquid in the transformer vessel [7]. 

In numerous studies, Fe3O4 nanoparticles prepared by a chemical method have been 

used to create a magnetic liquid. Subsequently, a surfactant is applied to the surface 

of the nanoparticles formed in this way, which prevents the nanoparticles from 

joining each other in the carrier liquid. The more detailed procedure for the 

production of nanofluid with Fe3O4 particles is described in [8]. 

Fullerene is another progressive material which has been used in experiments over 

last decade. This work was inspired by [9], where samples of nanofluids with Fe3O4 

nanoparticles with added fullerene were used. 

Many of the mentioned studies which deal with electrical properties observe 

changes in properties only at the level of a liquid material. From the point of view 

of applicability, it is important to carry out also experiments in the presence of paper 

or cellulose products, which are a part of the entire insulation system. 

2 Experiment 

2.1 Investigated Materials 

The experiment was carried out on samples of cellulose paper that were 

impregnated with samples of insulating nanofluids. The carrier-impregnating 
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substance consisted of modern Shell Diala S4 ZX-1 transformer oil. It is a base oil 

that is produced by converting natural gas into liquid hydrocarbons using GTL 

technology (Gas to Liquid). Natural gas continues in the production process by 

producing synthesis gas, which is subsequently transformed into crystal clear base 

oil with excellent properties through Fischer-Tropsch synthesis and refining.  

The progressivity of this oil points to zero sulfur content, which eliminates the risk 

of copper corrosion in power transformers and other significant properties include, 

higher thermal conductivity, higher oxidation stability and lower viscosity at low 

temperatures. Higher oxidation stability causes more excellent resistance of the oil 

to aging, which is accompanied by the higher formation of acids and oxidation 

processes. Suppressing these adverse factors with the acceptable properties of Shell 

Diala S4 ZX-1 oil helps extend cellulose insulation's life in power transformers [10] 

[11]. 

Six samples with different combinations of nanoparticle concentrations were 

prepared. Two types of nanoparticles were dispersed into the first three samples. 

Magnetic Fe3O4 nanoparticles were precipitated from an aqueous solution of Fe2+ 

and Fe3+ ions with NH4OH at 81 °C. Subsequently, steric stabilization took place 

using one layer of oleic acid C18H34O2. The second type of nanoparticle consisted 

of a spherical molecule of carbon C60 (Buckminsterfullerene) with triple-bonded 

atoms representing a closed structure. Purchased fullerene powder with a density of 

1600 kg/m3 was homogeneously dispersed in base oil without surfactant (surface-

active substance). Finally, stabilized magnetic nanoparticles with a concentration of 

2.3 %w/V were added to the first three samples with a concentration of fullerene 

nanoparticles of 0.01 %w/V, 0.02 %w/V, and 0.03 %w/V (the ratio of the weight of 

the nanoparticles to the volume of the liquid). The given dispersion created a final 

concentration of magnetic nanoparticles of 0.01 %w/V in the investigated samples. 

These samples were mixed at 60 °C, and we call them hybrid nanofluids (HIN, plus 

HIN-P paper). Other fluid samples are non-hybrid nanofluids (NIN, plus NIN-P 

paper). The fourth sample is enriched exclusively with fullerene nanoparticles with 

a concentration of 0.01 %w/V without surfactant. The fifth sample represents pure 

ferrofluid with a concentration of 0.01 %w/V, which represents comparison with 

the other samples due to the concentration of magnetic nanoparticles. The sixth 

sample consists of pure Shell Diala S4 ZX-1 transformer oil with a low density of 

786 kg/m3. An overview of the investigated samples of hybrid and non-hybrid 

liquids, which fulfill the function of impregnation medium for cellulose insulation, 

is presented in Tab. 1. Impregnation of liquids and cellulose insulation took place 

in Petri dishes. 
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Table 1 

Samples of impregnation nanofluids 

Sample 

Concentration of 

fullerene 

nanoparticles C60 

(%w/V) 

Concentration of 

magnetic 

nanoparticles Fe3O4 

(%w/V) 

 without surfactant 
with surfactant – 

oleic acid C18H34O2 

1. 0.01 0.01 

2. 0.02 0.01 

3. 0.03 0.01 

4. 0.01 0 

5. 0 0.01 

6. 0 0 

2.2 Experimental Procedure 

Samples of the insulation system hybrid nanofluid-paper and non-hybrid nanofluid-

paper were investigated by the method of dielectric relaxation spectroscopy in the 

frequency domain. Dielectric relaxation spectroscopy is a non-destructive method 

that applies an electric field to a material to capture a small signal of the dielectric 

response in the form of dipole rotation and migration of free charges across the 

material. This modern method approximates the behavior of electrophysical 

parameters without the potential damage to the material caused by the application 

of high electric field intensities. Therefore, it is necessary to use professional 

measuring devices for the experimental procedure. The measurements of the 

samples examined by us were carried out using the IDAX 300 measuring device. 

This device applies an alternating electric voltage U to the material with a changing 

frequency f from 0.1 mHz to 10 kHz. It measures the alternating electric current I 

flowing through the material. From these input parameters, the measuring device 

calculates impedance Z, from which several other electrophysical parameters are 

further expressed, such as, for example, electrical resistance R, complex capacitance 

C*, dissipation factor tan δ, and electrical conductivity σ. The output from the IDAX 

300 meter was connected to a high-voltage and a low-voltage electrode.  

The electrode system consisted of Rogowski electrodes with a diameter of 54 mm, 

between which the tested hybrid and non-hybrid nano liquid-paper insulation 

system samples were inserted. The distance between the electrodes was 0.42 mm, 

representing the thickness of the cellulose insulation. The electrode system was 

placed in a shielded container, which was connected to the grounding of the 

measuring apparatus. Because wide-range frequencies were applied, the shielded 

container served as protection against electromagnetic frequencies from the outside 

environment. These unwanted frequencies could cause interference and 

deterioration of the quality of the measured data. To measure the samples, an 

alternating electric voltage of 100 V, was applied with the IDAX 300 measuring 
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device, which created an alternating electric field intensity of 238 kV/m at the given 

distance between the electrodes. The measuring apparatus is shown in Fig. 1. 

 

Figure 1 

Experimental setup 

The experimental procedure was exposed in the laboratory to an air pressure of 

1013hPa, an air humidity of 36%, and an air temperature of 21 °C. The research 

began with the assembly of the experimental setup, which was connected according 

to Fig. 1, and proceeded to measure the nanofluid-paper samples. Due to the higher 

intensity of the electric field, the frequency band was shortened to 1 mHz – 3 kHz 

because it was impossible to measure the frequency spectrum of 3 kHz – 10 kHz. 

The reason was decreased capacitive reactance and increased electric current, which 

loaded the voltage source in the IDAX 300 measuring device. The measuring device 

recorded the measured data of the capacitance C and the dissipation factor tan δ via 

a USB bus connected to a computer with the IDAX 4.1.16 software. Since 

electrophysical parameters such as capacitance C and dissipation factor tan δ are 

mostly applied in technical practice [12], for a more accurate description of 

dielectric behavior within the research area, these data were converted to complex 

permittivity ε*, i.e., to its real ε' and imaginary component ε''. The reason for using 

complex permittivity to describe electrophysical processes was the modeling of 

relaxation and conduction mechanisms according to the characteristic response 

function, which reflected the parameters of the distribution of relaxation times. 

From recent studies, it was also found that the complex electric modulus M*, as the 

inverse value of the complex permittivity ε*, can point out in detail the dynamics of 

the distribution of polarization processes by eliminating the conduction process that 
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is present in the low-frequency band [13]-[16]. Therefore, the complex electric 

modulus M* and the complex permittivity ε* will be used to analyze hybrid and non-

hybrid nanofluid-paper samples. 

3 Results and Discussion 

The results of the experiment are analyzed in this section. We present the results of 

the complex permittivity, which will be accompanied by the results of the complex 

electric modulus for a comprehensive description of the investigated materials.  

In the third part of this chapter, electrophysical processes will be captured and 

analyzed through the distribution of relaxation times according to the Havriliak-

Negami dielectric model. 

3.1 Complex Permittivity 

The complex permittivity of samples of hybrid and non-hybrid nanofluids forming 

an insulating system together with cellulose paper is presented in this section.  

In Fig. 2, we present the real permittivity in the frequency band 1 mHz – 3 kHz.  

In the case of samples containing magnetic nanoparticles, a low-frequency 

dispersion is captured, which is attributed to at least one relaxation phenomenon.  

In higher frequencies, the real permittivity is stable at the value of 2.2 with a slight 

decrease. The exception is the 5. and 3. samples with a 1.07 times higher value, i.e., 

the sample with zero and the highest concentration of fullerene nanoparticles 

(0.03 %w/V). 6. the paper sample impregnated with pure GTL oil has the lowest 

real permittivity, moving at the value level of 2.2. The effect of fullerene 

nanoparticles is manifested by an increase in the real permittivity by a value of 0.04 

in the entire frequency spectrum. 
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Figure 2 

The frequency-dependent real permittivity ε´=f(f) of the investigated samples 

In Fig. 3, we present the imaginary permittivity in the examined frequency band. 

As mentioned in the characteristics of real permittivity, samples containing 

magnetic nanoparticles show a clear dielectric relaxation in the low-frequency and 

medium-frequency bands, which confirms the imaginary permittivity spectrum. 

Samples 1, 2, 3, and 5, i.e., samples with magnetic nanoparticles, reflect a 

remarkable loss maximum in the band 0.1 Hz – 1 Hz, which subsequently changes 

to increasing dielectric losses again as the frequency decreases. Comparing the 

HIN-P samples, an inverse decrease of the relaxation maximum with increasing 

concentration of fullerenes can be seen. In addition to the reduction of the relaxation 

peak, the captured mechanism is shifted to lower frequencies. This exciting feature 

reduces dielectric losses at 50 Hz and 60 Hz operating frequencies, representing 

important information in applying the given insulation system. The samples without 

magnetic nanoparticles (4 and 6) do not show a relaxation maximum at a frequency 

of 1 Hz. However, their dielectric losses increase in the low-frequency band, similar 

to the other samples. The mentioned increase in dielectric losses can be caused by 

conduction losses manifested in the low-frequency band. The fullerene fraction in 

the GTL carrier oil in the fluid-paper system (4 sample) slightly increases the 

dielectric loss and the real permittivity compared to the oil-paper sample (6. 

sample). 
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Figure 3 

The frequency-dependent imaginary permittivity ε´´=f(f) of the investigated samples 

The complex permittivity diagram in the complex plane is shown in Fig. 4. In the 

given display, the measured values of ε'' are plotted as a function of ε' at different 

frequencies (1 mHz – 3 kHz). If the individual measured points in this diagram 

belong to a semicircle, then the given insulating system reacts to the external electric 

field with a relaxation response. In practice, very few materials exhibit a single 

polarization mechanism with a relaxation time, so that this fact can be attributed to 

the distribution of relaxation times. From plotting the complex permittivity to the 

complex plane, we can observe for samples with magnetic nanoparticles an 

indication of the development of the curves into a semicircle, which corresponds to 

the relaxation peaks of the imaginary permittivity. Samples without the magnetic 

nanoparticle fraction have V-shaped characteristics, while it is not known whether 

the low-frequency increase is caused by a relaxation or conduction process. We also 

encounter a similar dilemma with samples 2, 3, and 5. The HIN-P sample with the 

same concentration of fullerenes and magnetic nanoparticles 0.01 %w/V (1 sample) 

copies a certain imaginary semicircle in the low-frequency band, which would 

reflect the presence of a relaxation phenomenon. Based on the development of the 

measured permittivity spectra into a complex plane, it is not possible in our case to 

accurately characterize electrophysical processes at the molecular level. Because of 

this, the complex permittivity values were recalculated to the values of the complex 

electric modulus, as an inverse complex dielectric parameter. 
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Figure 4 

Complex permittivity in the complex plane ε´´=f(ε´) 

3.2 Complex Electric Modulus 

The complex electric modulus is widely known due to its property of presenting the 

studied material without the influence of the conduction process and electrode 

polarization. These processes can affect the low-frequency spectrum of dielectric 

losses, which would distort the analysis of the measured data, presenting inaccurate 

identification of electrophysical processes in the low-frequency range. Some 

electrotechnical equipment, working on the principle of direct current, shows a 

failure rate based on the failure of the insulation system. Therefore, it is necessary 

to accurately identify electrophysical processes in the low-frequency band with 

subsequent prediction or provide relevant information to improve the insulation 

system. Fig. 5 shows the frequency spectra of the real modulus. Compared with the 

real permittivity in Fig. 2, the exact shape of the characteristics can be seen, which 

are reversed. It is possible to proceed from the findings that were described in 

subsection 3.1. 
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Figure 5 

The frequency-dependent real modulus M´=f(f) of the investigated samples 

The complex electric modulus shows the dielectric behavior of the investigated 

materials exclusively from the point of view of relaxation processes. This means 

that it only provides the relaxation response of the investigated material, excluding 

the electrode polarization. Fig. 6 represents an insight into the loss spectra of a 

complex electric modulus. When comparing the frequency dependences of ε'' and 

M'' of liquid insulation (oils, nanofluids), M'' has a shifted relaxation mechanism to 

the band of higher frequencies [8] [13]. From Fig. 3 and Fig. 6, it can be seen that 

the dielectric loss characteristics are the same, and there is no shift of the 

polarization peaks to the band of higher frequencies at M''. The fluid-paper 

insulation system does not change the dielectric response, which is presented by 

two parameters. It follows that the imaginary modulus for the fluid-paper system 

does not reveal polarization processes that were not recorded by the imaginary 

permittivity. Based on this, we find that the investigated frequency band is 

dominated by relaxation mechanisms and conduction losses suppressed by the 

losses of the relevant relaxation processes. 
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Figure 6 

The frequency-dependent imaginary modulus M´´=f(f) of the investigated samples 

3.3 Havriliak-Negami Plots 

In subsections 3.1 and 3.2, the examined samples were subjected to complex 

permittivity and complex electric modulus analysis. The results indicate that 

polarization losses in the low-frequency band could suppress conduction losses. 

Modeling electrophysical processes will verify the given statement with the 

Havriliak-Negami function (hereinafter referred to as "H-N"). Based on this 

dielectric model, the conduction and polarization losses are described by the 

relations: 

                                                                                                      (1) 

 (2) 

considering that σDC represents the direct electrical conductivity, ω is the angular 

frequency, ε0 is the vacuum permittivity, εs is the static or low-frequency 

permittivity (ε'→0), ε∞ is the optical or high-frequency permittivity (ε'→∞), τ 

represents the time relaxations of the polarization process and α and ß are empirical 

parameters describing the degree of distribution of relaxation times [17]. Fig. 7 

shows the modeled curve of the 1. sample according to the H-N function. Modeling 

with approximation to the measured characteristic was performed with a deviation 

of 2.52%. The modeled characteristic is the sum of individual polarization losses 

ε''Px and conduction losses ε''DC. The modeled spectra prove that the polarization 

process is more dominant in the low-frequency band than in the conduction process. 
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Figure 7 

Modeling of electrophysical processes occurring in the 1. sample 

The HIN-P insulation system responds to an applied electric field in the frequency 

band 1 mHz – 3 kHz by the presence of four polarization processes and a conduction 

process that is suppressed by relaxation losses. The polarization losses ε''P1 at a 

frequency of 2 mHz could be caused by the polarization of the space charge when 

applying a relatively high intensity alternating electric field. We estimate that the 

mentioned relaxation is not related to the fraction of Fe3O4 and C60 nanoparticles 

because the 6. sample without these nanoparticles shows a remarkable increase in 

dielectric losses in the low-frequency region (Fig. 12). The polarization process 

causes the contribution of dielectric losses ε''P2 at a frequency of 0.07 Hz. From Fig. 

3 and Fig. 6, we see that the origin of the given relaxation is related to magnetic 

nanoparticles. Thus, it can be an interfacial polarization at the magnetic 

nanoparticle-oil interface. All investigated samples with a concentration of 

magnetic nanoparticles (HIN-P and 5. sample) show similar behavior with this 

polarization at a frequency of 0.07 Hz. Fullerene nanoparticles do not cause this 

process because the 5. sample without these nanoparticles supports the occurrence 

of ε''P2 polarization losses (Fig. 11). Another proof is the characteristic of the 4. 

sample without magnetic nanoparticles (with C60 0.01 %w/V), which has no ε''P2 

contribution (Fig. 10). The most significant influence of polarization losses on the 

dielectric response is present around the frequency of 1 Hz. The polarization losses 

ε''P3 are related to the electric double layer polarization that occurs in ferrofluids at 

frequencies close to 1 Hz [8] [12] [18-20]. Magnetic nanoparticles are stabilized by 

a surfactant whose head is polar, creating a negatively charged particle. This system 

forms the first electrical layer that electrostatically attracts the positive ions present 

in the nanofluid. This mechanism supports the formation of a second electric layer 

on the nanoparticle's surface, which polarizes the system under an applied electric 
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field. By increasing the frequency, further increase of polarization losses in the band 

100 Hz – 3 kHz is investigated. The contribution ε''P4 causes interfacial fluid-paper 

polarization. This is confirmed by the finding from Fig. 3 and Fig. 6, which reveals 

a high-frequency increase in dielectric loss for every sample investigated, even for 

(6 sample) (NIN-P) without magnetic and fullerene nanoparticles. The individual 

relaxation parameters involved in modeling the H-N function are listed in Tab. 2. 

Fig. 8 shows the modeling of electrophysical processes of the 2. HIN-P sample. We 

state that the deviation of the modeled characteristic from the measured 

characteristic is equal to 3.3%. The lower the deviation, the more accurate the values 

of the modeling parameters of the characteristic ε''model. given in Tab. 2. The (2 

sample) differs from the (1 sample) in the increased concentration of fullerene 

nanoparticles by 0.01 %w/V (C60 = 0.02 %w/V). With this sample, we capture the 

same types of electrophysical processes as in Fig. 7. 

 

Figure 8 

Modeling of electrophysical processes occurring in the 2. sample 

Modeling of electrophysical processes of the 3. sample HIN-P is shown in Fig. 9. 

We note that the deviation of the modeled curve from the measured curve is equal 

to 2.63%. Similarly, as with samples 1 and 2, the same types of electrophysical 

processes are present. The difference is that the increase in the concentration of 

fullerene nanoparticles in HIN-P limits the contributions of ε''P1, ε''P2, and ε''P3, 

thereby reducing the dielectric losses and shifting these contributions to lower 

frequencies. Dielectric losses are also reduced at operating frequencies of 50 Hz and 

60 Hz, which is a remarkable feature in the potential application of these samples. 
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Figure 9 

Modeling of electrophysical processes occurring in the 3. sample 

In Fig. 10, we show the modeling of electrophysical processes of the (4 sample) 

NIN-P, which has only the fullerene fraction. We state that the deviation of the 

modeled characteristic from the measured characteristic is equal to 2.64%. This 

sample does not show the contributions of polarization losses ε''P2 and ε''P3 because 

it does not contain magnetic nanoparticles, like samples HIN-P and (5 sample).  

We register only space charge polarization and fluid-paper interfacial polarization. 

The parameter values are recorded in Tab. 2. 

 

Figure 10 

Modeling of electrophysical processes occurring in the 4. sample 



Acta Polytechnica Hungarica Vol. 20, No. 11, 2023 

‒ 43 ‒ 

Modeling of sample 5 NIN-P, which contains exclusively magnetic nanoparticles, 

is presented in Fig. 11. The occurrence of types of electrophysical processes is the 

same as for HIN-P samples. It is, therefore, evident that fullerene nanoparticles are 

not responsible for the contribution of polarization losses ε''P2 and ε''P3, which would 

cause a reduction of their contributions with a shift in the frequency spectrum.  

The deviation of the modeled characteristic of sample 5, is at the level of 3.82%. 

 

Figure 11 

Modeling of electrophysical processes occurring in the 5. sample 

Fig. 12 shows the modeled characteristics of the sample 6 NIN-P, which does not 

contain any concentration of nanoparticles. It consists exclusively of an oil-paper 

system. We note that the deviation of the modeled characteristic is equal to 3.69%. 

Similarly, as with sample 4, we do not register the contributions of polarization 

losses ε''P2 and ε''P3. Sample 4, which differs from sample 6, with the presence of 

fullerene nanoparticles, shows an increase in the contribution of polarization losses 

ε''P1 and conduction losses ε''DC. This is due to the fullerene fraction, which causes 

a higher conductivity of the material and a higher polarizability of the space charge 

in the low-frequency band of dielectric losses. 
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Figure 12 

Modeling of electrophysical processes occurring in the 6. sample 

As mentioned above in the text, Tab. 2 shows the parameter values of 

electrophysical process modeling of hybrid and non-hybrid nanofluid-paper 

insulation system samples using the H-N function. These parameters were modeled 

through equations (1) and (2). We note that the deviations mentioned above during 

modeling would slightly change the values of the individual parameters of the 

ε''model. characteristic. 

Table 2 

Parameter values of modeling electrophysical processes through the H-N function 

sample parameter p1 p2 p3 p4 

1. 

εs (-) 3.06 2.65 2.69 2.16 

εꚙ (-) 2.65 2.57 2.17 1.512 

α (-) 0.96 0.925 0.921 0.412 

ß (-) 0.6 0.95 0.881 0.201 

τ (s) 100.2 2.449 0.205 0.000022 

2. 

εs (-) 2.65 2.67 2.35 2.3 

εꚙ (-) 2.36 2.58 2.14 1.65 

α (-) 0.91 0.8 0.95 0.36 

ß (-) 0.39 0.79 0.96 0.23 

τ (s) 301.4 4.123 0.338 0.000022 

3. 

εs (-) 2.55 2.64 2.525 2.39 

εꚙ (-) 2.37 2.58 2.365 1.59 

α (-) 0.81 0.91 0.87 0.31 

ß (-) 0.69 0.96 0.95 0.22 

τ (s) 312.5 6.373 0.538 0.000022 
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4. 

εs (-) 2.305 - - 2.21 

εꚙ (-) 2.21 - - 1.64 

α (-) 0.81 - - 0.29 

ß (-) 0.31 - - 0.29 

τ (s) 305.8 - - 0.000022 

5. 

εs (-) 2.72 2.72 2.61 2.3 

εꚙ (-) 2.37 2.58 2.33 1.65 

α (-) 0.9 0.7 0.94 0.36 

ß (-) 0.41 0.95 0.97 0.23 

τ (s) 301.6 3.154 0.304 0.000022 

6. 

εs (-) 2.303 - - 2.21 

εꚙ (-) 2.22 - - 1.64 

α (-) 0.85 - - 0.3 

ß (-) 0.29 - - 0.28 

τ (s) 306.2 - - 0.000022 

Conclusions 

This study analyzed modern insulating materials based on the fluid-paper system. 

Hybrid and non-hybrid insulation systems were studied using the dielectric 

relaxation spectroscopy method in the frequency domain. These are unique results 

in the diagnostics of insulation materials for high-voltage applications, as samples 

of hybrid and non-hybrid nanofluids with different types and combinations of 

nanoparticles that formed a single unit with cellulose insulation were investigated 

and compared. Such materials are not sufficiently researched; therefore, the added 

value of this publication is precisely the research of the given modern insulation 

system. Frequency-dependent dielectric spectroscopy showed that dielectric losses 

in hybrid insulation systems could be reduced by increasing the concentration of 

fullerene nanoparticles. Increasing fullerene nanoparticles limited the contributions 

of relaxation processes such as interfacial polarization at the magnetic nanoparticle-

fluid interface and electric double layer polarization. The presence of electrical 

double layer polarization was responsible for increasing dielectric losses at 

industrial frequencies of 50Hz and 60Hz. Therefore, the stated finding is 

sympathetic to the potential application of the studied samples in practice. In the 

opposite case, in the non-hybrid nanofluid-paper system, there was an increase in 

dielectric losses at the concentration of fullerene nanoparticles with a fraction of 

0.01 %w/V, mainly in the low-frequency band. 

This study also showed that the complex electric modulus in the fluid-paper system 

does not shift the relaxation information to higher frequencies compared to the 

complex permittivity. Their dielectric responses ranged at the same frequencies. 

Therefore, it is possible to analyze these systems with one complex parameter and 

use the modeling of electrophysical processes through the Havriliak-Negami 

function. Based on this function, the parameter values of individual electrophysical 
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processes, which make up the frequency spectrum of the studied modern materials, 

were revealed. The liquid-paper insulating system with a concentration of magnetic 

nanoparticles exhibits four polarization processes and one conduction process in the 

frequency spectrum of 1 mHz – 3 kHz. The examined frequency spectrum of 

samples without magnetic nanoparticles contains two polarization processes and 

one conduction process. Individual types of polarization processes were presented 

in the results of this study. This work also provides a springboard for continuing 

research into these modern insulation systems. It is necessary to experimentally 

verify the behavior of these materials under various degradation factors and through 

several diagnostic methods for a comprehensive description of changes in the 

electrophysical structure of the given modern material. Dielectric relaxation 

response in the frequency band at the operating temperatures of the power 

transformer, with the application of these temperatures in a specific time horizon, 

would be no less important information concerning the insulating state of these 

materials. 
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